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Abstract 
Bauxite residue mud (BRM; also known as ‘red mud’) is an alkaline, sodic-saline 

byproduct of the Bayer process in which alumina is extracted from its ore, bauxite. 

Rehabilitation of BRM storage areas usually involves deposition of a capping layer over 

the mud (consisting of imported soil combined with fertilisers and other amendments, 

and can include an impermeable synthetic membrane separating the capping layer from 

the deposit) followed by establishment of vegetation in the capping layer (the ‘cap and 

store’ approach). The alumina industry is now moving towards in situ remediation 

approaches to residue management, which involve amendment of the BRM with applied 

treatments, and establishment of vegetation directly in the residue surface. Surface 

applications of various organic and inorganic amendments that increase the chemical 

and physical ability of the mud to support vegetation and other biota have been 

investigated previously; however, most of these studies are short term (≤5 years) and 

focus on immediate impacts of amendments on plant nutrition, and neglect to consider 

soil formation processes and how these will change the amended residue over time. 

Insofar as the objective of in situ remediation is to achieve a sustainable plant cover, 

pedogenesis (soil formation) is implicit in the modification of BRM properties.  

 

The aims of this project were to: 

1. Evaluate a weathering trajectory for BRM as determined by laboratory simulations; 

2. Review methods employed for the chemical analysis of bauxite residue, identifying 

potential flaws and suggesting modifications to methods where necessary to 

overcome these flaws, and; 

3. Investigate the response of bauxite residue to applied treatments and weathering 

(>20 years), and the effects of natural processes on modifying the residue towards a 

soil with targeted properties, under the influence of factors such as climate, initial 

residue properties, vegetation, topography and time. 

 

Weathering of parent materials, an essential part of soil formation, can be a slow process 

in the field, being partially constrained by reaction kinetics. Increasing temperature and 

pressure can accelerate attainment of chemical equilibrium, and therefore help in 
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predicting the long term weathering products of soil formation over geological 

timescales. Bauxite residue was treated inside pressure vessels at a series of 

temperatures to investigate changes in chemistry and mineralogy as it reached chemical 

equilibrium. Hydrothermal treatment of bauxite residue slurry resulted in a decrease in 

pH, electrical conductivity (EC), and total alkalinity (TA), as well as decreases in 

concentrations of Al, K, Na, and S, in the liquid component of the slurry; the magnitude 

of these decreases increased at higher treatment temperatures and longer treatment 

times. Conversion of gibbsite to boehmite, and the dilution from water released to 

solution during this reaction, appeared to be the main mechanisms responsible for 

decreases in pH, EC, TA, and element concentrations. Minor precipitation of goethite 

and hematite may also have contributed to decreased pH, EC, and TA.  

 

Dissolution and precipitation kinetics were adequately described by first-order kinetics. 

Extrapolation of reaction rates and activation energies from hydrothermal conditions 

imposed in this study to standard temperature and pressure indicated that calcite, 

goethite, hematite, and boehmite precipitation could be expected to occur within a few 

centuries; but that dissolution of gibbsite and precipitation of sodalite would take 

substantially longer. ‘Auto-attenuation’ of alkalinity and salinity in bauxite residue 

deposits is theoretically possible according to the reaction kinetics determined in this 

study, although it would occur over geological timescales. 

 

Prior to commencing field sampling to investigate BRM weathering under field 

conditions, methods for chemical and mineralogical analysis of bauxite residues were 

evaluated, and possible corrections suggested, to ensure accuracy and precision of 

results. Bauxite residues are highly saline, alkaline, and finely textured, which causes 

biases and inaccuracies in results from standard soil analytical methods. Atmospheric 

carbonation during drying at room temperature lowers the pH of bauxite residues that 

have had little prior opportunity to equilibrate with atmospheric CO2(g). This may be 

addressed by drying residue under N2(g). Decreases in soil:solution ratio decreased EC 

and pH of uncarbonated bauxite residue suspensions; the hydrolysis of exchangeable 
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Na+ appears to be inhibited by high free Na+ and OH- concentrations in these samples, 

particularly at high soil:solution ratios.  

 

The oxalate complex appeared to be saturated with Al and Si during acid ammonium 

oxalate extraction at the standard 1:100 ratio, causing underreporting of chemically 

amorphous oxide content. A 1:400 soil:acid ammonium oxalate ratio extracted the 

largest amount of amorphous oxides in a selection of fresh and weathered bauxite 

residue samples. This ratio allowed complete calcite dissolution, and some whewellite 

formation, whilst leaving sufficient oxalate in solution to form soluble complexes with 

poorly crystalline Al, Fe, Si and Ti oxides, and avoiding the use of a pretreatment step 

for carbonate removal. The dry combustion method, in which carbonate concentration 

was determined by difference in total C concentration by dry combustion before and 

after treatment with acid to remove carbonates, was more precise than the weight loss 

method, in which carbonate concentration was determined by weight loss of a sample 

during treatment with acid to remove carbonates, for the determination of carbonate 

concentration in bauxite residues.  

 

Once analytical methods had been evaluated, four field sites representing a range of 

climates, ages and management strategies (from cap and store to in situ remediation) 

were sampled to investigate the influence of these factors on pedogenesis in bauxite 

residue. A BRM storage area capped with thick, impervious sand and clay layers, 

showed limited evidence of soil formation: organic matter accumulation in the cap, and 

shallow changes in pH and EC of residue. The cap and store approach to residue 

management appeared effective in limiting rainfall infiltration and interaction with 

vegetation covers, but this has been to the detriment of soil formation. In a BRM storage 

area with a permeable fly ash cap, there was substantial evidence of pedogenesis, 

including increases in pH, EC and sodium concentration with depth, and decreases in 

total and organic C and N, extractable NH4
+, and exchangeable Mg2+ with depth. 

Epihyposalic horizons, indicative of rainfall leaching of soluble salts, were identified. A 

permeable cap can provide a suitable compromise between providing a medium for plant 
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growth and allowing the underlying residue enough exposure to weathering processes 

for in situ remediation and soil formation to occur. 

 

An untreated BRM storage area was found to support thick patches of vegetation, which 

demonstrated that abiotic and biotic soil forming processes can modify raw bauxite 

residue over relatively short (ca. 30 years) timescales, and that vegetation can establish 

itself on such sites without applied treatments. Decreased pH, EC, total alkalinity, 

sodalite and calcite concentration, total Al and Na, and accumulation of exchangeable 

Ca2+ were associated with vegetation cover; these may have occurred through rainfall 

leaching prior to vegetation establishment, or may have been facilitated by exudation of 

organic acids and carbon dioxide, as well as enhanced drainage, from plant roots. 

Spontaneous vegetation provides an initial input of organic matter into the bauxite 

residue that stimulates microbial activity and initiates nutrient cycling and humification 

processes. Finally, in a BRM storage area in which several amendments had been 

applied, and vegetation was established, sewage sludge generally outperformed other 

amendments in terms of generating a suitable medium for plant cover in bauxite residue, 

and remediating some of the undesirable properties of BRM such as high pH and lack of 

plant nutrients.  

 

Although laboratory simulation of BRM weathering was unsuccessful, observed changes 

in chemical and mineralogical properties of BRM at these four field sites allowed 

pedogenic processes to be inferred and extrapolated to predict possible weathering 

trajectories. Bauxite residues were generally classified as spolic Technosols (calcaric, 

arenic) under the World Reference Base (WRB) system, and are likely to develop into 

Cambisols and Ferralsols after further weathering. The WRB classifications are useful 

for identifying management issues associated with these soil types, but may be 

misleading in terms of the parent materials usually associated with such soils or 

horizons.  

 

In situ remediation strategies that use a minimum of applied treatments and allow 

interaction between vegetation and residue encourage soil formation in bauxite residue. 
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Cap and store approaches can be successful in containing BRM and limiting interaction 

with the surrounding environment, but do so at the cost of remediating undesirable 

residue properties. Rainfall leaching may be sufficient to modify BRM to the point that 

vegetation can establish itself; vegetation may then contribute to soil formation and 

residue remediation through exudation of organic acids and CO2(g) from roots, and 

stimulating organic matter and nutrient cycling. Relative rates of pedogenic processes 

such as clay illuviation, humification, and mineral precipitation and dissolution will 

determine the final character of the soils, and may be influenced by applied treatments. 
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1 Introduction 
 

1.1 Literature review 

1.1.1 Generation of bauxite residue 

Bauxite residue mud (‘BRM’; also known as ‘red mud’) is an alkaline, saline-sodic 

byproduct of the Bayer process (Bayer, 1894) in which alumina is extracted from its ore, 

bauxite. Bauxite is crushed and heated in a 30% NaOH solution in a two step 

desilication-digestion process. Aluminate rich liquor, which is further processed to 

produce alumina, is separated from the bauxite residue waste slurry after digestion. The 

solid component of the residue slurry consists of undissolved bauxite impurities (iron 

and titanium oxides, and quartz), residual aluminium hydroxides (gibbsite, boehmite, 

diaspore) as well as insoluble precipitates (desilication product (DSP; mostly sodalite 

Na8(AlSiO4)6Cl2 (s)); tricalcium aluminate hexahydrate (TCA; 3CaO.Al2O3.6H2O (s)); 

and calcite (CaCO3)) formed during the Bayer process (Grafe et al., 2011). This waste 

slurry is then pumped to a fully contained deposition area employing either wet stacking 

(also known as ‘lagooning’: little dewatering/thickening of slurry; deposit areas are 

usually in depressions in the landscape and ≤ 10 m deep), or dry stacking (considerable 

dewatering and thickening of slurry (usually to ≥ 45% w/w solids content); deposit areas 

typically look like large hills and can be up to 50 m high) (Power et al., 2011). Despite 

dewatering and rinsing of the slurry, BRM is approximately 50% w/w solids suspended 

in liquor which, without application of a pre-deposition pH lowering treatment such as 

carbonation or seawater washing, has a pH of 13 (Cooling, 2005).  

 

1.1.2 Bauxite residue management issues and strategies 

Between 3 and 4 billion tonnes of bauxite residue are estimated to be currently stored in 

deposit areas worldwide (Power et al., 2011). Production of bauxite residue slurry is 

currently estimated at around 120 million tonnes annually (International Aluminium 
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Institute, 2009; Power et al., 2011). Management of existing, and future, bauxite residue 

deposit areas is a major concern for alumina producers, who are faced with increasingly 

stringent environmental regulations and stakeholder expectations. The main 

management issues associated with bauxite residue deposit areas are:  

1. Leachate management: leachate can maintain a pH > 10.5 for 40 years or more 

(Thornber et al., 1985), and leakages to the surrounding environment must be 

avoided wherever possible 

2. Visual amenity and final land use: local stakeholders often expect the red surface of 

deposit areas to be covered with vegetation to improve aesthetics as much as 

possible, and to support a productive land use after closure (Warman et al., 2005) 

3. Dust: alkaline porewater precipitates on residue deposit surfaces as crusts which can 

be blown offsite and cause irritation to surrounding landowners (Warman et al., 

2005) 

Deposits are decommissioned and rehabilitated once they have reached their maximum 

economic capacity. Rehabilitation usually involves deposition of a capping layer over 

the mud (consisting of imported soil combined with fertilisers and other amendments, 

and can include an impermeable synthetic membrane separating the capping layer from 

the deposit) followed by establishment of vegetation in the capping layer (the ‘cap and 

store’ approach), in order to address the main management issues outlined above. 

 

1.1.2.1 The cap and store approach 

The cap and store approach has been used most frequently in tailings management to 

date (Mendez and Maier, 2008). It was developed as a means of providing a medium 

more conducive to revegetation, as a number of BRM properties hamper direct 

revegetation of the mud deposit surface: 

1. High pH and titratable alkalinity of mud and porewater 

Chemical properties 

2. High electrical conductivity of mud and porewater 

3. Low macro- and micro-nutrient (organic carbon, nitrogen, phosphorus, potassium, 

magnesium, manganese, boron, zinc) concentrations 
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4. High exchangeable sodium percentage 

5. Formation of Ca phosphates from applied P fertilisers due to high residue Ca 

concentrations (especially after application of gypsum to treat alkalinity and 

sodicity) 

6. High Fe and Al (hydr)oxide concentrations causing adsorption of applied P 

7. Low availability of applied Mn and other cationic micronutrients due to: 

a. Cation exchange capacity at high pH causing adsorption  

b. Precipitation as (hydr)oxides and carbonates 

8. High potential for volatilisation of applied ammonia due to high pH of mud and 

porewater, and high potential for loss of applied nitrate due to leaching by rainfall 

and denitrification under anaerobic conditions 

9. Fine particle size and massive nature of mud causing: 

Physical properties 

a. low hydraulic conductivity 

b. high resistance to root penetration  

c. poor aeration 

10. Biologically sterile (no plant seed bank, no fungal or bacterial communities) prior to 

deposition as a result of Bayer process conditions 

Biological properties 

11. Lack of organic matter to stimulate colonisation by biota 

(Gräfe and Klauber, 2011; Jones and Haynes, 2011) 

 

The ‘cap and store’ approach to residue mud rehabilitation is currently under review for 

a number of reasons: 

1. Recognition that ‘sustainable’ rehabilitation should involve treating the residue 

itself, not simply sequestering the problem to be dealt with at a later date (Grafe et 

al., 2011) 

2. Poor rehabilitation outcomes on the capping layers (Wehr et al., 2006) 

3. Need for long term monitoring and maintenance of deposits where drainage pH 

remains high (Grafe et al., 2011) 
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4. High cost of deposit rehabilitation, which could be avoided if a cost effective 

treatment for the mud, which lowered pH and salinity, and encouraged plant growth, 

were developed (Grafe et al., 2011) 

5. Problem of alkaline leachate which cannot be recycled through the Bayer process 

once refineries are decommissioned (Jones and Haynes, 2011; Power et al., 2011) 

6. Possibilities for reuse of residue, for example, as road base, soil amendment, 

pigment, wastewater treatment, or as cement fill (Klauber et al., 2011) 

7. Unfavourable public opinion regarding the nature of the underlying materials 

(Warman et al., 2005) 

 

1.1.2.2 In situ remediation approach 

The alumina industry is now moving towards in situ remediation approaches to residue 

management, which involve amendment of the bauxite residue itself through applied 

treatments, and establishment of vegetation directly in the residue surface (IAI, 2010). In 

situ remediation can reduce long term management demands and potential 

environmental impacts, as well as returning the land area to a productive use by 

establishing a sustainable vegetation cover (Grafe and Klauber, 2011). In situ 

remediation involves changing bauxite residue properties from very high (pH 9-13, 

electrical conductivity > 4 mS/cm) values to plant tolerable values, by way of post-

deposition treatments and natural weathering (Grafe and Klauber, 2011). Pre-deposition 

treatments, such as carbonation and freshwater/seawater washing, are of limited utility in 

that they are not practicable at all refineries, and can only treat current and future residue 

streams. A post-deposition, in situ treatment for bauxite residue would cater for both 

existing and future residue deposits.  

 

Surface applications of various ameliorants that increase the chemical and physical 

ability of the mud to support vegetation and other biota have been investigated 

previously. These include organic or inorganic amendments, or a combination of both. 

Gypsum is commonly added to bauxite residue prior to revegetation because it improves 

plant growth by precipitation of CaCO3 (removing CO3
2- from soil solution) and 
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exchange of Ca2+ for Na+, lowering the exchangeable sodium percentage of the residue 

when leached (Wong and Ho, 1993; Wong and Ho, 1994a; Courtney and Timpson, 

2005a; Woodard et al., 2008). Application of organic or inorganic fertilisers in isolation 

from one another has had mixed results on plant growth (Fuller et al., 1982; Fortin and 

Karam, 1998; Phillips, 2006). Amendment with both organic (sewage sludge, hay, 

compost) amendments as an organic carbon source, and inorganic fertilisers to address 

nutrient (such as N, P, and Mn) deficiencies is generally more successful in promoting 

and sustaining plant growth (Courtney and Timpson, 2005b; Xenidis et al., 2005; 

Phillips, 2006; Courtney et al., 2009). The physical nature of the red mud may be 

improved by incorporation of residue sand fraction (Meecham and Bell, 1977a; 

Meecham and Bell 1977b), seawater neutralisation as a pre-deposition treatment, or by 

incorporation of organic materials (Wong and Ho, 1991; Wong and Ho, 1994b; Ippolito 

et al., 2005; Xenidis et al., 2005; Wehr et al., 2006) which can simultaneously address 

chemical and physical problems in the residue. Addition of organic carbon and nutrients 

is required to stimulate microbial activity (Hamdy and Williams, 2001; Krishna et al., 

2005). Interest in stimulating biological activity stems from recognition that these 

organisms can directly improve chemical and physical properties of the mud by 

acidification through metabolic processes (Hamdy and Williams, 2001; Krishna et al., 

2005), and improvement of structure and hydraulic conductivity (Hamdy and Williams, 

2001), as well as pressure from environmental regulators to show that sites are capable 

of supporting sustained biological activity in order to meet rehabilitation criteria.  

 

Most of the literature cited above involves glasshouse or field trials lasting less than five 

years. Short term studies such as these serve as useful demonstrations of what can be 

achieved with in situ remediation strategies, and have aided in identifying short term 

barriers to plant growth in fresh bauxite residue. However, short term studies usually 

employ high treatment application rates to rapidly alter bauxite residue properties, and 

thus create a significant difference in plant growth within the study term (Wehr et al., 

2006). High application rates are not only costly, but can also signify a ‘dilution’ rather 

than treatment of the BRM. Dilution of the BRM with surface amendments (generally 

only applied to < 2 m of residue surface) is undesirable, as the properties of the 
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underlying mud will inhibit root establishment below the depth of amendment 

incorporation, and the amended layer can be flushed with alkaline, saline porewater 

during periods when evapotranspiration exceeds rainfall (Wehr et al., 2006; Grafe et al., 

2011). Furthermore, the longevity of treatment efficacy is mostly unknown. 

Extrapolation from short term studies to predict future chemical and physical residue 

behaviour may not be valid. Application of amendments to address chemical and 

physical factors limiting plant growth may cease to be effective once, for example, 

added nutrient stores are exhausted (Courtney and Timpson, 2005a; Courtney et al., 

2009) or added coarse material is translocated by erosion.  

 

Insofar as the objective of in situ remediation is to achieve a sustainable plant cover, 

pedogenesis (soil formation) is implicit in the modification of BRM properties. 

Although soil analytical techniques have been used to measure the progress of BRM 

towards plant tolerable ranges of chemical, physical, and biological properties, and the 

role of soil forming factors such as climate have been discussed, no study to date has 

examined the progress of BRM from parent material to soil, and how pedogenesis might 

be influenced by applied treatments.  

 

1.1.3 Pedogenesis in the context of in situ remediation 

Pedogenesis refers to the formation of soil, usually from parent rock or unconsolidated 

sediments. Simonson (1978) proposed that soil formation consists of two overlapping 

steps: accumulation of parent materials, and horizon differentiation. According to his 

model of soil genesis, the balance over time between processes of soil formation, which 

can be grouped into additions, losses, transfers, and transformations, determines the 

ultimate character of a soil. Thresholds and feedback loops are not explicitly mentioned 

in his discussion of pedogenesis; however, their role is implied in the use of phrases 

such as ‘The balance over time among a host of individual processes is the key to the 

nature of every soil; that balance determines the characteristics of the soil profile and 

soil body’, ‘the processes within combinations operate at cross purposes to some extent’ 
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and, ‘Basic processes (operating in the formation of two markedly different soil groups) 

are the same, but their relative importance in combination is not’ (Simonson, 1978).  

 

Extrinsic thresholds were first described in relation to soils as a characteristic of 

‘metastable states’: a state of disequilibrium in which the soil system will not respond to 

changes in an external variable until some threshold value or gradient has been reached 

(Yaalon, 1971). The role of intrinsic thresholds in mediating the effects of soil forming 

processes on parent material was later introduced from Schumm’s (1973) discussion of 

intrinsic and extrinsic thresholds in relation to geomorphology by Muhs (1984), who 

used intrinsic thresholds to account for change in soil properties in the absence of 

environmental change. Feedback loops were implicitly discussed by Muhs (1984) in the 

context of clay movement in the presence of Na+: ‘pore spaces may decrease with 

increasing clay dispersion and these clogged pores may inhibit further movement of 

particles.’ Muhs also made reference to ‘gradational thresholds’, stating that the values 

of intrinsic soil thresholds will be spatially variable as a result of the spatial variability of 

climate and other soil forming factors proposed by Jenny (1941).  

 

Thresholds in soils can be thought of as either discrete values or ranges. Thresholds are 

commonly reduced to single values for the sake of simplicity. Determination of total 

alkalinity of a soil suspension by titration with acid to pH 4.5 usually shows a series of 

plateaux and slopes which can be approximated by a step function if required, reducing 

the acid neutralization capacity of each component in the system to discrete values rather 

than ranges (Figure 1.1). 
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Figure 1.1 Titration curve of bauxite residue mud against 0.1 M HCl (adapted from 

Jones et al., 2006). Black dashed line indicates step function approximation of the 

titration data set. 

 

Feedback loops were formally introduced to discussions of pedogenesis by Torrent and 

Nettleton (1978), who made three main points about feedbacks: 1. feedback processes 

are initiated by trigger criteria being met; 2. reinforcement of the feedback loop is 

proportional to the output of the feedback process; and, 3. feedback proceeds until one 

or several factors or reactants in the process become limiting. The ‘triggers’ mentioned 

in the first point can be extrinsic or intrinsic thresholds. Exceeding an extrinsic or 

intrinsic threshold may not always initiate a feedback loop; they may simply result in 

direct soil morphological change. However, a certain threshold value or range must be 

exceeded in order to initiate a feedback loop. The example of clay illuviation and 

associated increase in weathering and generation of clay sized particles cited by Torrent 

and Nettleton (1978) requires a trigger threshold to be met in order to initiate clay 

illuviation. Increased rainfall resulting from climate change (extrinsic threshold) or 

leaching of flocculants such as Ca2+ and Mg2+ (intrinsic threshold) are two examples of 

trigger thresholds that could initiate the clay horizon feedback loop. Feedback loops and 

thresholds therefore operate in unison to determine a soil’s pedogenic trajectory.  
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The timescale of change for various soil properties can range from one to 1 x 106 years 

(Yaalon, 1971). In order to rapidly generate a productive soil from a parent material of 

bauxite residue mud, timescales of change will need to be reduced by increasing the rate 

of soil forming processes, and the relative importance of the soil forming processes will 

need to be manipulated in order to generate a soil with particular desired properties. By 

identifying thresholds and feedbacks that control the rate and trajectory of pedogenesis, 

treatments could be targeted at exceeding these thresholds and exploiting feedbacks. 

According to Simonson’s (1978) model of soil genesis, this would equate to changing 

the ‘relative importance’ of processes of addition, loss, transfer, and transformation and 

thus modifying both the nature of the developing soil profile over time, and the ‘ultimate 

character’ of the soil.  

 

1.1.3.1 Conceptual model of pedogenesis in bauxite residue, and 

classification of soil material 

Based on observations from previous studies as detailed in Section 1.1.2.2 and 

knowledge of the chemical, physical, and biological properties of residue, a conceptual 

model of relevant soil formation processes was constructed (Figure 1.2). Even without 

quantifying contributions of various processes to the rate and extent of pedogenesis and 

identifying thresholds, the model highlights the complexity of the system and the 

potential for feedbacks between chemical, physical, and biological processes. The 

interaction between various processes will determine the ‘ultimate character’ of the soil 

(that is, the final stage of the pedogenic trajectory) and influence its classification within 

the World Reference Base for Soil Resources (IUSS, 2006). 

 

No study to date has attempted to classify bauxite residue according to the World 

Reference Base for Soil Resources (IUSS, 2006), which is an international soil 

classification system that also provides management advice for various soil types. The 

World Reference Base (WRB) defines soil as ‘any object forming part of the epiderm of 

the Earth…any material within 2 m from the Earths surface that is in contact with the 

atmosphere…’ (IUSS, 2006); as such, bauxite residue, regardless of deposition date, 
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falls within this classification, as long as it is capped with a gas permeable material of 

thickness ˂  2 m. Although fresh bauxite residue shares some properties with the 

Solonetz, Solonchak, and Calcisols (highly saline-sodic, high calcite concentrations) 

group, and Ferralsols and Regosols (high concentrations of sesquioxides and clay 

mineralogy dominated by low activity clays, diffuse or weakly developed horizons), its 

origin as a waste product of alumina refining places it within the Technosol soil category 

(introduced to the WRB in 2006), which encompasses ‘soils whose properties and 

pedogenesis are dominated by their technical origin’ (IUSS, 2006). Deposits managed 

with a ‘cap and store’ strategy are also included as Technosols, provided that artefacts 

(solid or liquid substances that have substantially the same properties as when first 

manufactured, modified, or excavated, and were (a) created or substantially modified by 

humans as part of an industrial or artisanal manufacturing process; or (b) brought to the 

surface by human activity from a depth where they were not influenced by surface 

processes, with properties substantially different from the environment where they are 

placed) comprise 20 % (by volume, by weighted average) of the upper 100 cm of soil 

surface, or to continuous rock or a cemented or indurated layer, whichever is shallower 

(IUSS, 2006).  

 

Horizons could be expected to develop in bauxite residue as it weathers in much the 

same way as occurs in soils developed over traditional parent materials. Processes such 

as carbonation, eluviation, and humification (Figure 1.2) are expected to create variation 

in chemical, mineralogical, and physical properties with depth, which will allow 

identification of discrete horizons in weathered bauxite residue. Previous studies have 

noted depletion of soluble salts and residue alkalinity during leaching (Meecham and 

Bell, 1977a; Barrow, 1982; Wong and Ho, 1994a; Wehr et al., 2006; Woodard et al., 

2008; Courtney et al., 2009) and formation of calcite (Khaitan et al., 2010). The high 

pH, alkalinity, and salt content as sodium and calcium carbonate are arguably what 

makes bauxite residue immediately recognizable as the parent material of the soil in 

bauxite residue storage areas. Once the saline-sodic components of the parent material 

have been removed by ion exchange and leaching, we could expect bauxite residue to 

progress over time towards a Regosol; or, if horizon differentiation and structure 
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development are sufficient, towards a Cambisol. The relative rates of processes within 

the conceptual model of pedogenesis presented in Figure 1.2 will determine the final 

composition of the soil. Further leaching may lower cation exchange capacity which, 

combined with limited clay illuviation and humification, could drive the soil towards a 

Ferralsol. If base saturation and cation exchange capacity remain moderate to high, with 

more rapid clay illuviation, the soil may instead progress towards a Lixisol or Luvisol. 

These possible weathering trajectories are dependent on the rates of processes such as 

leaching, organic matter accumulation, and structure development, all of which can be 

influenced by applied treatments.  

 

 
Figure 1.2 Conceptual model of soil formation within bauxite residue deposits. Arrows 

represent positive forcings between processes contributing to soil formation (e.g. rainfall 

percolation causes leaching of entrained liquor, and removal of entrained liquor favours 

plant establishment, etc.). Orange boxes represent processes that can be influenced by 

surficially applied treatments.  
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1.1.4 Need for further research 

The following gaps in current knowledge were identified as research priorities to enable 

identification of the processes controlling the rate and trajectory of pedogenesis on 

bauxite residue mud, and thus contribute to the development of in situ remediation 

strategies which accelerate pedogenic processes by targeting thresholds and feedbacks in 

these processes. 

1. Weathering trajectory of untreated bauxite residue mud over geological timescales 

No studies to date have attempted to simulate the weathering trajectory of bauxite 

residue mud in a laboratory. The first refineries employing the Bayer process (and 

generating bauxite residue) were opened in 1894, which limits the maximum weathering 

exposure to 120 years (Power et al., 2011). Laboratory simulation of weathering, 

through use of a Soxhlet extractor or pressure vessels, has been applied to other parent 

materials to compress geological time and investigate weathering sequences (Williams 

and Yaalon, 1977; Singleton and Lavkulich, 1978; Sullivan and Sobek, 1982; Roy et al., 

1991; Carroll and Knauss, 2001; Hodson, 2002). Knowledge of the weathering 

trajectory of bauxite residue will aid in improving remediation strategies. Applied 

treatments may be ineffective in the long term if the composition of the residue mud 

changes significantly during the weathering process. Treatments may be overapplied if 

pedogenic processes modify some of the undesirable chemical, physical, and biological 

properties of bauxite residue. 

2. Application of soil analytical methods to bauxite residue 

Fresh bauxite residue has chemical and biological properties not typically found in soils 

developed from parent materials such as rock or sediment. Weathering and applied 

treatments will assist the pedogenic process; but chemically, physically, and 

biologically, samples from field sites are likely to more closely resemble the parent 

bauxite residue than a ‘soil’, especially at depth. The highly alkaline, saline-sodic nature 

of fresh bauxite residue is beyond the scope of application for some soil chemical 

analysis methods, and must therefore be investigated and modified where necessary to 

ensure that analyses give consistent values.  

3. Weathering trajectory of bauxite residue mud under various management strategies 
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As mentioned above, most studies in the literature to date involve trials lasting less than 

five years. This is likely to be insufficient to observe evidence of pedogenic processes at 

work, or predict the chemical, mineralogical, and physical behaviour of the residue 

deposit over the long term (> 20 years after deposition). Understanding the residue 

behaviour over longer timescales is essential to developing more effective in situ 

remediation strategies, as well as providing reassurance to stakeholders and government 

regulators that residue deposits pose no residual environmental risk after closure. The 

accuracy of geochemical models used to predict residue behaviour over time are 

currently compromised by the lack of quantitative chemical and mineralogical data 

available for the solid and liquid components of bauxite residues (Grafe and Klauber, 

2011). Obtaining such data for well weathered residues would allow validation of these 

models, and enable their use in improving treatment design and to predict treatment 

progress over time.  

 

1.2 Study aims and thesis structure 

The aims of this project were to: 

1. Evaluate a weathering trajectory for bauxite residue mud as determined by 

laboratory simulations 

2. Review methods employed for the chemical analysis of bauxite residue, identifying 

potential biases and suggesting modifications to methods where necessary 

3. Investigate the response of bauxite residue to applied treatments and weathering 

(> 20 years),  and the effects of natural processes on modifying the residue towards a 

soil with targeted properties, under the influence of factors such as climate, initial 

residue properties, vegetation, topography and time 

This study focused on measurement of chemical and mineralogical properties of bauxite 

residue for three main reasons: 

1. Expectation that chemical and mineralogical properties would respond more rapidly 

to the effects of applied treatments and weathering than physical or biological 

properties 
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2. Emphasis in the WRB (IUSS, 2006) on chemical and mineralogical properties in the 

identification of diagnostic horizons 

3. Improvement of the state of knowledge regarding solid and liquid phase chemistry 

and thus contributing to further geochemical modeling work 

 

This thesis is structured as a series of papers linked by the overarching aim of evaluating 

pedogenesis in bauxite residue. A list of publications arising from this thesis is presented 

on pages i-ii. Chapter 2 (addressing Aim 1) discusses laboratory simulations of bauxite 

residue weathering, conducted in Teflon lined pressure vessels and in fused silica 

capillary reaction vessels at the Powder Diffraction beamline of the Australian 

Synchrotron. Chapter 3 (addressing Aim 2) presents a review of (primarily chemical) 

analytical methods used in the analysis of bauxite residue samples within the context of 

in situ remediation, combined with experimental comparison of selected methods and 

recommendations for future use of these methods. Four field sites located in Arkansas, 

Brazil, Guyana, and Texas were sampled and analysed in order to address Aim 3; results 

from these sites are presented in Chapters 4-7. The field sites are presented in an order 

that reflects a progression from ‘cap and store’ management strategies through to in situ 

remediation strategies. The Arkansas site employs a traditional ‘cap and store’ 

management strategy, with a deep, double layered cap which limits rainfall infiltration 

into the residue and confines plant roots to the capping layers. The Brazil site has a 

shallow, permeable cap which allows some rainfall infiltration into the underlying 

residue, and provides a substrate for plant roots, but does not prevent penetration of 

these roots into the bauxite residue. The Guyana site has no treatments or caps applied, 

and supports patchy vegetation which has spontaneously encroached upon the residue 

surface, providing an example of in situ remediation driven by weathering processes. 

Finally, the Texas site demonstrates the effect of applied treatments such as sewage 

sludge and organic matter in enhancing weathering-driven in situ remediation of bauxite 

residue. Chapter 8 summarises general conclusions and limitations of Chapters 2-7 as 

well as recommending priority areas for further study.  

 



Chapter 1 - Introduction 
 

15 

1.3 References 

Barrow, N. J. (1982) Possibility of using caustic residue from bauxite for improving the 

chemical and physical properties of sandy soils. Australian Journal of Agricultural 

Research, 33, 275-285. 

Bayer, K. J. (1894) Process of making aluminium. U.S. Patent No. 515,895. United 

States Patent and Trademark Office, Washington DC, USA. 

Carroll, S. A., & Knauss, K. G. (2001) Experimental determination of Ca-silicate 

dissolution rates: a source of calcium for geologic CO2 sequestration. In: Proceedings of 

the First National Conference on Carbon Sequestration, 14-17 May 2001, Washington 

DC USA. Available from:  

http://www.netl.doe.gov/publications/proceedings/01/carbon_seq/carbon_ seq01.html 

[Accessed 19 November 2011] 

Cooling, D. J. (2005) Improving the sustainability of bauxite residue management: 

Evaluation of bauxite residue carbonation. PhD thesis, Department of Chemical 

Engineering. University of Melbourne, Melbourne, Australia, 116 p. 

Courtney, R., & Timpson, J. (2005a) Reclamation of fine fraction bauxite processing 

residue (red mud) amended with coarse fraction residue and gypsum. Water, Air, and 

Soil Pollution, 164, 91-102. 

Courtney, R., & Timpson, J. (2005b) Nutrient status of vegetation grown in alkaline 

bauxite processing residue amended with gypsum and thermally dried sewage sludge - A 

two year field study. Plant and Soil, 266, 187-194. 

Courtney, R., Mullen, G., & Harrington, T. (2009) An evaluation of revegetation success 

on bauxite residue. Restoration Ecology, 17, 350-358. 

Fortin, J. E., & Karam, A. (1998) Effect of a commercial peat moss-shrimp wastes 

compost on pucinellia growth in red mud. International Journal of Mining, Reclamation 

and Environment, 12, 105-109. 

Fuller, R. D., Nelson, E. D. P., & Richardson, C. J. (1982) Reclamation of red mud 

(bauxite residues) using alkaline-tolerant grasses with organic amendments. Journal of 

Environmental Quality, 11, 533-539. 

Grafe, M., & Klauber, C. (2011) Bauxite residue issues: IV. Old obstacles and new 

pathways for in situ residue bioremediation. Hydrometallurgy, 108, 46-59.  

http://www.netl.doe.gov/publications/proceedings/01/carbon_seq/carbon_%20seq01.html�


Chapter 1 - Introduction 
 

16 

Grafe, M., Power, G., & Klauber, C. (2011) Bauxite residue issues: III. Alkalinity and 

associated chemistry. Hydrometallurgy, 108, 60-79. 

Hamdy, M. K., & Williams, F. S. (2001) Bacterial amelioration of bauxite residue waste 

of industrial alumina plants. Journal of Industrial Microbiology and Biotechnology, 27, 

228-233. 

Hodson, M. E. (2002) Experimental evidence for mobility of Zr and other trace elements 

in soils. Geochimica et Cosmochimica Acta, 66, 819-828. 

International Aluminium Institute (2009) Aluminium for future generations – 2009 

update. Available from: http://www.world-aluminium.org/cache/fl0000336.pdf 

[Accessed 18 November 2011]. 

International Aluminium Institute (2010) Alumina technology roadmap – 2010 update. 

Available from: http://www.world-aluminium.org/cache/fl0000422.pdf [Accessed 18 

November 2011]. 

Ippolito, J. A., Redente, E. F., & Barbarick, K. A. (2005) Amendment effects on pH and 

salt content of bauxite residue. Soil Science, 170, 832-841. 

IUSS Working Group WRB (2006) World Reference Base for Soil Resources. World 

Soil Resources Reports No. 103, 2nd edition. Food and Agriculture Organisation of the 

United Nations, Rome Italy, 128 p. 

Jenny, H. (1941). Factors of Soil Formation: A System of Quantitative Pedology. Dover 

Publications, New York, USA, 281 p. 

Jones, B. E. H., & Haynes, R. J. (2011) Bauxite processing residue: a critical review of 

its formation, properties, storage and revegetation. Critical Reviews in Environmental 

Science and Technology, 41, 271-315. 

Jones, G., Joshi, G., Clark, M., & McConchie, D. (2006) Carbon capture and the 

aluminium industry: preliminary studies. Environmental Chemistry, 3, 297-303. 

Khaitan, S., Dzombak, D. A., Swallow, P., Schmidt, K., Fu, J., & Lowry, G. V. (2010) 

Field evaluation of bauxite residue neutralization by carbon dioxide, vegetation, and 

organic amendments. Journal of Environmental Engineering, 136, 1045-1054. 

Klauber, C., Grafe, M., & Power, G. (2011) Bauxite residue issues: II. Options for 

residue utilization. Hydrometallurgy, 108, 11-32. 



Chapter 1 - Introduction 
 

17 

Krishna, P., Reddy, M., & Patnaik, S. (2005) Aspergillus tubingensis reduces the pH of 

the bauxite residue (red mud) amended soils. Water, Air, & Soil Pollution, 167, 201-209. 

Meecham, J. R., & Bell, L. C. (1977a) Revegetation of alumina refinery wastes. 1. 

Properties and amelioration of the materials. Australian Journal of Experimental 

Agriculture, 17, 679-688. 

Meecham, J. R., & Bell, L. C. (1977b) Revegetation of alumina refinery wastes. 2. 

Glasshouse experiments. Australian Journal of Experimental Agriculture, 17, 689-695. 

Mendez, M. O., & Maier, R. M. (2008) Phytostabilisation of mine tailings in arid and 

semi-arid environments – an emerging remediation technology. Environmental Health 

Perspectives, 116, 278-283. 

Muhs, D. R. (1984) Intrinsic thresholds in soil systems. Physical Geography, 5, 99-110. 

Phillips, I. (2006) Review of past and existing trials in residue rehabilitation. Internal 

Alcoa World Alumina report, 99 p. 

Power, G., Grafe, M., & Klauber, C. (2011) Bauxite residue issues: I. Current 

management, disposal and storage practices. Hydrometallurgy, 108, 33-45. 

Roy, W. R., Seyler, B., Steele, J. D., Moore, D. M., & Krapac, I. G. (1991) Geochemical 

interactions of two deep-well injected wastes with geological formations: long-term 

laboratory studies. Illinois Hazardous Waste Research and Information Center, 

Campaign Illinois, 17 p. Available from: http://hdl.handle.net/2142/25554 [Accessed 19 

November 2011]. 

Schumm, S. A. (1973) Geomorphic thresholds and complex response of drainage 

systems. In: Morisawa, M. (Ed.) Fluvial Geomorphology. New York State University 

Publications in Geomorphology, Binghamton, 314 p. 

Simonson, R. W. (1978) A multiple-process model of soil genesis. In: Mahaney, W. C. 

(Ed.), Quaternary Soils. Geo Abstracts, Norwich, 508 p. 

Singleton, G. A., & Lavkulich, L. M. (1978) Adaptation of the Soxhlet extractor for 

pedologic studies. Soil Science Society of America Journal, 42, 984-986. 

Sullivan, P. J., & Sobek, A. A. (1982) Laboratory weathering studies of coal refuse. 

Environmental Geochemistry and Health, 4, 9-16. 



Chapter 1 - Introduction 
 

18 

Thornber, M. R., Taplin, J. H., & Hughes, C. A. (1985) A mineralogical and chemical 

investigation of various Alcoa red mud waste materials. Restricted Investigation Report 

No. 1592R. CSIRO Division of Mineralogy and Geochemistry, Perth, Australia. 

Torrent, J., & Nettleton, W. D. (1978) Feedback processes in soil genesis. Geoderma, 

20, 281-287. 

Warman, C., Gamble, R., & Sandover, S. (2005) Kwinana Refinery Long Term Residue 

Management Strategy. Sinclair Knight Merz, Perth, Australia, 238 p. 

Wehr, J. B., Fulton, I., & Menzies, N. (2006) Revegetation strategies for bauxite refinery 

residue: a case study of Alcan Gove in Northern Territory, Australia. Environmental 

Management, 37, 297-306. 

Williams, C., & Yaalon, D. H. (1977) An experimental investigation of reddening in 

dune sand. Geoderma, 17, 181-191. 

Wong, J. W. C., & Ho, G. E. (1991) Effects of gypsum and sewage sludge amendment 

on physical properties of fine bauxite refining residue. Soil Science, 152, 326-332. 

Wong, J. W. C., & Ho, G. E. (1993) Use of waste gypsum in the revegetation on red 

mud deposits: a greenhouse study. Waste Management & Research, 11, 249-256. 

Wong, J. W. C., & Ho, G. E. (1994a) Effectiveness of acidic industrial wastes for 

reclaiming fine bauxite refining residue (red mud). Soil Science, 158, 115-123. 

Wong, J. W. C., & Ho, G. E. (1994b) Sewage sludge as organic ameliorant for 

revegetation of fine bauxite refining residue. Resources, Conservation and Recycling, 

11, 297-309.  

Woodard, H. J., Hossner, L., & Bush, J. (2008) Ameliorating caustic properties of 

aluminum extraction residue to establish a vegetative cover. Journal of Environmental 

Science and Health, Part A, 43, 1157 - 1166. 

Xenidis, A., Harokopou, A., Mylona, E., & Brofas, G. (2005) Modifying alumina red 

mud to support a revegetation cover. Journal of the Minerals, Metals and Materials 

Society, 57, 42-46. 

Yaalon, D. H. (1971) Soil-forming processes in space and time. In: Yaalon, D. H. (Ed.), 

Paleopedology – Origin, nature and dating of paleosols. Israel University Press, 

Jerusalem, 350 p. 



Chapter 2 – Laboratory simulation of the weathering trajectory of bauxite residue mud 
 

19 

2 Laboratory simulation of the weathering trajectory 

of bauxite residue mud 
 

2.1 Introduction 

As discussed in the Introduction (see Section 1.1.2.2), rehabilitation strategies should be 

designed to accelerate pedogenesis in bauxite residue deposits and enhance natural 

mechanisms of alkalinity and salinity attenuation such as precipitation, dissolution, and 

leaching. The weathering trajectory of bauxite residue therefore needs to be determined 

in order to identify any attenuation mechanisms that can be targeted by applied 

treatments. Furthermore, an understanding of the potential weathering trajectories of 

bauxite residue may aid in minimizing amounts and types of applied treatments. No 

studies to date have attempted to simulate the weathering trajectory of bauxite residue 

mud in a laboratory. Refinery scale Bayer processing commenced in 1894, which gives 

120 years exposure to weathering in the very oldest residue deposits (Power et al., 

2011). Weathering of parent materials, an essential part of soil formation, can be a slow 

process in the field, partially constrained by reaction kinetics. Even in the oldest residue 

deposits, we may only observe slight changes in chemical and physical properties that 

are indicative of weathering. In order to determine how the composition of bauxite 

residue will change over longer timescales, we therefore need to consider using 

laboratory techniques to simulate the weathering process. Increasing temperature and/or 

pressure can accelerate attainment of chemical equilibrium according to the modified 

Arrhenius equation (Equation 2.1): 








 ∆+−

= RT
)VPE( a

Aek    (2.1) 

where k is reaction rate (s-1; for a first-order reaction), A is the pre-exponential factor  

(s-1; for a first-order reaction), Ea is activation energy (J mol-1), P is partial pressure of 

reactant (mol cm-3), ΔV is activation volume (cm3 mol-1), R is the universal gas constant 

(8.314 J mol-1 K-1) and T is temperature (°K). 
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2.1.1 Experimental simulation techniques 

2.1.1.1 Soxhlet extractors 

Soxhlet extractors have been used to simulate weathering for a variety of geological 

materials (Henin and Pedro, 1965; Williams and Yaalon, 1977; Singleton and Lavkulich, 

1978; Sullivan and Sobek, 1982; Hodson, 2002). The material under investigation is 

exposed to continuous wetting and drying cycles by leaching with condensed water 

vapour that drains through a siphon once the reservoir is full. The leachate is collected in 

a flask below the Soxhlet extractor, which allows for sampling and analysis of leachates 

during the weathering reaction. The solid material may be destructively sampled at the 

conclusion of the experiment. Operating temperatures of 14-98 °C have been used 

(Singleton and Lavkulich, 1978; Humez and Prost, 1999), depending on the 

experimental objectives and Soxhlet design. Soxhlet extractors are usually employed for 

the investigation of easily leached materials, such as gravel sized rock or solidified 

waste fragments (Henin and Pedro, 1965; Humez et al., 1997; Humez and Prost, 1999), 

sand (Williams and Yaalon, 1977; Singleton and Lavkulich, 1978; Singleton and 

Lavkulich, 1987), but have also been extended to the investigation of granite derived till 

(Hodson, 2002), coal refuse (Sullivan and Sobek, 1982), crushed pyrite (Sullivan et al., 

1984), industrial sediment (Humez et al., 1997) and biochar (Yao et al., 2010). In one 

study, acetic acid was used as the leachant instead of water, to mimic the chelating effect 

of organic acids which cause podzolisation (Singleton and Lavkulich, 1987). 

 

Ceramic or cellulose thimbles can be used to confine the material under investigation to 

the leaching chamber of the extractor. Both types of thimbles were tested for leaching of 

bauxite residue in a Soxhlet extractor. The ceramic thimble clogged rapidly after 

commencement of leaching; the cellulose thimble leached for a few hours and then 

began to disintegrate, likely due to base catalysed hydrolysis resulting from contact with 

highly alkaline bauxite residue at elevated temperatures. A third thimble was fabricated 

from PVC pipe, sealed with vinyl mesh and PVC cement at both ends, and filled with 

bauxite residue. A small gap was left between the residue and the mesh at the top of the 

pipe to allow for possible expansion during leaching. Leaching was inhibited in this 
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thimble by the small available surface for water entry/exit (top and bottom only; whereas 

other thimbles can also leach through the sides). The very fine texture of bauxite residue 

mud (median particle diameter 130 μm for mud used in this study [Taylor and Pearson, 

2001]) mud also inhibits leaching; reported values for hydraulic conductivity of residue 

mud range between 1.5 x 10-5 m s-1 (Wong and Ho, 1994) and 1.2 x 10-9 m s-1 (Nikraz et 

al., 2007). Water from the condenser was observed to pool above the residue surface and 

then overflow into the leaching chamber, which indicated that some water circulated 

through the extractor without leaching the bauxite residue. The use of Soxhlet extractors 

for simulation of weathering was abandoned after this observation, as modification of 

the bauxite residue texture (e.g. through incorporation of coarser grained material) 

would be required to improve leaching efficiency, and this would no longer be 

representative of field weathering. Furthermore, the Soxhlet extraction procedure is slow 

and labour intensive when conducting experiments at multiple temperatures to 

investigate reaction kinetics. 

 

2.1.1.2 Pressure vessels 

Pressure vessels (also known as pressure bombs, Teflon bombs, Parr bombs) have also 

been used to accelerate reactions and rapidly bring materials to chemical equilibrium, 

because they apply both elevated temperatures and pressures to the material under 

investigation. Their previous use in weathering studies has mostly concerned the 

alteration of single minerals during pedogenesis (Hurst and Kunkle, 1985; Imasuen et 

al., 1989; Mosser-Ruck and Cathelineau, 2004). Reaction kinetics can be derived from 

these experiments and extrapolated to predict reaction rates under field conditions 

(Imasuen et al., 1989; Su and Harsh, 1998). The drawback of pressure vessels compared 

to Soxhlet extractors for weathering simulations is that they do not allow for the effect of 

leaching, which is essential for removal of reaction products. Allowing these reaction 

products to accumulate may create a local equilibrium which slows further reactions. 

Different ‘equilibrium states’ could therefore be identified for the same material under 

various leaching conditions. Bauxite residue mud has a very low hydraulic conductivity, 

which limits leaching; and under low leaching rates, equilibration with pore water is 
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likely to proceed to chemical equilibrium. The use of pressure vessels to predict the long 

term equilibrium composition of bauxite residue may therefore be a reasonable 

representation of reactions that occur under field conditions, in the absence of applied 

treatments.  

 

2.1.2 Aims and hypotheses 

Bauxite residue is a highly alkaline, highly saline assemblage of minerals. In Western 

Australian refineries, bauxite residue is separated into two size fractions: sand (particles 

> 150 μm diameter) and mud (particles < 150 μm diameter). Compared with sand, the 

bauxite residue mud contains more tricalcium aluminate (TCA; hydrogrossular-

hibschite-type minerals), desilication product (DSP; sodalite and cancrinite-type 

minerals), goethite, calcite, and muscovite, and less quartz and hematite on a percent 

weight basis, as many minerals are associated with certain particle sizes (Jamieson et al., 

2005). Tricalcium aluminates and desilication product, as well as Ca(OH)2 (s) if present), 

resupply alkalinity to mud pore water while they dissolve (Thornber et al., 1987). 

Residue mud therefore presents a greater long term management challenge than sand, 

because its finer particle size drains more slowly than sand, entrained liquor maintains 

high pH despite extended rainfall leaching due to resupply of alkalinity from solids, and 

its fine (and usually waterlogged) pores limit the extent of carbonation. In this study, the 

weathering trajectory of residue mud was investigated, because on a global scale, mud is 

the dominant component of bauxite residues (Jamieson et al., 2005).  

 

The aims of this study were to: (a) analyse the chemical and mineral composition of 

bauxite residue over time under simulated weathering conditions in pressure vessels; (b) 

extrapolate results from the pressure vessel studies to temperatures and pressures typical 

of field conditions in bauxite residue deposit areas; and (c) determine whether pressure 

vessels are a suitable method for rapidly determining potential weathering trajectories of 

bauxite residue under field conditions. 
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Under hydrothermal conditions, we expected to observe some conversion of mineral 

phases that are commonly associated with Bayer process conditions, such as conversion 

of gibbsite to boehmite (Wefers and Misra, 1987), goethite to hematite (Murray et al., 

2009), TCA to calcite (Whittington, 1996), and quartz to DSP (Smith, 2009). The 

conversion of TCA to calcite was also expected based on observations from 

mineralogical analysis of field weathered residues (Khaitan et al., 2010). Dissolution of 

sodalite and calcite have been observed during weathering under leaching conditions 

(Thompson et al., 1991; Menzies et al., 2009. However, dissolution of these minerals 

was not expected within this experiment because no leaching was possible.  

 

2.2 Methods 

2.2.1 Study design 

This study used pressure vessels to elevate temperature and pressure in order to rapidly 

determine the likely weathering trajectory of three bauxite residues. Two types of 

pressure vessels were used: PTFE-lined stainless steel pressure vessels (25 mL internal 

volume); and fused silica capillaries, sealed and pressurized with N2 to avoid boiling. 

These vessels were used in two experiments to provide complementary information. The 

stainless steel pressure vessels allowed sampling and analysis of both solid and liquid 

phases, but required 90 minutes to reach the required temperature in an oven. This 

limited temporal resolution, and complete transformation of some minerals (e.g. gibbsite 

to boehmite) was observed between the initial (t=0) and second (t=90 min) sampling 

times. Use of the fused silica capillary reaction vessels at the Australian Synchrotron 

Powder Diffraction beamline resolved this problem, as they heat up quickly (under 20-

40 seconds in our experiment) and full X-ray diffraction (XRD) patterns can be collected 

in situ on a rapid basis (20 seconds in this experiment) with the Mythen detector array. 

 

Results are unreplicated; that is, only one sample was analysed at each time and 

temperature combination. This is common in mineral dissolution and precipitation 

studies where reaction rates are studied in response to ranges of other variables, such as 
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temperature or pH (Hawkins and Roy, 1963; Imasuen et al., 1989; Knauss and Wolery, 

1989; Huang, 1993; Frogner and Schweda, 1998; Kuwahara, 2008; Oelkers et al., 2008; 

Murray et al., 2009; Gudbrandsson et al., 2011; Saldi et al., 2012). A single time and 

temperature combination in the pressure vessel experiments (100 °C, 909 hours) was 

conducted in triplicate to estimate errors; this approach has also been used elsewhere 

(Heimann and Vandergraaf, 1988). 

 

2.2.2 Bauxite residue sample 

The mineralogical composition of bauxite residue mud, sourced from Alcoa’s Kwinana 

refinery, was determined prior to treatment in pressure vessels (Table 2.1). This residue 

was not exposed to carbonation or weathering before collection. X-ray diffraction 

analysis was performed as described for treated samples in Section 2.2.3; Rietveld 

refinement was performed using TOPAS-Academic (v. 4.1; Coelho, 2007) as described 

in Section 2.2.4, without running in sequential refinement mode. 

 

Table 2.1 Mineral concentrations in bauxite residue mud prior to hydrothermal 

treatment, as determined by quantitative mineral analysis by Rietveld refinement of X-

ray diffraction patterns. 
Mineral Formula Concentration (% weight) 
Quartz SiO2 9.4 
Hematite Fe2O3 11 
Gibbsite Al(OH)3 3.4 
Goethite FeOOH 41 
Anatase TiO2 1.7 
Calcite CaCO3 11 
Sodalite Na8(AlSiO4)6Cl2 2.8 
Boehmite AlOOH 8.4 
Muscovite KAl2Si3AlO10(OH)2 8.4 
Ilmenite FeTiO3 1.7 
Amorphous/ 
unidentified 

- 1.2 

  

2.2.3 Stainless steel pressure vessel experiment 

Five digestion temperatures (100, 140, 165, 200, and 235 °C) were employed in order to 

extract kinetic data for observed reactions. Subsamples (4 g) of residue mud were added 



Chapter 2 – Laboratory simulation of the weathering trajectory of bauxite residue mud 
 

25 

to 5 mL of ultrapure deionised water inside 25 cm3 internal volume PTFE-lined stainless 

steel pressure vessels (Parr Instrument Company) and heated to the designated 

temperature in a rotating oven. One vessel was removed after 1.5, 3.75, 21, 28, and 48 

hours and allowed to cool to room temperature. Additional samples of the 100 °C 

treatment were also collected at 170, 336, and 909 hours. Slurry samples were taken 

from each vessel after cooling (< 2 h).  

 

Slurries were centrifuged at 3000 rpm for 5 minutes to separate liquid and solid phases. 

Supernatants were immediately filtered through a 0.2 μm cellulose acetate filter and 

analysed for pH, EC, and total alkalinity by titration with 0.1 M HCl to endpoints pH 8.5 

and 4.5 (Vogel, 1978). Subsamples of supernatants were diluted 1:10, acidified with HCl 

to pH < 2 and stored at 4 °C prior to analysis by Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES; Optima 5300DV, PerkinElmer) to determine Al, Ca, 

Fe, K, Na, Si, and Ti concentrations. 

 

Treated solids were shaken with acetone in an end-over-end shaker for 90 minutes and 

then centrifuged at 3000 rpm for 5 minutes. The supernatant was decanted and the solids 

allowed to dry at ambient laboratory temperature for 48 hours. Dried solids were hand 

ground with an agate mortar and pestle and then packed into 0.3 mm internal diameter 

glass capillaries for XRD analysis (wavelength 0.8271 Å, collection time 5 minutes) at 

the Powder Diffraction beamline (10BM1) at the Australian Synchrotron, Victoria, 

Australia. Peak locations and areas for selected minerals were then calculated using 

Traces (GBC Scientific Equipment, v. 6.7.20). Anatase, which is naturally present in the 

residue mud, was used as an internal standard for the purpose of comparing peak areas 

of selected minerals between XRD patterns. Anatase has been found to be only sparingly 

soluble in the presence of Bayer liquor at 90 °C under ambient pressure (Chester et al., 

2009). 
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2.2.4 Fused silica capillary pressure vessel experiment 

In situ XRD experiments were conducted at the Australian Synchrotron’s beamline 

10BM1, with slurries heated in Norby cells (Norby, 1997), consisting of fused silica 

capillaries heated with a hot air blower, continuously rotated through 270° along the 

longitudinal axis of the capillary, and kept under N2 pressure during heating to various 

temperatures (140-170 °C) to avoid boiling. The N2 regulator could not provide 

sufficient pressure to avoid boiling above 170 °C. Slurries were prepared < 2 h before 

analysis at the same residue:deionised water ratio as in the stainless steel pressure vessel 

experiments (44 % wt solids). Diamond powder was added to the dry bauxite residue at 

5 % wt (2.2 % wt in slurries) as an internal standard for the purposes of quantitative 

phase analysis by Rietveld refinement. Diamond was selected for its low reactivity under 

the experimental conditions, and for its few diffraction peaks within the 2θ angular range 

of interest, which minimizes overlaps with other phases. Diffraction patterns were 

collected continuously every twenty seconds using the Mythen detector, capable of 

collecting 80 °2θ simultaneously, to allow calculation of mineral transformation 

kinetics. XRD patterns were collected first at ambient temperature, with the required N2 

pressure applied, and then during heating, and for the duration of the experiment. 

Operating temperature was reached in 20-40 seconds. Run times varied between 1.5 h 

and 4 h, depending on factors such as loss of synchrotron beam, capillary failure, and 

observed reaction rates. 

 

Quantitative mineral analysis of X-ray diffractograms, to quantify changes in mineral 

concentrations and amorphous content during this experiment, was conducted using 

TOPAS-Academic (v. 4.1; Coelho, 2007) for Rietveld refinement. Compared with the 

peak area based data analysis approach, Rietveld refinement removes the potential for 

errors from peak overlaps, reports mineral concentrations on an absolute rather than 

relative scale, and allows quantification of amorphous content. Data were analysed using 

a sequential refinement approach, which used the refined (output) mineral 

concentrations for dataset x as the input mineral concentrations for the Rietveld 

refinement of dataset x+1, where x is any dataset in the collected sequence of XRD 

patterns for bauxite residue at a particular temperature. Reported mineral concentrations 
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(on a percent weight basis) were corrected for amorphous content (including X-ray 

amorphous solids, and water in the slurry) using the diamond internal standard and 

Equations 2.2 and 2.3: 









=
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i STD

STDwAbs    (2.2) 

∑
=

−=
n
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where Absi is the absolute weight fraction of phase i, wi is the weight fraction of phase i 

determined by Rietveld refinement, STDtrue is the known weight fraction of the diamond 

standard, STDmeas is the calculated weight fraction of the diamond standard by Rietveld 

refinement and wamorph is the total absolute weight fraction of amorphous and 

unidentified phases. 

 

2.2.5 Data analysis 

The kinetics of mineral transformations are of particular interest when identifying a 

weathering trajectory as this allows the evolution of the bulk material to be predicted 

over time. An extent of reaction parameter, α, was calculated from either peak areas 

(stainless steel pressure vessel experiment) or mineral concentrations (fused silica 

capillary experiment), where It was the observed peak area or mineral concentration at a 

sampling time, t, and Imax was the maximum peak area or mineral concentration attained 

(Equation 2.4): 

maxI
It=α   (2.4) 

Kinetic data was then extracted using an approach identical to that detailed by Murray et 

al. (2009). The Sharp-Hancock equation (Equation 2.6; Sharp and Hancock, 1972), a 

linearised version of the Avrami-Erofe’ev equation (Equation 2.5; Avrami, 1939; 1940; 

1941; Erofe’ev, 1946), was used to calculate kinetic parameters n (reaction order) and k 

(reaction rate) by plotting ln(-ln(1-α)) against ln(t) and fitting a least-squares linear 

equation (Figure 2.1a).  
nttke ))(( 01 −−−=α   (2.5) 
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)ln()ln())1ln(ln( 0 knttn +−=−− α   (2.6) 

Nucleation time (t0) was assumed to be zero as no new minerals were formed and 

growth sites therefore existed for all phases.  

 
Figure 2.1 (a) Example of a Sharp-Hancock plot from which kinetic parameters n and k 

may be determined; (b) example of an Arrhenius plot from which activation energy (Ea) 

and the pre-exponential factor, A, may be determined. 

 

Values for ln(k) are then plotted against 1/T in an Arrhenius plot (Figure 2.1b) to 

determine activation energy, Ea, and the pre-exponential factor, A. 

 

2.3 Results 

2.3.1 Supernatant chemistry 

Decreases in pH, EC, and total alkalinity (TA) were observed over time in bauxite 

residue mud in the 200 °C and 235 °C treatments (Figure 2.2). Some increases in EC and 

TA were observed in 100 °C, 135 °C, and 165 °C treatments; however, EC and TA 

initially increased and then sharply decreased in the 200 °C and 235 °C treatments. This 

could indicate that the lower temperature treatments progress along the same reaction 

trajectory as the higher temperature treatments, with slower reaction rates in the lower 

temperature treatments.  
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Figure 2.2 pH, EC, and total alkalinity (TA) of supernatants from bauxite residue mud 

during pressure vessel treatments at various temperatures. Dashed lines indicate t=0 

values. Note that treatment time (x axis) is graphed on a logarithmic scale. Error bars 

indicate 95% confidence interval for the mean of the 100 °C treatment at 909 hours.  
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Supernatant concentrations of Al, K, Na, and S all decrease over time to below initial 

concentrations in the 200 and 235 °C treatments, suggesting removal from solution by 

mineral precipitation. Concentrations of Al, Na, and S increased and then decreased to 

concentrations slightly above or below initial concentrations in the 165 °C treatment. 

This suggests that similar reactions are responsible for observed changes in 

concentrations of Al, Na, and S at temperatures from 165 to 235 °C, and that reaction 

rates decrease with temperature. At 100 and 130 °C, Al, K, Na, and S concentrations 

increased and remained above initial concentrations during treatment; this suggests that 

precipitation reactions occur very slowly or do not occur at all at lower temperatures.  

 

Silicon concentrations in the supernatant increased over time in all but the 235 °C 

treatment. This could be a result of dissolution of reactive Si (from muscovite or finely 

divided quartz), with precipitation of sodalite or cancrinite only occurring to an 

appreciable extent at 235 °C. Iron concentrations in solution remained near or below the 

detection limit for all treatment temperatures except 235 °C (Figure 2.3). The 

assumption of anatase insolubility was supported by ICP-OES data, which indicated that 

little Ti was released to solution, except at 235 °C. Titanium and iron concentrations 

increased simultaneously, which could indicate dissolution of a minor Fe-Ti phase. 

Ilmenite dissolution does not appear to account for this behaviour (data not shown). Ca 

concentrations were below detection limits in all samples and are therefore not shown in 

Figure 2.3. 
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Figure 2.3 Concentrations of selected elements (mg or g L-1) in supernatant from 

bauxite residue mud after treatment in pressure vessels, as determined by ICP-OES. 

Dashed lines indicate concentrations at t=0. Where no dashed line is visible, 

concentrations at t=0 were below detection limits. Note that treatment time (x axis) is 

graphed on a logarithmic scale. Error bars indicate 95% confidence interval for the mean 

of the 100 °C treatment at 909 hours. 
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2.3.2 Solids mineralogy 

The rapid collection of XRD patterns from the bauxite residue mud slurry in fused silica 

capillary reaction vessels allowed construction of time sequence graphs which illustrate 

the temperature dependent transformation of gibbsite to boehmite (Figure 2.4; Figure 

2.5; Figure 2.6; Figure 2.7). The gibbsite to boehmite reaction could only be observed by 

in situ synchrotron XRD because the transformation time (< 50 minutes at 165-170 °C) 

was faster than the required time for the stainless steel pressure vessels to heat to 

temperature. Wefers and Misra (1987) observed that the gibbsite to boehmite 

transformation occurred above 100 °C; transformation of gibbsite to boehmite was very 

slow at temperatures ≤ 150 °C in this study and increased markedly above this 

temperature. Elevated pressure slows the transformation, because the sum of the molar 

volumes of the products is greater than that of the reactants (Equation 2.12); this is likely 

to have slowed the transformation at lower temperatures in this study. A similar 

conclusion was drawn by Mehta and Kalsotra (1991), who observed conversion of 

gibbsite to boehmite under hydrothermal conditions only at temperatures ≥ 190 °C. 

Higher alumina to caustic ratios (A/C; Al2O3:Na2O ratio (g/L) in the supernatant) also 

raise the minimum transformation temperature (Dash et al., 2007; 2009); the 

alumina:caustic ratio was consistently below 0.5 and was therefore unlikely to have 

inhibited transformation of gibbsite to boehmite in this experiment. 

 

The heights of goethite and sodalite XRD peaks also increase with temperature during 

hydrothermal treatment in the fused silica capillary reaction vessels. At 170 °C, the 

height of the quartz peak (‘Q’) also appears to increase; however, this is the second most 

intense quartz peak, and has a considerable overlap with the most intense goethite peak 

(‘Go’), so the apparent increase in the quartz peak may be a result of broadening of the 

goethite peak. The heights of muscovite peaks (not shown in Figure 2.4-Figure 2.7) were 

relatively constant over time. Due to the short collection time, the quality of the 

diffraction patterns was too low to identify changes in TCA and ilmenite peaks. 
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Figure 2.4 X-ray diffractograms from residue mud slurry in fused silica capillary 

reaction vessels as a function of treatment time at 140 °C. Peaks are labeled with 

abbreviations for minerals as follows: ‘Go’ – goethite, ‘Q’ – quartz, ‘Gi’ – gibbsite, ‘B’ 

– boehmite, and ‘S’ – sodalite.   
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Figure 2.5 X-ray diffractograms from residue mud slurry in fused silica capillary 

reaction vessels as a function of treatment time at 150 °C. Peaks are labeled with 

abbreviations for minerals as follows: ‘Go’ – goethite, ‘Q’ – quartz, ‘Gi’ – gibbsite, ‘B’ 

– boehmite, and ‘S’ – sodalite.   
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Figure 2.6 X-ray diffractograms from residue mud slurry in fused silica capillary 

reaction vessels as a function of treatment time at 165 °C. Peaks are labeled with 

abbreviations for minerals as follows: ‘Go’ – goethite, ‘Q’ – quartz, ‘Gi’ – gibbsite, ‘B’ 

– boehmite, and ‘S’ – sodalite.   
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Figure 2.7 X-ray diffractograms from residue mud slurry in fused silica capillary 

reaction vessels as a function of treatment time at 170 °C. Peaks are labeled with 

abbreviations for minerals as follows: ‘Go’ – goethite, ‘Q’ – quartz, ‘Gi’ – gibbsite, ‘B’ 

– boehmite, and ‘S’ – sodalite.   

 

Graphs of mineral concentrations in slurries versus time (Figure 2.8-Figure 2.10) 

illustrate that the apparent increase in the height of the secondary goethite peak at 140-

165 °C (to the right of the primary gibbsite peak in Figure 2.4-Figure 2.7) is not due to 

an increase in the concentration of goethite during treatment, but is more likely due to a 

broadening of the gibbsite peak during dissolution, causing the goethite peak to be 

elevated upon the gibbsite peak shoulder. However, goethite and hematite do precipitate 

to a minor extent at 170 °C (Figure 2.11). The quartz concentration in the 170 °C 

treatment does increase slightly with time; the observed increase in peak height (Figure 

2.7) is therefore a result of quartz precipitation rather than goethite peak broadening. 

Anatase concentrations appeared stable according to quantitative mineral analysis graphs 
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(Figure 2.8-Figure 2.11), which supports conclusions based on Ti concentrations in the 

supernatants (Figure 2.3). 

 

Amorphous content was stable during the transformation of gibbsite to boehmite; given 

that calculated amorphous content includes contributions from water in the slurry, 

amorphous content was expected to increase as a result of the water released during this 

transformation. Gibbsite was present in the slurry at around 3 % wt, so the water 

released during transformation to boehmite may have been insufficient to noticeably 

increase the amorphous content. The quality of the diffractograms was compromised by 

the short collection time; this hindered accurate quantification of gibbsite concentrations 

below 0.5 % wt, and quantification of TCA and ilmenite concentrations. Diffractogram 

quality may also have been too poor to detect small changes in amorphous content of the 

solid phase. Longer collection times (1-2 minutes) are recommended for complex 

mineral assemblages if quantification of minor phases, or small changes in concentration 

of major phases are of interest. 

 



Chapter 2 – Laboratory simulation of the weathering trajectory of bauxite residue mud 
 

38 

 
Figure 2.8 Concentration of crystalline and amorphous phases in residue mud slurry in 

capillary reaction vessels as a function of treatment time at 140 °C, as determined by 

Rietveld-based quantitative mineral analysis of X-ray diffractograms. Note that 

amorphous content is plotted on the secondary Y axis and represents contributions from 

X-ray amorphous minerals in bauxite residue, water in the slurry, and the fused silica 

capillary.   
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Figure 2.9 Concentration of crystalline and amorphous phases in residue mud slurry in 

capillary reaction vessels as a function of treatment time at 150 °C, as determined by 

Rietveld-based quantitative mineral analysis of X-ray diffractograms. Note that 

amorphous content is plotted on the secondary Y axis and represents contributions from 

X-ray amorphous minerals in bauxite residue, water in the slurry, and the fused silica 

capillary. Gaps in data from 100-110, and 160-180 minutes were caused by beam loss at 

the synchrotron. Heating of the slurry continued during beam loss. 
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Figure 2.10 Concentration of crystalline and amorphous phases in residue mud slurry in 

capillary reaction vessels as a function of treatment time at 165 °C, as determined by 

Rietveld-based quantitative mineral analysis of X-ray diffractograms. Note that 

amorphous content is plotted on the secondary Y axis and represents contributions from 

X-ray amorphous minerals in bauxite residue, water in the slurry, and the fused silica 

capillary.   
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Figure 2.11 Concentration of crystalline and amorphous phases in residue mud slurry in 

capillary reaction vessels as a function of treatment time at 170 °C, as determined by 

Rietveld-based quantitative mineral analysis of X-ray diffractograms. Note that 

amorphous content is plotted on the secondary Y axis and represents contributions from 

X-ray amorphous minerals in bauxite residue, water in the slurry, and the fused silica 

capillary.   

 

During extended hydrothermal treatment in stainless steel pressure vessels, iron oxides, 

boehmite, and calcite appeared to precipitate (Figure 2.12; Table 2.2), along with minor 

precipitation of muscovite and sodalite; whereas gibbsite and TCA dissolved (Figure 

2.12). Observed decreases in supernatant pH, alkalinity, and EC (Section 2.3.1) are 

likely due to these mineral transformations. Tricalcium aluminate dissolved more slowly 

than gibbsite and the majority of Al and Ca supplied to solution from dissolution of both 

minerals is likely to have been precipitated as boehmite and calcite given that Al and Ca 

concentrations did not increase substantially during dissolution (Figure 2.3). This 
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conclusion is consistent with the conversion mechanisms outlined by Whittington 

(1996), Tsuchida (2000), and Gong et al. (2003). 

 

 
Figure 2.12 X-ray diffraction patterns from bauxite residue before and after 

hydrothermal treatment. Treatment time and temperature are indicated for each pattern. 

Peaks between 5-35 °2θ are labeled with d-spacings (Å) and abbreviations for minerals 

as follows: M – muscovite; S – sodalite; B – boehmite; T – tricalcium aluminate 

(hydrogrossular); Go – goethite; Gi – gibbsite; Q – quartz; C – calcite; H – hematite; At 

– anatase; An – anorthite; I – ilmenite. 
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Table 2.2 Percentage change in mineral:anatase ratio during hydrothermal treatment of 

bauxite residue mud, relative to untreated material. Ratio was calculated from primary 

peak areas of each mineral from synchrotron XRD scans. Mineral names are abbreviated 

as follows: Gi – gibbsite; T – tricalcium aluminate (hydrogrossular); B – boehmite; C – 

calcite; Go – goethite; H – hematite; S – sodalite. Mineral:anatase ratios of muscovite, 

anatase, quartz, and anorthite did not indicate dissolution or precipitation in response to 

temperature or treatment time. 
Temperature 
(°C) 

Treatment time 
(hours) 

Mineral 
Gi T B C Go H S 

100 1.5 54 41 82 30 47 15 47 
100 21 47 24 102 43 48 29 62 
100 48 46 -2 153 44 52 30 64 
100 336 43 -2 313 88 107 89 106 
165 1.5 -100 -14 300 53 71 55 68 
165 21 -100 -100 468 95 119 109 118 
165 48 -100 -100 584 106 138 117 190 
235 1.5 -100 -35 348 85 99 90 123 
235 3.75 -100 -100 526 88 114 119 150 
235 21 -100 -100 587 94 141 177 294 
235 48 -100 -100 643 111 156 198 389 
 

Calcite and sodalite precipitation were not observed in the fused silica capillary 

experiments; changes in calcite:anatase ratio in Table 2.2 indicate that this is a slower 

reaction than the boehmite precipitation reaction, and that it is also smaller in magnitude 

than boehmite precipitation. Precipitation of calcite may have only occurred to a minor 

extent during the fused silica capillary experiments, and therefore may not have been 

detected. A similar explanation may account for the observations of goethite and 

hematite precipitation in the longer term stainless steel pressure vessel experiment. Both 

minerals precipitated more slowly and to a lesser extent than boehmite (Table 2.2), and 

precipitation may therefore not have been detectable over timescales of 150-250 minutes 

at temperatures of 140-165 °C. 

 

Muscovite concentration was relatively constant at 140-150 °C in fused silica capillary 

experiments; however, it appeared to dissolve at 165-170 °C in the fused silica capillary 

experiments, which opposed observations of a stable concentration in the stainless steel 

pressure vessel experiments. As the only K-bearing mineral in slurries, muscovite 

behaviour could be expected to mirror supernatant K concentrations (Figure 2.3), 
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dissolving at temperatures ≤ 165 °C and precipitating at temperatures ≥ 200 °C. This is 

not fully supported by the XRD data from the fused silica capillary or the stainless steel 

pressure vessel experiments. All XRD patterns were collected from powders or slurries 

that were rotated during collection of XRD patterns; preferred orientation is therefore 

unlikely to cause changes in peak areas between patterns. Muscovite has been observed 

to dissolve under alkaline conditions (Knauss and Wolery, 1989; Kuwahara, 2008), 

although dissolution rates decrease as aqueous Al and Si concentrations increase 

(Oelkers et al., 2008). The dissolution observed in fused silica capillary experiments at 

165-170 °C may be due to decreases in aqueous Al in supernatants at temperatures 

≥ 165 °C (Figure 2.3). It is still unclear why muscovite dissolution was not observed in 

ex situ XRD of hydrothermally treated solids. 

 

In summary, the following reactions appear to occur during short term and longer term 

hydrothermal treatment and are likely to be responsible for the observed decreases in 

pH, EC, and TA, and changes in element concentrations in the supernatants: 

1. Gibbsite conversion to boehmite: likely to be a dissolution-precipitation 

mechanism based on observed rates of transformation in Figure 2.8-Figure 2.11, 

and previous studies of hydrothermal conversion (Tsuchida, 2000; Gong et al., 

2003). This would aid in lowering pH, EC, and TA by diluting the supernatant 

(Equation 2.7). No Al would be released to the supernatant, although some Al 

initially present in solution may also be precipitated as boehmite. 

)l(2
boehmite

)s(
gibbsite

)s(3 OHAlOOH)OH(Al +→    (2.7) 

2. Precipitation of goethite and hematite: conversion of goethite to hematite has 

been observed under Bayer process conditions (Murray et al., 2009); but there 

were no observations of goethite dissolution within this experiment. This is 

likely due to the inhibiting effect of anatase on this conversion reaction (Murray 

et al., 2009). Minor amounts of both minerals appeared to precipitate from 

solution, likely limited by low available Fe in supernatants. Goethite  and 

hematite precipitation would aid in lowering pH, EC, and TA by diluting the 

supernatant and consuming OH- (Equation 2.8; Equation 2.9): 
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)l(2
goethite

)s()aq(
3

)aq( OHFeOOHOH3Fe +→+ −+    (2.8) 

)l(2
hematite

)s(32)aq(
3

)aq( OH3OFeOH6Fe2 +→+ −+    (2.9) 

An alternative mechanism by which goethite and hematite may form is as a result 

of ferrihydrite dissolution (Cornell et al., 1987; Yee et al., 2006). Ferrihydrite is 

likely to be poorly crystalline and thus contribute to the amorphous content of the 

bauxite residue mud; a decrease in amorphous content could be expected if this 

mechanism were responsible for goethite and hematite precipitation. There was a 

small decrease in amorphous content whilst goethite precipitated during the 

170 °C treatment (Figure 2.11); this is insufficient to conclusively identify 

ferrihydrite conversion as a mechanism by which goethite and hematite formed. 

Furthermore, the conversion might be strongly inhibited by elevated 

concentrations of silicate ion, which inhibits conversion if present in 

concentrations above 0.001 mol L-1 (Cornell et al., 1987). Silicon (mostly present 

as silicate at the pHs observed in the supernatants) was present at a minimum 

concentration of 0.02 mol L-1 in the supernatants. 

 

2.3.3 Reaction kinetics 

Peak areas of minerals in XRD patterns of residues from the 100, 165, and 235 °C 

treatments in the stainless steel pressure vessel experiment (Table 2.2) were used to 

calculate extents of reaction (α) and kinetic parameters. The rapid dissolution of gibbsite 

and TCA precluded calculation of reaction kinetics for these phases from the stainless 

steel pressure vessel experiment data. Fused silica capillary reaction vessel data were 

used for the calculation of gibbsite reaction kinetics, at treatment temperatures of 140, 

150, 165, and 170 °C, using absolute mineral concentration as calculated by Rietveld 

refinement of XRD patterns rather than peak area of minerals relative to the internal 

standard. The quality of the XRD patterns from the fused silica capillary experiment was 

insufficient to allow accurate quantification of TCA and reaction kinetics were therefore 

not calculated for this mineral.  
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Sharp-Hancock analysis of mineral transformations within these experiments indicated 

that the plots of ln(-ln(1-a)) against ln(t) were well described by linear functions because 

r2 values were generally > 0.80 (Table 2.3), except for goethite at 100 °C. This indicates 

that a single reaction mechanism dominated over the course of the dissolution or 

precipitation reactions for most minerals. The n values of 0.8-1.2 observed for gibbsite 

dissolution (Table 2.4) are consistent with first-order reaction kinetics (n=1). 

Contracting area kinetics, with an n value of 1.04, and contracting volume kinetics, with 

an n value of 1.08, would also be feasible explanations for the observed n values and 

also match with the transformation of gibbsite to boehmite as a dissolution-precipitation 

mechanism (Tsuchida, 2000; Gong et al., 2003). 

 

Table 2.3 Coefficients of determination (r2) for Sharp-Hancock lines of best fit (ln(-ln(1-

a)) versus ln(t)) to mineral transformations in residue mud. Mineral names are 

abbreviated as follows: Gi – gibbsite; B – boehmite; C – calcite; Go – goethite; H – 

hematite; S – sodalite. 

 

Table 2.4 Reaction orders (n) derived from Sharp-Hancock lines of best fit (ln(-ln(1-a)) 

versus ln(t)) to mineral transformations in residue mud. Mineral names are abbreviated 

as follows: Gi – gibbsite; B – boehmite; C – calcite; Go – goethite; H – hematite; S – 

sodalite. 
Temperature (°C) Gi  Temperature (°C) B C Go H S 
140 0.804  100 0.289 0.281 0.200 0.363 0.162 
150 1.072  165 0.357 0.441 0.361 0.301 0.331 
165 0.991  235 0.403 0.096 0.314 0.499 0.508 
170 1.185        
 

The Ea value calculated from this study match well with values from Mehta and 

Kalsotra’s (1991) study of boehmite precipitation under hydrothermal, alkaline 

conditions for boehmite (Ea 69.63-73.46 kJ mol-1). Under alkaline, heated (60-85 °C) 

conditions, at ambient pressure, the Ea for gibbsite dissolution is 107 kJ mol-1 (Grenman 

Temperature (°C) Gi  Temperature (°C) B C Go H S 
140 0.90  100 0.86 0.84 0.64 0.91 0.91 
150 0.98  165 0.94 0.99 0.99 0.99 0.92 
165 0.94  235 0.86 1.00 1.00 1.00 0.97 
170 0.99        
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et al., 2010). This is lower than the value observed in this study, which suggests that 

pressure inhibits the gibbsite-boehmite transformation as discussed by Wefers and Misra 

(1987). The Ea value determined from this study for sodalite precipitation was much 

higher than that determined in other studies for first-order reaction kinetics involving 

precipitation from solution (38.2-48.4 kJ mol-1; Adamson et al., 1963; Cresswell, 1984). 

This suggests that sodalite is not directly precipitating from solution, but is reliant upon 

the dissolution or transformation of another mineral. A similar elevation in activation 

energy for cancrinite precipitation under Bayer conditions was observed when cancrinite 

formed from sodalite rather than directly precipitating from solution (Barnes et al., 

1999). Muscovite or quartz could be sources of reactive silica for sodalite precipitation; 

however, neither were observed to dissolve to an appreciable extent within this study. 

No values for activation energies of precipitation of calcite, goethite, or hematite under 

similar reaction conditions were available in the literature. 

 

The low values of n returned from Sharp-Hancock analysis (0.10<n<0.85) for minerals 

other than gibbsite suggest that precipitation of minerals proceeded via 3D diffusion 

controlled reaction mechanisms (Table 2.3), because these reactions occur with an ideal 

n value of 0.57 (Francis et al., 1999). However, the activation energies calculated from 

Arrhenius plots of ln(k) against 1/T ranged from 76-131 kJ mol-1 (Table 2.3). These 

activation energies are far higher than expected for diffusion controlled reactions 

(generally < 21 kJ mol-1; Lasaga, 1998), and therefore suggest that precipitation 

reactions were in fact surface controlled. 

 

Table 2.5 Activation energies (Ea; kJ mol-1), pre-exponential (‘frequency’) factors (A; s-

1), and reaction rates at 165 °C (k; s-1) calculated from Arrhenius plots for mineral 

transformations in residue mud. Mineral names are abbreviated as follows: Gi – gibbsite; 

B – boehmite; C – calcite; Go – goethite; H – hematite; S – sodalite. 
Parameter Gi B C Go H S 
Ea 190.79 88.03 99.58 75.54 75.71 131.15 
ln A 49.00 12.80 18.45 9.79 8.38 21.07 
log(k), 165 °C -1.47 -4.94 -3.86 -4.76 -5.39 -6.50 
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In an attempt to distinguish which kinetic models best describe observed behaviour, 

lines were fitted to the reaction data for [ln(1-a)] against t, which should result in a 

straight line with gradient k if the reaction is controlled by first-order kinetics, and [1-(1-

a)1/3]2 against t, which should result in a straight line with gradient k if the reaction is 

controlled by 3D diffusion (Francis et al., 1999). Gibbsite data was also fitted to [1-(1-

a)1/2] against t, which should result in a straight line with gradient k if the reaction 

proceeds at a decelerating rate proportional to remaining mineral surface area 

(contracting area), and [1-(1-a)1/3] against t, which should result in a straight line with 

gradient k if the reaction proceeds at a decelerating rate proportional to remaining 

mineral volume (contracting volume). Coefficient of determination values (r2) were used 

to compare the linear fits achieved by each model. Fits achieved were similar, although 

r2 values for first-order reaction models were generally better than r2 values for 3D 

diffusion models for precipitating minerals (Table 2.6). The gibbsite dissolution rate 

appears constant at 140 and 150 °C (Figure 2.8; Figure 2.9), but appears to decelerate at 

the 165 and 170 °C temperatures (Figure 2.10; Figure 2.11). However, the first-order, 

contracting area, and contracting volume models fit gibbsite dissolution at 150 and 

170 °C equally well (Table 2.6). Overall, the fits to first-order, contracting area, and 

contracting volume models for gibbsite dissolution were almost identical and did not 

allow the most appropriate model amongst these three to be identified.  
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Table 2.6 Coefficient of determination (r2) values for least square lines fitted to mineral 

precipitation or dissolution data under a first-order surface control kinetic model (FO), 

3D diffusion control kinetic model (3D), contracting area model (CA), and contracting 

volume model (CV). Mineral names are abbreviated as follows: Gi – gibbsite; B – 

boehmite; C – calcite; Go – goethite; H – hematite; S – sodalite. 

 

 

Reaction half lives (time required for half of the reactant(s) in a chemical reaction to be 

consumed), as predicted by the Avrami-Erofe’ev equation and using the values of n 

expected for first-order surface controlled and 3D diffusion controlled reactions, were 

compared with observed reaction half lives, calculated by interpolation of Sharp-

Hancock lines of best fit. Precipitation reaction half lives were predicted far more 

accurately by the first-order surface control model (Table 2.7). This information, 

combined with the high activation energies which are inconsistent with the 3D diffusion 

mechanism, suggests that the rates of these precipitation reactions were controlled by 

first-order surface kinetics. It also seems unlikely that 3D diffusion control would 

control reaction rates in continuously stirred systems. However, there was more than an 

order of magnitude difference between observed and predicted reaction half lives for 

boehmite, goethite, muscovite, and sodalite using first-order kinetics, which suggests 

that first-order kinetics do not accurately model reaction kinetics in all cases. 

 

Mineral Kinetic model Temperature (°C)  
100 165 235  

B FO 0.985 0.998 0.785  
 3D 0.999 0.989 0.813  
C FO 0.995 0.989 0.938  
 3D 0.996 0.994 0.944  
Go FO 0.994 0.985 0.988  
 3D 0.991 0.996 0.992  
H FO 0.992 0.819 0.994  
 3D 0.995 0.854 0.999  
S FO 0.963 0.993 0.999  
 3D 0.989 0.962 0.998  
  Temperature (°C) 
  140 150 165 170 
Gi FO 0.907 0.987 0.948 0.976 
 3D 0.890 0.954 0.937 0.916 
 CA 0.907 0.986 0.939 0.986 
 CV 0.907 0.987 0.943 0.984 
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Table 2.7 Reaction half lives (t1/2) as calculated by interpolation of Sharp-Hancock lines 

of best fit to observed data (OB) and the Avrami-Erofe’ev equation predicted for first-

order surface control (FO) and 3D diffusion control (3D) for mineral transformations in 

residue mud. Mineral names are abbreviated as follows: Gi – gibbsite; B – boehmite; C 

– calcite; Go – goethite; H – hematite; S – sodalite. 

Temperature  Gi B C Go H S 

165 °C (hours) OB 0.0061 2 2 2 17 83 
 FO 0.0057 16.78 1.40 11 47 595 
 3D 0.0570 67870 869 32412 416986 35509858 
25 °C (years) FO 32098 164 61 21 94 1513193 

 

Using the kinetic data presented in Table 2.4 and Table 2.5, and assuming that reactions 

are controlled by a first-order surface mechanism (i.e. n=1), it is possible to calculate the 

time required for reactions to proceed to a designated value of α (0.5 when determining 

reaction half lives) at a designated temperature. This allows for extrapolation to field 

conditions, at 25 °C. Calcite, boehmite, goethite and hematite reach their reaction half 

lives within two centuries; however, gibbsite and sodalite take substantially longer to 

reach their half lives. Boehmite precipitation was predicted to occur more rapidly than 

gibbsite dissolution at field conditions, which indicates that gibbsite dissolution would 

control the gibbsite to boehmite transformation. Although ‘auto-attenuation’ of residue 

alkalinity is possible, it would theoretically take millions of years under field conditions 

if controlled by these mineral reactions.  

 

The reactions observed in this experiment may not occur under field conditions. Non-

linearity in the response of activation energies and reaction rates to temperature and 

pressure can occur due to different reaction mechanisms being favoured (Lasaga, 1998), 

which hinders the use of observed activation energies and rates to predict behaviour 

outside the observed range. Diffusion does not appear to be a significant rate limiting 

process in the observed reactions, but is dependent on pressure and the direction of this 

dependence (and thus the effect of pressure on reaction rates according to Equation 2.1) 

cannot be predicted without determining activation volumes of the reactions. The effect 

of pressure on reactions rates is considered to be small relative to temperature for 

pressures found in the Earth’s crust (1-10000 kbar) (Lasaga, 1998), and is therefore 
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unlikely to cause substantial variation between observed and predicted reaction half lives 

within this study. However, the effect of temperature on activation energies, rates, and 

reaction mechanisms could result in a different suite of reactions occurring in bauxite 

residue within storage areas under ambient temperature and pressure compared to those 

observed at elevated temperatures and pressures. Thermodynamic properties of minerals 

dictate the most stable composition of a system at a given temperature and pressure. 

Results from this study illustrate a potential weathering trajectory for bauxite residue; 

but this would need to be validated against observations of mineral transformations in 

field weathered residue deposits to confirm that predicted reactions occur in the field. 

 

2.4 Conclusions 

Hydrothermal treatment of bauxite residue slurry resulted in a decrease in pH, EC, and 

total alkalinity, as well as decreases in concentrations of Al, K, Na, and S, in the liquid 

component of the slurry; the magnitude of these decreases increased at higher treatment 

temperatures and longer treatment times. Conversion of gibbsite to boehmite, and the 

dilution from water released to solution during this reaction, appeared to be the main 

mechanism responsible for decreases in pH, EC, TA, and element concentrations. Minor 

precipitation of goethite and hematite may also have contributed to decreased pH, EC, 

and TA.  

 

Dissolution and precipitation kinetics were adequately described by first-order kinetics. 

Extrapolation of reaction rates and activation energies from hydrothermal conditions 

imposed in this study to standard temperature and pressure indicated that calcite, 

goethite, hematite, and boehmite precipitation could be expected to occur within a few 

centuries; but that dissolution of gibbsite and precipitation of sodalite would take 

substantially longer. ‘Auto-attenuation’ of alkalinity and salinity in bauxite residue 

deposits is theoretically possible according to the reaction kinetics determined in this 

study, although it would occur over geological timescales. 
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Extrapolation of reaction kinetics observed under hydrothermal conditions to standard 

temperatures and pressures may be invalid because of different reaction mechanisms 

being favoured at different temperatures and pressures. Temperature is likely to be more 

important than pressure in this regard. Thermodynamic properties of minerals dictate the 

most stable composition of a system at a given temperature and pressure. The lack of 

leaching conditions is also likely to introduce error into the weathering trajectories 

predicted from hydrothermal treatment of closed systems. Validation of observed 

mineral behaviour in this study against field weathered residues is required to determine 

if mineral transformations observed under hydrothermal conditions provide an accurate 

representation of weathering reactions under field conditions. 
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3 Evaluation of soil chemical methods for the analysis 

of bauxite residues 
 

3.1 General introduction 

Analytical methods developed for determining chemical, physical, and biological 

properties of soil materials are generally formulated for the analysis of soils with 

circumneutral pH and EC. Some methods have been expanded to include ‘pre-

treatments’ for soils to remove substances that are known to interfere with reagents or 

measurement accuracy. Examples in the analysis of saline soils include: removal of 

soluble salts, which can cause clay flocculation, prior to particle size analysis by 

sedimentation (Day, 1965; Gee and Bauder, 1965; Sheldrick and Wang, 1993); and 

removal of soluble salts by pretreatment with ethanol and glycerol prior to determination 

of exchangeable cations by 1 M ammonium chloride extraction (Tucker, 1985; Rayment 

and Higginson, 1992). However, even pre-treatments have a feasible working range, and 

need to be revised for soils beyond this.  

 

Applying standard soil analytical methods to novel soil materials such as tailings, or 

soils with unusual properties, should be done with caution, and with special 

consideration of potential interferents and possible pre-treatments. Table 3.1 provides 

details of soil chemical methods used for the chemical and mineralogical 

characterisation of bauxite residues to date. Given the numerous problems associated 

with analysis of bauxite residue (high salinity, high sodicity, carbonate concentrations, 

high pH), it is perhaps not surprising that many different analytical methods (or 

variations on essentially the same method) have been used to characterise bauxite 

residue. The aim of this review is to compare methods and identify which are most 

appropriate for analysis of bauxite residue. 
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Table 3.1 Methods used for analysis of the chemical and mineralogical composition of 

bauxite residues. 
Method Parameters References 
Basic soil properties 
Drying  Temp (°C) Time (hours)   References 
 R -   10, 12, 13, 

14, 18, 22, 23 
 R CW   4, 5, 6, 7 
 25 48   2, 3 
 30 -   8 
 50 -   24 
 105 -   14 
 105 24   1, 21 
 105 CW   15 
pH  Soil:solution Equilibration 

time (hours) 
Settling time 

(hours) 
 References 

 SP - -  1, 10, 12, 23 
 SP 16 -  20 
 1:1 - 0.16  12 
 1:1 0.001 0.16  15 
 1:1 0.5 0.5  16, 17 
 1:1 - -  24 
 1:2 - 0.16  12 
 1:2 0.5 1  19 
 1:2 72 0.25  24 
 1:2.5 - -  4, 5 
 1:5 1 0.5  2, 3, 22, 23 
 1:5 - -  6, 7, 8, 18 
 1:5 1 -  9, 11 
 1:25 2 0.01-0.05  21 
EC Soil:solution Equilibration 

time (hours) 
Settling time 

(hours) 
 References 

 SP - -  10, 13, 23, 24 
 SP ≥4 -  19 
 SP 16 -  20 
 1:1 1 -  12 
 1:2 - -  12 
 1:2 72 0.25  24 
 1:5 1 0.5  2, 3, 22, 23 
 1:5 - -  6, 7, 8, 18 
 1:5 1 -  9, 11 
 1:25 2 0.01-0.05  21 
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Method Parameters References 
Basic soil properties 
Titratable 
alkalinity 

Soil:solution Equilibration 
time (hours) 

Method type, 
endpoint pH 

Acid References 

 - - Titration - 24 
 SP - Titration, 8.3; 

4.5 
0.02 M HCl 13, 20 

 40% solids 
slurry; pore 
water; 40% 
solids slurry 

1; 0.4; ≤ 1320 Titration, 4.5; 
4.5; 4.5-10 

0.02 M HCl; 
0.02 M HCl; 
0.02 M HCl 

14 

 1:5 - Titration, 4.5 Dilute H2SO4 10 
 1:5 - Titration, 8.3; 

4.5 
0.005 M HCl 23 

 1:5 672 ANC, variable HCl (VC) 22 
 1:5; 1:5 18720; 18720 Titration, 5.5; 

5.5 
0.1 M HCl; 

0.05 M 
H2SO4 

18 

 1:50 24 ANC, variable HCl (VC) 11 
Organic matter and plant nutrients 
Inorganic C     References 
Dry combustion (HCl pretreatment) 16 
Dry combustion – acid dichromate digest 1 
Loss on ignition (270 °C) 14, 15 
Organic C     References 
Dry combustion 2, 3, 13 
Dry combustion (HCl pretreatment) 7, 8, 16 
Acid dichromate digest 1, 6, 9, 19, 

20, 23 
Loss on ignition (400 °C) 12 
Loss on ignition (H3PO4, 400 °C) 14, 15 
NH4

+, NO3
- Extractant Soil:solution   References 

 0.5 M K2SO4 1:4   1 
 1 M KCl 1:5   9, 20 
 2 M KCl 1:100   13 
 2 M KCl 1:10   2, 3, 12 
 Griess-Ilosvay   19 
Exchangeable 
cations 

Extractant Soil:solution Equilibration 
time (hours) 

 References 

 0.1M NH4Cl/ 
0.1M BaCl2 

1:10 2  2, 3, 11, 20 

 0.2 M 
NH4OAc 

1:25 24  19 

 0.5 M 
NH4OAc 

5:33 0.5  12 

 1 M NH4NO3 1:10 0.5  16 
 1 M NH4OAc 1:2.5 0.16  24 
 1 M NH4OAc 1:10 0.5  24 
 1 M NH4OAc 1:10 24  4, 5, 6, 8, 13 
 1 M NH4OAc 1:25 24  19 
 1 M NH4Cl 1:10 0.5  23 
 BaCl2/TEA 2:25 1  21 
 NH4Cl 1:5 -  18 
 SP - -  10 
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Method Parameters References 
Organic matter and plant nutrients 
Available P Extractant Soil:solution Equilibration 

time (hours) 
 References 

 0.01 M CaCl2 1:10 2  8 
 0.5 M 

NaHCO3 
1:100 16  1, 2, 3, 8, 9, 

13, 19, 20, 23 
 0.5 M 

NaHCO3 
1:20 0.5  6, 8, 12 

 0.54 M 
CH3COOH/ 

0.7 M 
NaCH3COO 

1:5 0.5  8 

Extractable S Extractant Soil:solution Equilibration 
time (hours) 

Temp (°C) References 

 0.25 M KCl 3:20 3 40 9, 20, 23 
 0.5 M 

NH4OAc 
5:33 0.5 - 12 

Mineralogy 
XRD Angular 

range (°2θ) 
X-ray source Scan speed 

(°/min) 
 References 

 4-44 CuKα 1  11 
 5-50 CuKα 1  22 
 6-70 CuKα 2  16, 17 
 10-70 CuKα -  21 
 10-60 - 0.5  14, 15 
Total elements     References 
Aqua regia digest 2, 11, 20, 23 
Aqua regia digest with HF 13 
XRF 8, 18, 22 
XRF, pressed powder 16, 17 
Extractable 
oxides 

Extractant Soil:solution Equilibration 
time (hours) 

Oxides References 

 DTPA 1:2 2 Mn 4, 5, 6 
 DTPA 1:2 2 Cu, Fe, Mn, 

Zn 
23 

 DTPA 1:2 2 Fe 13 
 0.04 M 

NH2OH/HCl 
in 25% v/v 
CH3COOH 

1:30 3 Fe, Mn 11 

 1 M KCl 1:5 0.5 Al 6 
 1 M KCl 1:10 1 Al 13 
 AAO 1:100 4 Fe, Al 20, 22 
 AAO 1:33 1 Al, Fe, Mn, 

Si 
9 

 AAO 1:40 4 Fe, Al 16, 17 
 DCB 1:50 24 Fe, Al 16, 22 
Abbreviations: 
-: not stated 
ANC: acid neutralization capacity 
CW: to constant weight 
DTPA: 0.005 M diethylenetriaminepentaacetic acid, 0.01 M CaCl2, 0.1 M triethanolamine solution 
NH4OAc: ammonium acetate 
R: room temperature 
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SP: saturated paste extract 
Temp: temperature 
VC: variable concentration 
XRD: X-ray diffraction 
XRF: X-ray fluorescence 
 
References:  
[1] Banning et al. (2010)  
[2] Chen et al. (2010a) 
[3] Chen et al. (2010b)  
[4] Courtney and Timpson (2004) 
[5] Courtney and Timpson (2005)  
[6] Courtney et al. (2009a)  
[7] Courtney et al. (2009b) 
[8] Courtney and Harrington (2010a) 
[9] Eastham et al. (2006)  
[10] Fuller et al. (1982) 
[11] Hanahan et al. (2004) 
[12] Ippolito et al. (2005) 
[13] Jones et al. (2010) 
[14] Khaitan et al. (2009a) 
[15] Khaitan et al. (2010) 
[16] Li (1998) 
[17] Li (2001) 
[18] Liu et al. (2007) 
[19] Meecham and Bell (1977) 
[20] Phillips and Chen (2010) 
[21] Santona et al. (2006) 
[22] Snars and Gilkes (2009) 
[23] Thiyagarajan et al. (2009) 
[24] Woodard et al. (2008) 
 
Excluded from this table were: 

a) Papers that were predominantly ‘review papers’ with little to no original data 

(e.g. Liu et al., 2009; Wang et al., 2008; Wehr et al., 2006); 

b) Original research papers in which analytical methods were discussed in 

insufficient detail (e.g. Barrow, 1982; Xenidis et al., 2005);  

c) Original research papers in which bauxite residue was used as a soil amendment, 

rather than itself being amended (e.g. Lombi et al., 2002; Snars et al., 2003); 

d) Original research papers containing fewer than four analyses listed in this table 

(e.g. Courtney and Mullen, 2009; Hamdy and Williams, 2001; Khaitan et al., 2009b; c; 

Palmer and Frost, 2009; Wong and Ho 1991; 1994).  

e) Original articles published in Fresenius Environmental Bulletin (e.g. Zhao et al., 

2009) because of lack of peer review. 
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This chapter consists of an evaluation of methods for sample preparation (drying) and 

basic soil properties (pH and EC), as well as two more specialised chemical methods for 

soil classification (amorphous oxides by acid ammonium oxalate extraction, and 

carbonate concentration [inorganic carbon]). Some methods have already been 

evaluated: cation exchange capacity (So et al., 2006) and available P (Courtney and 

Harrington, 2010a) are two examples; and these methods will not be considered further 

here. As mentioned in the Introduction (see Section 1.1.3.1), bauxite residues are 

expected to evolve towards Cambisols and Ferralsols, and quantification of carbonate 

and amorphous oxide concentrations is required in the classification of such soils. We 

used several bauxite residue samples, as well as two alkaline, saline-sodic soils for 

comparison where appropriate, in order to determine accuracy and precision of various 

soil analytical methods for novel soil materials as well as natural, but extreme, soils. 

Interferences are identified, and pre-treatments or method modifications suggested 

where applicable. An emphasis is placed on the labour and cost associated with various 

methods, because these are important considerations when analysing large numbers of 

samples from field studies. 

 

3.2 Drying 

3.2.1 Background 

Three major variables exist when drying soil samples: temperature, drying time, and 

atmosphere. These may be varied to minimise the influence of sample preparation 

effects on results or to assist in sample characterisation. Phillips et al. (1986) 

demonstrated that soil ion exchange properties of samples dried at 105 °C were 

significantly different to those of field moist samples or samples dried at 24 °C. 

Potential acid sulfate soils may be characterised by the change in pH due to sulfide 

oxidation during extended drying under an air atmosphere (Soil Survey Staff, 2010).  

 

Table 3.1 illustrates that temperatures ranging from ‘room temperature’ (assumed to be 

25 °C, although this is not always explicitly stated) to 105 °C have been employed to dry 
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bauxite residues prior to chemical, physical and biological analyses. The often high 

moisture content of bauxite residue, particularly the mud fraction (up to 50% water), 

makes the use of a higher drying temperature appealing because it reduces drying time. 

However, the use of gypsum (CaSO4.2H2O) as a common ameliorant for the excessive 

alkalinity present in bauxite residues precludes the use of high temperatures (> 75 °C), 

which will cause complete conversion of gypsum to bassanite (CaSO4.0.5H2O) and/or 

anhydrite (CaSO4) in approximately one week (Ballirano and Melis, 2009), and alter the 

chemical characteristics of the sample. Porta (1998) recommends a drying temperature 

of 40-50 °C to avoid transformation of gypsum. At the lower end of the drying 

temperature range, ‘room temperature’ has three major drawbacks: (a) slow liberation of 

moisture; (b) ambiguity of what is meant by ‘room temperature’ (i.e. temperature 

controlled at 25 °C, or allowed to vary throughout the day); and (c) lack of humidity 

control (unless otherwise specified). The lack of humidity control implied in room 

temperature drying may influence calculated moisture content, given the presence of 

hygroscopic salts in bauxite residues. Relatively low temperature oven drying (ca. 

40 °C) provides control of environmental variables during drying, is within the range of 

temperatures that residues would be exposed to in the field, and should limit chemical 

and physical alteration of residue samples. 

 

Drying time is dependent on both sample (texture, initial water content) and 

characteristics of the drying environment (drying temperature, humidity). Some studies 

state the number of days drying, some state ‘dried to constant weight’, and others do not 

specify drying time at all. ‘To constant weight’ is a useful definition as it removes the 

influence of initial sample characteristics on drying time. One assumes that drying is 

terminated on the first day that the sample ceases to change in weight. 

 

Another concern is the capacity of alkaline solutions, such as bauxite residue porewater, 

to react with atmospheric carbon dioxide. Reaction with atmospheric CO2(g) lowers pH 

of alkaline solutions by converting hydroxide alkalinity to carbonate and bicarbonate 

forms. Khaitan et al. (2009c) investigated the pH neutralisation of bauxite residue 

slurries with atmospheres containing CO2 at partial pressures ranging from 0 to 1 atm. 
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They found that slurry pH (initially 12.5) decreased more rapidly as the partial pressure 

of CO2 increased, and that a final slurry pH of 10 was attained in bauxite residue under a 

CO2 partial pressure of 10-3.5 atm (the same partial pressure as is present in air) after 10 

days. Surface layers of bauxite residue deposit areas can exhibit evidence of atmospheric 

carbonation (Khaitan et al., 2010), in which case, the effect of carbonation during 

sample preparation (drying) would be low. However, diffusion of atmospheric CO2(g) 

into alkaline subsurface bauxite residue is slow, due to the small pore size and often 

waterlogged nature of residue mud. Drying subsurface material in the laboratory as a 

thin layer, with high surface area exposed to atmospheric CO2(g), may therefore 

artificially depress the observed pH upon resuspension in deionised water after drying. 

The effect of drying temperature on observed pH and EC values is discussed in Section 

3.3. 

 

The aims of the drying study were to investigate whether drying temperature affected 

calculated total moisture content, to investigate time required for constant weight to be 

achieved at various drying temperatures, and to investigate whether atmospheric 

composition (air or N2) affected calculated total moisture content of samples. Based on 

the relationship between water equilibrium vapour pressure and air temperature (Brunt, 

1952), we hypothesized that: a) calculated total moisture content of samples would 

increase with drying temperature; b) time required to achieve constant weight would 

decrease as drying temperature increased, and c) atmosphere would not have an effect 

on calculated total moisture content for samples dried at the same temperature. We also 

hypothesized that: d) in gypsum amended samples, dehydration of gypsum to bassanite 

and anhydrite (Porta, 1998; Artieda et al., 2006; Ballirano and Melis, 2009) would 

contribute to the increase in weight loss with increasing temperature. 

 

3.2.2 Methods 

Five initial samples were collected to investigate drying behaviour of saline alkaline 

materials: bauxite residue mud (BRM), carbonated bauxite residue mud (BRMC), and 

bauxite residue sand (BRS), all sourced from Alcoa’s Kwinana refinery; a saline 
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lacustrine clay (SAC) from North Lake Geogrup, near Mandurah WA; and an alkaline 

coastal sand (SAS) from Leighton Beach, near Fremantle. The SAC and SAS samples 

were included to compare behaviour of bauxite residue to that of naturally saline, 

alkaline soils. Approximately 1 kg of BRM and BRS was separated from the bulk 20 kg 

samples as received, and amended with 5 % weight gypsum (BDH Chemicals). 

 

Eight replicates of each sample were dried at room temperature, 40 °C, and 105 °C to 

investigate the effect of drying temperature on total moisture loss and time taken for 

samples to reach a constant weight at each temperature. Relative humidity and 

temperature were recorded at each weighing using a dry and wet bulb thermometer. 

Over the 18 day drying period, the temperature of the laboratory varied between 20 and 

26 °C, and the relative humidity varied between 50 and 80 %. Samples dried at room 

temperature under N2 were enclosed in a glovebag that was purged three times with N2 

and then maintained under positive N2 pressure during the drying period. Samples dried 

at 40 °C and 105 °C were exposed to open air in a fan forced oven. Approximately 55 g 

wet material was initially present in each replicate. Chemical analyses were then 

performed using these dried samples as discussed in Section 3.3.2. 

 

The effect of drying temperature on cumulative weight lost over time was compared by 

repeated measures ANOVA (Genstat Release 12.1; VSN International). Room 

temperature treatments took longer to achieve constant weight than the oven dried 

samples, and were therefore weighed for 18 days. For the purposes of ANOVA, room 

temperature and oven dried treatments were compared to each other for the first six days 

only. For days 7-18, room temperature treatments were compared for the effects of 

atmosphere (air or N2) and time. A significance level of α=0.05 was used unless 

otherwise stated. 

 

3.2.3 Results and discussion 

Total moisture loss (defined as the cumulative % weight loss on the first day on which 

samples ceased to significantly lose weight) increased with drying temperature for all 
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samples (Figure 3.1; Figure 3.2; Figure 3.3; Figure 3.4; Figure 3.5). The magnitude of 

differences in total moisture loss with drying temperature varied between 0.2 % (SAS) 

and 2.4 % (BRM), which is unlikely to exert a large influence on pH and EC as 

measured in 1:5 soil:water suspensions.  

 

 
Figure 3.1 Bauxite residue mud drying curves at three different temperatures (‘R’: room 

temperature; ‘40’: 40 °C oven; ‘105’: 105 °C oven) and with or without 5% gypsum 

spike (‘G’), or N2 atmosphere (‘N’). All data points are the mean of eight replicates. 

Error bars represent 95% confidence intervals (two-tailed). 
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Figure 3.2 Carbonated bauxite residue mud drying curves at three different temperatures 

(‘R’: room temperature; ‘40’: 40 °C oven; ‘105’: 105 °C oven) and with or without N2 

atmosphere (‘N’). All data points are the mean of eight replicates. Error bars represent 

95% confidence intervals (two-tailed). 
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Figure 3.3 Bauxite residue sand drying curves at three different temperatures (‘R’: room 

temperature; ‘40’: 40 °C oven; ‘105’: 105 °C oven) and with or without 5% gypsum 

spike (‘G’), or N2 atmosphere (‘N’). All data points are the mean of eight replicates. 

Error bars represent 95% confidence intervals (two-tailed). 
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Figure 3.4 Saline alkaline clay drying curves at three different temperatures (‘R’: room 

temperature; ‘40’: 40 °C oven; ‘105’: 105 °C oven). All data points are the mean of 

eight replicates. Error bars represent 95% confidence intervals (two-tailed). 
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Figure 3.5 Saline alkaline sand drying curves at three different temperatures (‘R’: room 

temperature; ‘40’: 40 °C oven; ‘105’: 105 °C oven) and with or without N2 atmosphere 

(‘N’). All data points are the mean of eight replicates. Error bars represent 95% 

confidence intervals (two-tailed). 

 

Samples dried at room temperature under an air atmosphere reached maximum moisture 

loss by day three for BRS and SAS, and day ten for BRM, BRMC, and SAC. Time 

required for maximum moisture loss at room temperature under an N2 atmosphere was 

longer than under an air atmosphere for BRM and BRMC (both day 14 under N2). Both 

BRM and BRMC had a lower total moisture loss at room temperature when dried under 

an N2 atmosphere than under an air atmosphere. Cumulative weight lost was positively 

correlated with temperature and negatively correlated with relative humidity between 

days 4-18 of drying for BRS, SAC, and SAS, and days 10-18 of drying for BRM and 

BRMC (Table 3.2). These correlations support the hypothesis that temperature and 

relative humidity affect sample weights during drying at room temperature, particularly 

once the bulk of pore water has already been removed. Variation in relative humidity 

could account for differences in total moisture loss between BRM and BRMC samples 
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dried at room temperature under air or N2. Despite the small positive pressure applied to 

the N2-filled glovebag during drying and inclusion of a tray of dessication crystals inside 

the glovebag, the lack of circulation may have caused relative humidity inside the 

glovebag to be much higher than that of the open air in the laboratory, and hence limited 

evaporation from the samples. Use of a higher positive pressure or more drying crystals 

may avoid this effect. A hygrometer kept inside the glovebag to monitor relative 

humidity would improve the procedure. 

 

Table 3.2 Correlations between weight loss in samples, recorded room temperature 

(Temp, °C), and relative humidity (RH, %) for days 4-18 of drying at room temperature 

for BRS, SAC, SAS and days 10-18 of drying at room temperature for BRM and BRMC 

(grouped together as BRM(C)). 

 Temp RH BRM(C) BRS SAC 
RH -0.3867     
BRM(C) 0.0037 -0.8874*    
BRS 0.7877* -0.7808* 0.7471   
SAC 0.8260** -0.6669* 0.9710** 0.9295***  
SAS 0.7810* -0.7919* 0.8315 0.9973*** 0.9444*** 

* p<0.05, ** p<0.01, ***p<0.001 (two-sided) 

 

Increasing drying temperature decreased the number of days required for the finer 

textured samples (BRM, BRMC, SAC) to achieve total moisture loss. Drying 

temperature did not affect time required to achieve total moisture loss in sandy samples. 

The use of the ‘to constant weight’ definition for drying time is therefore recommended 

to ensure that full drying at the specified temperature has been achieved, because bauxite 

residues vary in texture between refineries and even within deposition areas (Fuller et 

al., 1982; Wehr et al., 2006).  

 

Samples amended with gypsum lost less weight during drying than their non-amended 

counterparts because they had a lower initial water content due to the addition of 

gypsum. Gypsum amended samples exhibited a greater difference in total moisture loss 

between 40 °C and 105 °C than non-amended samples; this is likely due to the 

conversion of gypsum to bassanite at 105 °C (Equation 3.1; Ballirano and Melis, 2009), 
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which would result in the additional weight loss of 1.5 moles H2O per mole of gypsum 

(Porta, 1998; Artieda et al., 2006), and bassanite to anhydrite, which would result in a 

further loss of 0.5 moles H2O per mole of bassanite (Equation 3.2; Ballirano and Melis, 

2009). Continued loss of water in SAS at 105 °C suggests loss of occluded water or 

structural water contained in minerals such as mirabilite (Na2SO4.10H2O) or trona 

(Na3H(CO3)2.2H2O).  

 

)l(2
bassanite

)s(24
gypsum

)s(24 OH3OH5.0.CaSO2OH2.CaSO2 +→    (3.1) 

)l(2
anhydrite

)s(4
bassanite

)s(24 OHCaSO2OH5.0.CaSO2 +→    (3.2) 

 

3.2.4 Conclusions 

Calculated moisture content of all samples increased with drying temperature. Although 

significant, the magnitude of the differences in moisture content were small, which 

means that the effect of dilution associated with residual water when using these samples 

for pH and EC determination is also likely to be small. The effect of drying temperature 

on pH and EC is explored further in Section 3.3. 

 

Fine textured samples dried more rapidly at higher drying temperatures than at lower 

drying temperatures. Given that bauxite residue texture can vary within deposition areas, 

field samples should be dried ‘to constant weight’ to ensure that total moisture loss has 

been achieved for all samples regardless of texture. Fine textured samples also lost less 

water under an N2 atmosphere in a glovebag than under an air atmosphere in an open 

laboratory; this suggests that relative humidity may have been higher inside the 

glovebag than in the laboratory. 

 

Increased differences in moisture loss between 40 °C and 105 °C in gypsum amended 

samples compared to unamended samples supports earlier work by Porta (1998), Artieda 

et al. (2006), and Ballirano and Melis (2009) which indicated that substantial 
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dehydration of gypsum to bassanite and anhydrite will occur at 105 °C, as per Equations 

3.1 and 3.2, and would affect calculated moisture content. 

 

3.3 pH and electrical conductivity 

3.3.1 Background 

Measurement methods for pH and electrical conductivity (EC) in bauxite residue 

samples are numerous, with the choice of method apparently primarily dependent on 

laboratory location. Australian studies favour a soil:solution ratio of 1:5 and cite 

Rayment and Higginson (1992); North American studies favour a soil:solution ratio of 

1:1 and cite the Soil Science Society of America’s Methods of Soil Analysis – Chemical 

Methods book (Black, 1965; Page et al., 1982; Sparks, 1996). Local researchers may 

easily interpret results from ‘home grown’ methods, but others are likely to have 

difficulty without knowledge of optimal and suboptimal result ranges. Three major 

factors vary between methods for measurement of pH and EC: soil:solution ratio, 

equilibration time, and sample preparation. These will influence reported pH and EC 

values, and no study to date has attempted to establish relationships between these three 

factors and reported pH and EC values for bauxite residues. This hinders comparison of 

results from different studies and the use of data in geochemical models. 

 

Soil:solution ratios used for determining pH and EC in bauxite residues range from 1:1 

to 1:25 (Table 3.1). Saturation extracts would also be at the high end of soil:solution 

ratios. Thomas (1996) notes that measured pH increases as soil:solution ratio increases 

when analyzing acid soil; and that, in comparison, hydrolysis of basic cations renders pH 

of alkaline soils relatively insensitive to changes in soil:solution ratio. This statement 

about the relationship between soil:solution ratio and pH may be true for non-sodic, 

mildly alkaline soils, but breaks down in the case of sodic alkaline soils, in which pH 

can increase as soil:solution ratio decreases due to sodium hydrolysis, as per Equation 

3.3, where S is a negatively charged clay surface. 
−+ ++↔+

+

+

+

+ OHNaSOHS N
Na

Na
Na 2      (3.3) 
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Saturated paste pH is approximately one unit lower than pH determined in 1:2 or 1:5 

soil:water extracts of sodic alkaline soils (Dregne, 1976; Abrol et al., 1988). The highly 

sodic nature of bauxite residues means that measured pH can be expected to increase as 

soil:solution ratio decreases.  

 

In the absence of sparingly soluble salts such as gypsum or calcite, EC decreases as 

soil:solution ratio decreases. The presence of sparingly soluble minerals reduces the 

magnitude of the dilution effect on EC as soil:solution ratio decreases, such that at high 

soil:water ratios, dilution will decrease EC, but at low soil:water ratios, dilution will 

have little effect on EC (Richards, 1954; Rhoades, 1996). Gypsiferous soils can create a 

saturated gypsum solution in which EC will remain at around 2.2 dS m-1 regardless of 

soil:solution ratio (Peverill et al., 1999). A dampening of the effect of soil:solution ratio 

on EC is likely to be observed in bauxite residues, which contain appreciable amounts of 

sparingly soluble minerals such as calcite, and gypsum, if applied, as well as soluble 

salts that crystallize from the saline, alkaline porewater during drying. 

 

Equilibration times (contact time between soil and water before measurement) range 

from virtually zero to three days in the case of Woodard et al. (2008). Woodard et al. 

(2008) increased the equilibration time and drilled a hole in the top of vial caps to allow 

the residue:water suspensions to come to equilibrium with atmospheric CO2, avoiding 

the problem of variations in CO2 partial pressure inside sealed vials affecting suspension 

pH (Whitney and Gardner, 1943; McLean, 1982). In the case of alkaline soil samples 

containing sparingly soluble minerals, increased equilibration time may increase 

measured pH and EC because these minerals continue to dissolve slowly until they reach 

chemical equilibrium with the suspension (Raupach, 1954; Peverill et al., 1999). Settling 

times (time between ceasing agitation of the soil-water suspension and measurement of 

pH or EC) also vary, and can give rise to the suspension effect (differences in pH as 

measured in the clear supernatant or suspended soil), although this is usually less 

influential than equilibration time on measured pH and EC (Raupach, 1954).  
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Sample preparation, particularly drying, may also influence pH and EC results. Samples 

dried at higher temperatures prior to analysis contain less residual water (see Section 

3.2), which equates to increased soil:solution ratio for samples dried at higher 

temperatures. Thomas (1996) suggests making minor adjustments to soil and water 

volumes to account for this effect where desired soil:solution ratio for measurement is 

higher than 1:5. The addition of gypsum as an amendment to bauxite residues lowers pH 

through precipitation of calcite, and also increases EC (Grafe and Klauber, 2011). As 

discussed earlier, a considerable amount of gypsum present in residue samples may 

convert to bassanite and anhydrite at drying temperatures > 75 °C. Bassanite is more 

water soluble than gypsum, and this conversion may therefore increase EC in samples 

dried at 105 °C (Rhoades, 1996). As discussed in Section 3.2.1, reaction of alkaline 

porewater with atmospheric CO2(g) may depress pH of bauxite residues after drying 

under air. 

 

The aim of the pH and EC study was to investigate whether the three major factors 

(soil:solution ratio, equilibration time, and sample preparation) discussed above, which 

vary between studies in the measurement of pH and EC, contribute to differences in 

measured pH and EC values in bauxite residues. The hypotheses investigated in this 

study were: (a) pH values of bauxite residues will be lower at higher soil:solution ratios; 

(b) EC values of bauxite residues will be higher at higher soil:solution ratios; (c) pH and 

EC values of bauxite residues will increase with equilibration time and then reach a 

stable value; (d) pH and EC values of bauxite residues will be higher for residues dried 

at higher temperatures due to the dilution effect of residual water; (e) the difference in 

EC between samples dried at 40 °C and 105 °C will be higher in gypsum amended 

samples than non amended samples; and (f) pH of bauxite residues dried under N2 will 

be higher than that of samples dried under air (see Section 3.2.1 for discussion).  

 

3.3.2 Methods 

Samples dried at 40 °C for the purposes of the drying experiment (see Section 3.2.2) 

were used to investigate change in pH and EC as a function of soil:solution ratio and 
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equilibration time. 2 g of soil was used in all soil:solution ratios. A 1:5 soil:solution ratio 

(also employing 2 g soil) was used to investigate changes in pH and EC as a function of 

drying conditions (temperature and atmosphere) and equilibration time. Ultrapure 

deionised water was used to prepare the suspensions. Samples were shaken continuously 

during the equilibration period on an end-over-end shaker at 25 °C and allowed 30 

minutes settling time prior to each pH and EC measurement.  

 

The effects of soil:solution ratio and drying conditions on measured pH and EC in 

suspension over time were compared by repeated measures ANOVA (Genstat Release 

12.1; VSN International). Three replicates were assigned to each treatment. A 

significance level of α=0.05 was used unless otherwise stated.  

 

3.3.3 Results and discussion 

3.3.3.1 Effect of soil:solution ratio 

The EC and pH of BRM suspensions increased at higher soil:solution ratios (Figure 3.6). 

During the two week equilibration period, there were strong positive correlations 

between pH of BRM in different soil:solution ratios, and between EC of BRS in 

different soil:solution ratios (Table 3.3). The EC of bauxite residue sand (with or without 

gypsum amendment) increased at higher soil:solution ratios; pH decreased as 

soil:solution ratio decreased from 1:1 to 1:5, and then increased in the 1:25 ratio. The 

observed trends in EC in BRM and BRS samples are consistent with minor contributions 

of gypsum or calcite to overall salinity. The major source of salinity in these samples is 

likely to be Na2SO4, based on pore water chemistry of bauxite residue (Santini and Fey, 

2012), which dissolves rapidly and has a higher solubility at room temperature than 

gypsum. The EC of SAC and SAS samples also decreased as soil:solution ratio 

decreased (Figure 3.11; Figure 3.12); NaCl and Na2SO4 are likely to be the major 

sources of salinity in these samples and the relationship between soil:solution ratio and 

EC may therefore also be explained by simple dilution in these samples. The observed 

trends in pH in BRM and BRS samples oppose trends predicted by Richards (1954), 

Dregne (1976), and Abrol et al. (1988) for naturally developed saline-sodic soils. This 
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may be due to the extremely sodic and alkaline nature of the bauxite residues, which 

means that dilution (over the ranges within this study) does not cause substantial 

hydrolysis of exchangeable sodium because the Na+ and OH- concentrations in solution 

are already too high. What little hydrolysis does occur may be too small to affect 

measured pH values, compared with the effect of simple dilution. Sand suspensions have 

lower EC and pH values than mud suspensions; the increase in pH between 1:5 and 1:25 

soil:solution ratios may be explained by the effect of sodium hydrolysis once the Na+ 

and OH- concentrations have been sufficiently lowered by simple dilution. The pH of 

carbonated bauxite residue mud increased as soil:solution ratio decreased; this trend is 

consistent with theories of sodium hydrolysis presented by Richards (1954), Dregne 

(1976) and Abrol et al. (1988). The carbonation process introduces substantial carbonate 

to the bauxite residue pore water and decreases hydroxide concentrations (Jones et al., 

2006), which may allow hydrolysis of sodium to occur, producing enough OH- to alter 

measured pH. The variable texture, sodium concentration, and carbonation status of field 

weathered bauxite residues precludes prediction of pH behaviour at different 

soil:solution ratios; however, EC is consistently lower at lower soil:solution ratios. 
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Table 3.3 Correlations between pH and EC over equilibration period of 2 weeks for 

samples prepared at different soil:solution ratios after drying to constant weight at 40 °C. 
BRM pH EC 

1:1 1:2 1:5 1:1 1:2 1:5 
1:2 0.9966***    0.3450   
1:5  0.9461** 0.9642**   0.5619 0.4115  
1:25 0.9899*** 0.9811*** 0.9303**  0.6418 0.5977 0.9500** 
BRMG 1:1 1:2 1:5 1:1 1:2 1:5 
1:2 0.9728**    0.4772   
1:5 0.9831*** 0.9586**  -0.2855 -0.0061  
1:25 0.9810*** 0.9668** 0.9950*** -0.7205 -0.2586 0.8592* 
BRMC 1:1 1:2 1:5 1:1 1:2 1:5 
1:2 0.5371   0.6744   
1:5 0.3032 0.9171*  0.5049 0.8470*  
1:25 0.1228 0.7294 0.8704* 0.7867 0.9079* 0.8920* 
BRS 1:1 1:2 1:5 1:1 1:2 1:5 
1:2 0.9364**    0.9946***   
1:5 0.1138 0.4128   0.9718** 0.9903***  
1:25 -0.0403 -0.1812 -0.7246  0.9899*** 0.9972*** 0.9927*** 
BRSG 1:1 1:2 1:5 1:1 1:2 1:5 
1:2 0.6127   0.9947***   
1:5 0.6018 0.8860*  0.9793** 0.9717**  
1:25 0.8968* 0.6864 0.6787 0.8545* 0.8996* 0.8584* 
SAC 1:1 1:2 1:5 1:1 1:2 1:5 
1:2 0.6672    0.7932   
1:5 -0.0572 -0.3065  -0.4685 0.0561  
1:25 -0.5752 -0.2367 -0.6901  0.3190 0.6138 0.5861 
SAS 1:1 1:2 1:5 1:1 1:2 1:5 
1:2 0.5407    0.9958***   
1:5 0.9155* 0.6971   0.9815*** 0.9840***  
1:25 -0.0068 0.1082 -0.0585  0.8778* 0.9129* 0.8968* 
* p<0.05, ** p<0.01, ***p<0.001 (two-sided) 
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Figure 3.6 pH and EC of bauxite residue mud during equilibration on a rotary shaker at 

various soil:solution ratios. Numbers denote solution value in soil:solution ratio, where 

soil value is constant at 1 (i.e. ‘2’ = soil:solution ratio 1:2). Mud was dried in a 40 °C 

oven prior to use. All data points are the mean of three replicates. Error bars represent 

95% confidence intervals (two-tailed). 

 

 
Figure 3.7 pH and EC of bauxite residue mud amended with 5% wt gypsum during 

equilibration on a rotary shaker at various soil:solution ratios. Numbers denote solution 

value in soil:solution ratio, where soil value is constant at 1 (i.e. ‘2’ = soil:solution ratio 

1:2). Mud was dried in a 40 °C oven prior to use. All data points are the mean of three 

replicates. Error bars represent 95% confidence intervals (two-tailed). 
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Figure 3.8 pH and EC of carbonated bauxite residue mud during equilibration on a 

rotary shaker at various soil:solution ratios. Numbers denote solution value in 

soil:solution ratio, where soil value is constant at 1 (i.e. ‘2’ = soil:solution ratio 1:2). 

Mud was dried in a 40 °C oven prior to use. All data points are the mean of three 

replicates. Error bars represent 95% confidence intervals (two-tailed). 

 
Figure 3.9 pH and EC of bauxite residue sand during equilibration on a rotary shaker at 

various soil:solution ratios. Numbers denote solution value in soil:solution ratio, where 

soil value is constant at 1 (i.e. ‘2’ = soil:solution ratio 1:2). Sand was dried in a 40 °C 

oven prior to use. All data points are the mean of three replicates. Error bars represent 

95% confidence intervals (two-tailed). 
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Figure 3.10 pH and EC of bauxite residue sand amended with 5% wt gypsum during 

equilibration on a rotary shaker at various soil:solution ratios. Numbers denote solution 

value in soil:solution ratio, where soil value is constant at 1 (i.e. ‘2’ = soil:solution ratio 

1:2). Sand was dried in a 40 °C oven prior to use. All data points are the mean of three 

replicates. Error bars represent 95% confidence intervals (two-tailed). 

 

Figure 3.11 pH and EC of saline alkaline clay during equilibration on a rotary shaker at 

various soil:solution ratios. Numbers denote solution value in soil:solution ratio, where 

soil value is constant at 1 (i.e. ‘2’ = soil:solution ratio 1:2). Clay was dried in a 40 °C 

oven prior to use. All data points are the mean of three replicates. Error bars represent 

95% confidence intervals (two-tailed). 
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Figure 3.12 pH and EC of saline alkaline sand during equilibration on a rotary shaker at 

various soil:solution ratios. Numbers denote solution value in soil:solution ratio, where 

soil value is constant at 1 (i.e. ‘2’ = soil:solution ratio 1:2). Sand was dried in a 40 °C 

oven prior to use. All data points are the mean of three replicates. Error bars represent 

95% confidence intervals (two-tailed). 

 

3.3.3.2 Effect of equilibration time 

The pH and EC of soil-water suspensions increased with time for unamended bauxite 

residue mud (BRM) until reaching a stable value after 120-216 hours (5-9 days) (Figure 

3.6; Figure 3.13). Stable pH values were attained earlier by BRS, BRSG, BRMC, and 

SAS samples, after 24-120 hours (Figure 3.8; Figure 3.9; Figure 3.10; Figure 3.12; 

Figure 3.14; Figure 3.15; Figure 3.17); equilibrium EC values were attained after 24-216 

hours. The lower concentration of minerals such as calcite, which dissolve slowly and 

generate alkalinity, and the lower salinity of sandy samples would account for the more 

rapid achievement of a stable pH in sandy samples than in clay rich samples, because 

reserves of sparingly soluble minerals will be exhausted quickly. Most studies listed 

Table 3.1 use an equilibration time of 0-2 hours; this could result in underestimation of 

pH and EC, particularly in fine-textured samples. Stable pH and EC values were 

achieved after 24-120 hours equilibration in SAC and SAS samples (except for SAC 

dried at 105 °C); despite the lower pH and EC compared with bauxite residues, these 

samples still took longer to reach equilibrium than the 0-2 hour equilibration time 

commonly used for bauxite residue analysis. Measured pH and EC values were best 

correlated with measurements taken after similar equilibration times; measurements 
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taken after 10 seconds equilibration had the weakest correlations with long term (336 

hours equilibration) pH and EC (Table 3.4). This effect was more obvious in the case of 

pH than EC. Based on the response of pH and EC to equilibration time as discussed 

above, an equilibration time of 24 hours is recommended to give a reliable indication of 

long term equilibration pH and EC values.  

 

 
Figure 3.13 pH and EC of bauxite residue mud prepared at 1:5 soil:solution ratios 

during equilibration on a rotary shaker. ‘105’: dried in 105 °C oven; ‘40’: dried in 40 °C 

oven; ‘105G’: amended with 5% gypsum, dried in 105 °C oven; ‘40G’: amended with 

5% gypsum, dried in 40 °C oven; ‘R’: dried at room temperature under air; ‘NR’: dried 

at room temperature under N2. All data points are the mean of three replicates. Error bars 

represent 95% confidence intervals (two-tailed). 

 



Chapter 3 – Evaluation of soil chemical methods for the analysis of bauxite residues 
 

86 

 
Figure 3.14 pH and EC of bauxite residue sand prepared at 1:5 soil:solution ratios 

during equilibration on a rotary shaker. ‘105’: dried in 105 °C oven; ‘40’: dried in 40 °C 

oven; ‘105G’: amended with 5% gypsum, dried in 105 °C oven; ‘40G’: amended with 

5% gypsum, dried in 40 °C oven; ‘R’: dried at room temperature under air; ‘NR’: dried 

at room temperature under N2. All data points are the mean of three replicates. Error bars 

represent 95% confidence intervals (two-tailed). 

 

 
Figure 3.15 pH and EC of carbonated bauxite residue mud prepared at 1:5 soil:solution 

ratios during equilibration on a rotary shaker. ‘105’: dried in 105 °C oven; ‘40’: dried in 

40 °C oven; ‘R’: dried at room temperature under air; ‘NR’: dried at room temperature 

under N2. All data points are the mean of three replicates. Error bars represent 95% 

confidence intervals (two-tailed). 
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Figure 3.16 pH and EC of saline alkaline clay prepared at 1:5 soil:solution ratios during 

equilibration on a rotary shaker. ‘105’: dried in 105 °C oven; ‘40’: dried in 40 °C oven; 

‘R’: dried at room temperature under air. All data points are the mean of three replicates. 

Error bars represent 95% confidence intervals (two-tailed). 

 

 
Figure 3.17 pH and EC of saline alkaline sand prepared at 1:5 soil:solution ratios during 

equilibration on a rotary shaker. ‘105’: dried in 105 °C oven; ‘40’: dried in 40 °C oven; 

‘R’: dried at room temperature under air; ‘NR’: dried at room temperature under N2. All 

data points are the mean of three replicates. Error bars represent 95% confidence 

intervals (two-tailed). 
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Table 3.4 Correlations between measured pH at various equilibration times, and EC at 

various equilibration times. Data includes samples dried at different temperatures and in 

different soil:solution ratios. 
pH Equilibration time (hours) 

0.003 1 24 120 216 
1 0.9530***     
24 0.9102*** 0.9834***    
120 0.8714*** 0.9548*** 0.9903***   
216 0.8573*** 0.9349*** 0.9768*** 0.9951***  
336 0.8218*** 0.8891*** 0.9509*** 0.9782*** 0.9881*** 
EC Equilibration time (hours) 
 0.003 1 24 120 216 
1 0.9825***     
24 0.9782*** 0.9976***    
120 0.9711*** 0.9949*** 0.9974***   
216 0.9745*** 0.9909*** 0.9935*** 0.9985***  
336 0.9679*** 0.9867*** 0.9900*** 0.9958*** 0.9982*** 
* p<0.05, ** p<0.01, ***p<0.001 (two-sided) 

 

3.3.3.3 Effect of drying temperature and atmosphere 

Drying temperature had little effect on EC in 1:5 soil:water suspensions for any sample 

in the current study, which supports Thomas’s (1996) recommendation that adjustments 

to account for the residual water dilution effect will only be necessary at soil:water ratios 

greater than 1:5. The measured pH of all bauxite residues (BRM, BRMG, BRMC, BRS, 

BRSG) in 1:5 soil:water suspensions increased with drying temperature (Figure 3.13; 

Figure 3.14; Figure 3.15); this suggests that the dilution effect associated with residual 

water influences measured pH. However, the lack of significant differences in EC values 

between drying temperatures is inconsistent with this explanation, and instead suggests 

that atmospheric carbonation is responsible for observed differences in pH according to 

drying temperature. High drying temperatures remove pore water rapidly (see Section 

3.2.3), and this limits the potential for reaction of OH- with CO2 to form CO3
2- and 

HCO3
- which buffer the solution pH at lower values. A N2 (CO2 free) atmosphere was 

applied to the room temperature treatment to investigate whether carbonation was indeed 

capable of reducing suspension pH. The pH values of BRM, BRMC, and BRS samples 

dried at room temperature under N2 increased to values approximating those of the 

samples dried at 105 °C under air. Increases in pH in the BRMC samples dried under N2 
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were unexpected; this indicates that carbonated bauxite residue mud can react further 

with atmospheric CO2 despite pretreatment with CO2 under pressure. A rebound in pH is 

commonly observed in carbonated mud during establishment of equilibrium with 

atmospheric CO2 (Smith et al., 2003; Khaitan et al., 2009c), indicating incomplete 

reaction with CO2 during pre-deposition carbonation treatment. Electrical conductivity 

values remained similar between samples dried at room temperature under either air or 

N2 atmospheres. Nitrogen atmospheres have not been used for drying in any study of 

bauxite residue to date, which suggests that the majority of reported pH values for 

bauxite residue may be underestimated, particularly where samples have had little prior 

opportunity to equilibrate with atmospheric CO2. This would be the case for deeply 

buried or freshly deposited samples from bauxite residue storage areas. 

 

The measured pHs of residue mud over time (both with and without gypsum 

amendment) for drying temperatures 40 °C and 105 °C were strongly positively 

correlated; the room temperature treatment was not significantly correlated with pH 

values for BRM dried at other temperatures (Table 3.5). The decrease in pH in the room 

temperature treatment was accompanied by a decrease in EC (Figure 3.13). This 

suggests that mineral precipitation may be the cause of the pH decrease as per Equations 

3.4 and 3.5. However, the EC was lower in the room temperature treatment than in 

treatments dried at higher temperatures, so it is unlikely that solubilities have been 

exceeded in the room temperature treatment rather than other treatments. The pH and 

EC in all carbonated BRM treatments also decreased over time (Figure 3.15), which 

suggests that precipitation of a carbonate mineral may explain this behaviour (Equations 

3.4 and 3.5).  

 

)(3
2

)(3
2

)( saqaq MCOCOM →+ −+      (3.4) 

−+− +↔ 2
)(3)()(3 aqaqaq COHHCO      (3.5) 

where M2+ is a divalent metal cation (could also be a monovalent metal cation). 

 

The room temperature treatment took longer to dry than the higher temperature 

treatments, allowing carbonation of pore water to occur to a greater extent (Figure 3.1; 
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Equations 3.6-3.8). X-ray diffraction analysis was not performed on these samples, 

which leaves the identity of the carbonate mineral responsible for this behaviour 

unknown. An alternative explanation is that carbonate-bicarbonate equilibrium is 

established slowly in the suspensions over time, and that the EC of suspensions 

decreases as CO3
2- and H+ ions are consumed to produce HCO3

- (Equation 3.8), 

removing the relatively highly conductive H+ (Vanysek, 2005) from solution and 

resulting in a net decrease in conductivity and pH. 

 

)(32)(2)(2 aqlg COHOHCO ↔+      (3.6) 

−+ +↔ 2
)(3)()(32 2 aqaqaq COHCOH      (3.7) 

−−+ ↔+ )(3
2

)(3)( aqaqaq HCOCOH      (3.8) 

 

Table 3.5 Correlations between pH and EC (in 1:5 soil:solution ratio mixtures) over 

equilibration period of 2 weeks for samples prepared at different drying temperatures. 
BRM pH EC 

R 40 40G 105 R 40 40G 105 
40 -0.0843    0.9790***    
40G -0.3256 0.9677**   0.9901*** 0.9542**   
105 0.1150 0.9801** 0.8988*  0.9526** 0.9933*** 0.9174*  
105G -0.2420 0.9819** 0.9954*** 0.9304* 0.9767*** 0.9391** 0.9966*** 0.9009* 
BRS pH EC 

R 40 40G 105 R 40 40G 105 
40 0.7698    0.9793***    
40G -0.4948 -0.8739   0.9247** 0.9821***   
105 -0.9387* -0.9009* 0.5997  0.9764*** 0.9998*** 0.9840***  
105G -0.4011 -0.6400 0.8999* 0.3688 -0.8891* -0.7863 -0.6564 -0.7791 
SAC pH EC 

R 40   R 40   
40 0.9982***    0.9612**    
105 -0.2437 -0.2958   0.5935 0.5056   
SAS pH EC 

R 40   R 40   
40 0.9992***    0.9994***    
105 0.9782** 0.9841**   0.9908*** 0.9901***   

* p<0.05, ** p<0.01, ***p<0.001 (two-sided) 
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3.3.3.4 Effect of gypsum amendment 

Gypsum amendment increased the differences in pH between samples dried at 40 °C and 

105 °C (Figure 3.13; Figure 3.14). This may be explained by slower drying in samples at 

40 °C, which allows a longer reaction time between gypsum and CO3
2-

(aq) to form calcite 

and hence reduce pH. For samples dried at the same temperature, amendment with 

gypsum increased the EC over the 24 hour equilibration period in BRM, and over the 

entire equilibration period in BRS (Figure 3.13; Figure 3.14). Sample ECs in BRM and 

BRS generally increased over time, a consequence of the slow attainment of equilibrium 

with sparingly soluble minerals. However, in the gypsum amended BRM treatments, EC 

decreased between 24 and 336 hours (Figure 3.13). This decrease was greatest in 

gypsum amended BRM dried at 105 °C. Dehydration of gypsum during drying, followed 

by partial dissolution of the neoformed bassanite in the 1:5 soil:water extracts, is 

proposed as an explanation for the initial elevation in EC in gypsum amended BRM 

suspensions. This may be followed by reprecipitation of gypsum during prolonged 

equilibration, because gypsum is less soluble in water than bassanite (Rhoades, 1996), 

accounting for the decrease in EC (Figure 3.13). Dehydration of gypsum to bassanite 

would be more extensive at higher drying temperatures, and explains why the decrease 

in EC over time is more pronounced in the 105 °C treatment in gypsum amended BRM 

suspensions. The higher sulfate salinity of BRM compared with BRS would also 

encourage reprecipitation of gypsum by the common ion effect, and explains the absence 

of this effect in gypsum amended BRS samples (Figure 3.14). The decrease in EC is 

only observed in the 1:1 soil:solution ratio in BRM dried at 40 °C because total 

conversion of gypsum to bassanite would be lower at this drying temperature, and 

solution salinity is lower at lower soil:solution ratios, which means that the solubility 

product of gypsum is less likely to be exceeded (Figure 3.7). 

 

3.3.4 Conclusions 

Decreases in soil:solution ratio decreased suspension EC and pH for uncarbonated 

bauxite residues. The hydrolysis of exchangeable sodium appears to be inhibited by high 

Na+ and OH- concentrations in these samples, particularly at high soil:solution ratios. 
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Carbonation sufficiently lowers pore water OH- and increases CO3
2- such that sodium 

hydrolysis increases pH as soil:solution ratio decreases. This is consistent with the work 

of Richards (1954), Dregne (1976) and Abrol et al. (1988). The variable texture, sodium 

concentration, and carbonation status of field weathered bauxite residues precludes 

prediction of pH behaviour at different soil:solution ratios. However, EC is consistently 

lower at lower soil:solution ratios. 

 

The pH and EC of soil:water suspensions generally rose with equilibration time for 

bauxite residue, with the exception of carbonated bauxite residue, in which pH 

decreased over time. Stable pH and EC values were attained within 24-120 hours for 

most samples. An equilibration time of 24 hours is recommended to give a reliable 

estimate of long term equilibration pH and EC values.  

 

The effect of dilution by residual water had little effect on measured pH and EC values 

for samples dried at different temperatures. Atmospheric carbonation, however, 

substantially decreased the pH of samples dried at lower temperatures. A nitrogen drying 

atmosphere has not been used in any previous study for the preparation of bauxite 

residue for further analyses, and many pH values reported in the literature to date may 

therefore be underestimating the true pH in the field. The carbonation effect is likely to 

be greatest in deeply buried or freshly deposited samples from residue storage areas 

because these samples have had little opportunity to equilibrate with atmospheric CO2 

before analysis. 

 

The decrease in EC of gypsum amended bauxite residue mud samples over time 

supports drying data which indicated dehydration of gypsum to bassanite (see Section 

3.2.3). The decrease in EC after 24 hours equilibration can be explained by dissolution 

of bassanite during 0-24 hours, followed by reprecipitation of the less soluble calcium 

sulfate, gypsum, after 24 hours. High suspension salinity and high sample drying 

temperature favour this reaction.  
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3.4 Amorphous Fe, Al, Si, Ti 

3.4.1 Background 

Acid ammonium oxalate (AAO) extraction is recommended in many soil analysis 

manuals for the removal of poorly crystalline or ‘amorphous’ iron, aluminium, silicon, 

and manganese oxide minerals from soils (Rayment and Higginson, 1992; Ross and 

Wang, 1993; Loeppert and Inskeep, 1996). Concentrations of amorphous oxides can be 

used to compare pedogenic processes between soils, to measure the extent of soil 

weathering, and to aid in the differentiation between classes of soils (McKeague and 

Day, 1966; IUSS, 2006). The acid ammonium oxalate extraction, when conducted in the 

dark, was thought to remove only X-ray amorphous oxides (Schwertmann, 1964); 

however, later work indicated minor removal of Fe and Al from crystalline minerals 

such as gibbsite, hornblende, olivine, and micas (McKeague and Day, 1966; Pawluk, 

1971).  Removal of Fe2+ from crystalline minerals such as siderite and magnetite has 

been reported (Baril and Bitton, 1967; Schwertmann, 1973), but is unlikely to be a major 

issue in bauxite residues due to the paucity of Fe2+-bearing minerals in residues.  

 

Amorphous oxide concentrations, especially those of iron and aluminium hydroxides, 

are an important input to geochemical models. Amorphous oxide components such as 

ferrihydrite (Schwertmann, 1973), allophane, and imogolite (Parfitt, 2009) typically 

have a high specific surface area that participates in ion exchange; and due to their small 

particle size, they are highly reactive in response to changes in porewater chemistry. For 

example, allophane can aid in the retention of dissolved organic matter and phosphorus 

in soil (Parfitt, 2009). Accurate quantification of the amorphous oxide concentration of 

bauxite residues is essential to both the measurement and modeling of how residues 

change during weathering and in response to applied treatments.  

 

Chemically (AAO) extractable amorphous oxide concentrations for a range of bauxite 

residues have been reported at 0.5-5 % wt Al (0.95-9.5 % wt Al2O3), 0.05-1 % wt Fe 

(0.07-1.4 % wt Fe2O3), 0.1-0.2 % wt Mn (0.16-0.32 % wt MnO2), 0-0.75 % wt Ti (0-

1.25 % wt TiO2), and 0-1 % wt Si (0-2.1 % wt SiO2) (Li, 2001; Snars and Gilkes, 2009), 
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totaling 3-15% amorphous oxides by weight, whereas X-ray amorphous content 

determined from X-ray diffractograms (usually by the addition of an internal standard 

and determination of crystalline mineral concentrations, with amorphous content 

indirectly calculated by difference) has been reported as 20-50 % by weight (Thornber 

and Hughes, 1992; Newson et al., 2006; Liu et al., 2007). This highlights that the two 

methods measure different ‘amorphous’ materials: one method is chemically selective, 

and the other is physically selective, despite the original intention to attain the same 

result by both methods.  Based on the data above for chemically and physically 

amorphous content of bauxite residues, potential sources of variation in results between 

the two methods could be related to the AAO extractant, the X-ray diffraction analysis, 

or the composition of the amorphous material. Lower than expected values for 

amorphous content in the AAO extractant could be due to saturation of the oxalate 

complex in the extracting solution, given the high AAO extractable Al values, causing 

underreporting of chemically extractable amorphous oxide concentrations (cf Parfitt, 

1989); or the dissolution of CaCO3 causing underreporting of AAO extractable elements 

due to deactivation of the oxalate complexing agent by precipitation with Ca2+ to form 

whewellite (CaC2O4.H2O), and increased extraction pH limiting complexation (Parfitt, 

1989; Loeppert and Inskeep, 1996). Higher than expected values for X-ray amorphous 

content could be due to oxides of elements other than Fe, Al, Mn, Si, and Ti contributing 

to X-ray (physically) amorphous content, or inclusion of unidentified crystalline 

minerals in reported X-ray amorphous content. Finally, the composition of the AAO 

extractable amorphous material may vary from the ideal oxide composition used for 

calculation of concentrations as weight percent (e.g. FeOOH rather than Fe2O3).  

 

The aim of this section was to identify potential sources of error in the acid ammonium 

oxalate extraction method for quantification of amorphous oxide content in bauxite 

residues, and where possible, suggest improvement of the method for future use. Given 

the high AAO extractable Al values previously reported for bauxite residues, we 

hypothesized that the oxalate complex may be saturated. Total AAO extractable 

elements (Al, Fe, Si, Ti) were expected to increase at soil:solution ratios lower than the 

standard 1:100 because the oxalate complex would be less saturated at lower 
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soil:solution ratios. Bauxite residues commonly contain CaCO3, which should be 

removed prior to AAO extraction because it can limit complexation by removing oxalate 

from the extracting solution and by increasing pH. In addition to reducing oxalate 

saturation, lower soil:solution ratios were also expected to increase total AAO 

extractable elements because dilution would reduce the influence of CaCO3 on pH and 

the amount of oxalate removed as whewellite.  

3.4.2 Methods 

Archived fresh residue samples from Alcoa World Alumina (Kwinana), BHP Billiton 

Worsley Alumina (Worsley), Queensland Alumina Limited (Gladstone), Alunorte 

(Bacarena), and Reynolds Metal Company (USA), as well as composite samples 

collected from weathered field sites operated by Sherwin Alumina (Texas),  Alcoa 

World Alumina (Arkansas – sintered and unsintered), Alumar (Sao Luis), and Alcan 

(Guyana) were treated with acid ammonium oxalate (method code 13A1; Rayment and 

Higginson, 1992) and the resulting extracts were analysed by ICPOES for Al, Ca, Cr, 

Cu, Fe, K, Mg, Mn, Na, P, S, Si, Ti and V. Extractions were performed in the dark on 

end-over-end shakers, at the recommended 1:100 soil:solution ratio as well as 1:200, 

1:400, and 1:800. All extractions used 0.2 M ammonium oxalate at pH 3. Three 

replicates of each sample were treated and analysed at each soil:solution ratio.  

 

After extraction, the solids remaining from the fresh residue samples were dried and 

retained for X-ray diffraction (XRD) analysis. Samples collected before and after 

extraction were prepared for X-ray diffractometry (XRD) by micronizing for 15 minutes 

(McCrone Micronising Mill, McCrone Microscopes and Accessories) under ethanol 

with 5% wt Si added as internal standard. After evaporating to dryness, samples were 

packed into stainless steel plates for the high throughput stage on beamline 10BM1 of 

the Australian Synchrotron. X-ray diffraction patterns were collected in transmission 

geometry, using a wavelength of 0.8240 Å and counting time of 180 seconds, with 

rocking of the sample through the omega axis during collection. 
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One-way ANOVAs were performed to analyse the effect of soil:extractant ratio on 

extractable Al, Ca, Fe, Si, and Ti (Genstat Release 12.1; VSN International). If 

necessary, data were transformed with a natural logarithm or square root prior to 

ANOVA to ensure homogeneity of variances. When ANOVA returned significant 

differences, Tukey’s Honestly Significant Difference (HSD) was used as a post hoc test 

to separate means. A significance level of α=0.05 was used unless otherwise stated.  

 

3.4.3 Results and discussion 

Al, Na, S, and Si dominated the extract solutions, with minor contributions from Fe, Mg, 

and Ti. A water extract, run in parallel with each acid ammonium oxalate extract would 

be required to distinguish between contributions from soluble salts present in Bayer 

liquor (usually high in Al, Na and S) and those from treatment with acid ammonium 

oxalate. Al, Fe, Ti, and Si were the major metals present in solution and therefore the 

major contributors to chemically amorphous oxide concentrations (Figure 3.18; Figure 

3.19).  
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Figure 3.18 Acid ammonium oxalate extractable Al, Fe, Si, and Ti (%) for fresh bauxite 

residue mud from five refineries, employing soil:extractant ratios of 1:100 (‘100’), 1:200 

(‘200’), 1:400 (‘400’), and 1:800 (‘800’). Values displayed are the mean of three 

replicates. Error bars indicate 95% confidence interval for the mean. 
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Figure 3.19 Acid ammonium oxalate extractable Al, Fe, Si, and Ti (%) for weathered 

bauxite residue mud from five field sites, employing soil:extractant ratios of 1:100 

(‘100’), 1:200 (‘200’), 1:400 (‘400’), and 1:800 (‘800’). Values displayed are the mean 

of three replicates. Error bars indicate 95% confidence interval for the mean.  

 

Extractable Al and Si were strongly positively correlated across all residues and 

extraction ratios (Figure 3.18; Figure 3.19; r=0.96; p<0.001, two-tailed), and were 

present in solutions at a ratio of 1.61:1 Al:Si, which is consistent with the removal of 

allophane, sodalite, or a mixture of amorphous Al2O3 and amorphous SiO2. Allophane 
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(Al:Si commonly between 1:1 and 2:1) is removed by the acid ammonium oxalate 

extractant (Campbell and Schwertmann, 1985). Removal of sodalite by acid ammonium 

oxalate was inferred by Li (2001) but not supported with X-ray diffraction patterns to 

verify this inference. Figure 3.20 shows disappearance of the main sodalite peak at 6.3 Å 

in several samples, which confirms that sodalite is removed by acid ammonium oxalate 

extraction and will contribute to amorphous Al and Si concentrations determined by this 

method. Patterns in amorphous Al and Si are therefore likely due to dissolution of 

sodalite and possibly also allophane in the extractant.  
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Figure 3.20 X-ray diffraction patterns from bauxite residue samples before and after 

treatment with acid ammonium oxalate. Patterns are labeled with bauxite residue source 

and soil:extractant ratio employed for AAO extraction. Peaks between 13-17, and 28-

31 °2θ are labeled with d-spacings (Å) and abbreviations for minerals as follows: So – 

sodalite; B – boehmite; W – whewellite; Si – silicon (added as internal standard); C - 

calcite. 
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Extractable Fe and Ti were weakly positively correlated (r=0.54; p<0.01, two-tailed) for 

all but the Arkansas sintered sample. Although ilmenite can be removed by AAO (Algoe 

et al., 2012), ilmenite was only present in trace concentrations in these samples, and the 

position of ilmenite diffraction peaks overlapped with other minerals to the extent that it 

was unclear whether ilmenite had been dissolved. The lime sintering treatment increased 

AAO extractable Fe and, to a lesser extent, Si compared to unsintered residue. This 

suggests that the sintering process forms poorly crystalline Fe and Si bearing phases, 

which may include iron silicates and calcium ferrites. Acid ammonium oxalate has 

previously been shown to extract amorphous iron silicates (McKeague and Day, 1966).  

 

Total amorphous content (sum of Al as Al2O3, Fe as Fe2O3, Si as SiO2 and Ti as TiO2) 

was highest in the 1:400 extracts in the Kwinana, USA, and Worsley samples, and 

highest in the 1:800 extracts in the Arkansas unsintered and sintered samples. Total 

amorphous content was highest in the 1:200 and 1:400 ratio in the Gladstone sample, 

and the 1:100, 1:200, and 1:400 ratio in the Bacarena sample. There were no significant 

differences in total amorphous content between different soil:extractant ratios for the 

Sao Luis, Guyana and Texas samples. The 1:400 ratio therefore appears to achieve the 

highest extraction of amorphous content in a selection of fresh and weathered bauxite 

residue samples. 

 

The apparent increase in amorphous extractable Fe and Ti at lower soil:extractant ratios 

(Figure 3.18; Figure 3.19), especially where extractable Al and Si were high, suggests 

that the concentration of oxalate in the standard extractant (0.2 M) is too low to complex 

all available metals in the amorphous phase; and that under these limiting conditions, Al 

and Si will be complexed in preference to Fe and Ti (cf. Parfitt, 1989). This supports the 

recommendation of Parfitt (1989) that soil:extractant ratio be decreased to 1:200 where 

AAO extractable Fe or Al exceeds 5 %. 

 

The presence of calcite creates a further problem for application of the acid ammonium 

oxalate extraction to bauxite residues. Under the acidic (pH 3) conditions of the 

extractant, calcite will dissolve and release Ca2+ to solution, which may then precipitate 
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with oxalate as whewellite (Loeppert and Inskeep, 1996). Dissolution of calcite is also 

likely to increase pH of the suspensions, which may decrease extractant efficiency 

(Parfitt, 1989; Loeppert and Inskeep, 1996). Both dissolution of calcite and precipitation 

of whewellite were observed in bauxite residue samples after AAO extractions (Figure 

3.20). Concentration of Ca2+ in extracts increased as soil:solution ratio decreased (Figure 

3.18; Figure 3.19), which suggests incomplete dissolution of calcite at higher 

soil:solution ratios (Figure 3.20). At low soil:solution ratios, calcite dissolves completely 

and partially precipitates out as whewellite. With the exception of the Arkansas 

unsintered sample, Ca2+ concentrations were not significantly higher in 1:800 than in 

1:400 extracts, which implies that although calcite requires low soil:solution ratios for 

total dissolution, further decreases in soil:solution ratio beyond 1:400 are unlikely to 

result in higher removal of oxalate through whewellite precipitation. Extractable Al, Fe, 

Si, and Ti did not significantly increase when soil:solution ratio decreased from 1:400 to 

1:800, which confirms that removal of oxalate through whewellite precipitation will not 

decrease total amorphous oxides determined by AAO extraction at low soil:solution 

ratios. 

 

Based on the observations of calcite dissolution and whewellite precipitation, and 

behaviour of total amorphous oxides in response to changes in soil:extractant ratio, a 

soil:extractant ratio of 1:400 is recommended for the routine analysis of fresh or 

weathered bauxite residues. This ratio appears to allow complete calcite dissolution 

whilst leaving sufficient oxalate in solution to form soluble complexes with poorly 

crystalline Al, Fe, Si and Ti oxides. Adjusting the method to a lower soil:extractant ratio 

avoids the use of a pretreatment step to remove carbonates such as those recommended 

by Loeppert and Hallmark (1985) or del Campillo and Torrent (1992), and as such, is 

practical for the rapid analysis of large sample sets involved with field scale studies.  

 

3.4.4 Conclusions 

In bauxite residue samples, the oxalate complex appeared to be saturated with Al and Si 

at the standard 1:100 ratio, causing underreporting of chemically amorphous content. 
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Some of the Al and Si complexed by oxalate was sourced from dissolution of crystalline 

sodalite in the acidic extractant, which means that in the case of bauxite residue, the 

AAO extraction does not report ‘amorphous oxide’ content in the conventional sense of 

poorly crystalline Al, Fe, Si, and Ti oxides only. Where the oxalate complex appeared to 

be saturated, Al and Si was removed in preference to Fe and Ti. The 1:400 ratio 

achieved the highest extraction of amorphous content in a selection of fresh and 

weathered bauxite residue samples. 

 

Both dissolution of calcite and precipitation of whewellite were observed in bauxite 

residue samples. Calcite dissolution increases pH (note that pH of suspensions after 

extraction was not measured in this study) and provides Ca2+ which precipitates oxalate 

from solution as whewellite, both of which inhibit chemical extraction of amorphous 

oxides. At low soil:solution ratios, calcite dissolves completely. Decreases in 

soil:solution ratio beyond 1:400 are unlikely to result in higher removal of oxalate 

through whewellite precipitation. Extractable Al, Fe, Si, and Ti did not significantly 

increase when soil:solution ratio decreased from 1:400 to 1:800, which confirms that 

removal of oxalate through whewellite precipitation will not decrease total amorphous 

oxides determined by AAO extraction at low soil:solution ratios. 

 

Based on the observations of calcite dissolution and whewellite precipitation, and 

behaviour of total amorphous oxides in response to changes in soil:extractant ratio, a 

soil:extractant ratio of 1:400 is recommended for the routine analysis of fresh or 

weathered bauxite residues. This ratio appears to allow complete calcite dissolution 

whilst leaving sufficient oxalate in solution to form soluble complexes with poorly 

crystalline Al, Fe, Si and Ti oxides, and avoids the use of a pretreatment step for 

carbonate removal.  

 



Chapter 3 – Evaluation of soil chemical methods for the analysis of bauxite residues 
 

104 

3.5 Carbonate concentration 

3.5.1 Background 

Carbonate concentration (mostly as CaCO3, calcite) is an important indicator of 

weathering in bauxite residue field studies because calcite is expected to dissolve during 

extended leaching (Khaitan et al., 2009a; Snars and Gilkes, 2009) and in response to 

acidic treatments (Snars and Gilkes, 2009) or plant root exudates (Khaitan et al., 2010). 

Variation in carbonate concentration with depth is also a key descriptor for several 

Reference Soil Groups in the WRB (IUSS, 2006), including the Cambisol group. 

 

Measurement of organic C is similarly important as a measure of soil formation, because 

organic C concentration of freshly deposited bauxite residues is either very low or below 

detection limits (Fortin and Karam, 1998; Chen et al., 2010a). Addition of organic 

matter as an applied treatment, or from plant tissues, is the only source of organic C in 

bauxite residue storage areas. Tracking depletion or accumulation of organic C over time 

can provide information on nutrient cycling and microbial activity in the residue as soil 

formation proceeds.  

 

Separating carbon sources into inorganic and organic is important for the assessment of 

carbon:nitrogen ratios, which are commonly used to assess biological fertility of soils 

and organic matter accumulation or turnover rates. A high carbon:nitrogen ratio (> 20) 

within soil organic matter generally indicates N limitation of biological activity during 

decomposition of organic matter, which can lead to N immobilisation. Conversely, C:N 

ratios < 20 indicate that N will be mineralized during decomposition. Bauxite residues 

are extremely low in N when first deposited (Chen et al., 2010a; Courtney and 

Harrington, 2010b), so an assessment of the potential release or consumption of N 

during organic matter decomposition can help to identify sources and sinks of N within 

the bauxite residue system.  

 

Most soils are low in carbonate relative to organic C, and total C:total N suffices in these 

cases as an approximation of C:N in the soil organic matter. In the case of bauxite 
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residues, the contribution of carbonate-(inorganic) C to total C is much greater than the 

contribution of organic C, especially in sites with little exposure to weathering and 

leaching, and the C:N ratio should therefore be expressed as organic C:total N or organic 

C:organic N for the purposes of assessing biological fertility and organic matter 

dynamics within these materials.  

 

Numerous methods exist for the assessment of inorganic and organic C in soils, which 

may provide information on both inorganic and organic content, or which only provide 

information on one or the other. Quantification of both inorganic and organic C 

concentrations is required in the case of bauxite residues to assess weathering and aid in 

soil classification, and to assess organic matter dynamics. When assessing large numbers 

of samples as part of a field study, methods should require minimal labour. Methods 

such as the Walkley-Black or Heanes wet oxidation method for the assessment of 

organic C concentration (Walkley and Black, 1934; Walkley, 1947; Heanes, 1984) are 

labour intensive and only report organic C, not inorganic C.  

 

Two common and rapid methods for assessment of inorganic C were selected for 

comparison: the ‘weight loss’ method, and the ‘dry combustion’ method. The weight 

loss method involves treatment of a sample with concentrated acid (usually 3-4 M HCl), 

and determination of carbonate concentration by subtraction of final sample weight from 

initial sample weight, assuming all weight loss is due to evolution of CO2 from the 

reaction of carbonates with acid (Richards, 1954; Allison and Moodie, 1965; Loeppert 

and Suarez, 1996). This is a rapid method requiring minimal laboratory equipment and 

labour. It can be modified by the analysis of a subsample by dry combustion before 

treatment to determine total C concentration, and organic C concentration can then be 

calculated as total C minus CO3-C. The dry combustion method is similar, but uses a dry 

combustion furnace for determination of total C concentration both before and after acid 

treatment, assuming that all remaining C after acid treatment is organic in nature, and 

subtracting initial (total) C from remaining (organic) C to calculate inorganic C (Allison 

et al., 1965). This method requires two samples rather than one sample to be analysed by 
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dry combustion to determine the partitioning of total C between inorganic and organic 

pools, which increases expense and labour; however, it is still relatively rapid. 

 

Both methods assume that organic C is stable in the presence of hydrochloric acid; this 

assumption has been both supported (Bremner, 1949; Ryba and Burgess, 2002) and 

challenged in the literature (Allison and Moodie, 1965; King et al., 1998; Schumacher, 

2002). Decarboxylation of organic matter by heated HCl, and oxidation of organic 

matter by Cl2 or HOCl (formed from reduction of manganese in MnO2 by Cl- from HCl) 

are the two modes of HCl attack on organic C. Organic C attack during carbonate 

removal by acid can be minimized by conducting the acid treatment at low temperatures, 

and adding FeCl2 or FeSO4 where MnO2 is present in samples (Bremner, 1949; Allison 

and Moodie, 1965). Manganese dioxide is unlikely to be present in appreciable 

quantities in bauxite residues. Determination of carbonate concentration by acid 

treatment is discouraged if organic C concentration is of interest to the analyst and is 

present in small concentrations relative to carbonate (Loeppert and Suarez, 1996). Here, 

each sample was weighed before and after acid treatment, and a subsample was taken 

before and after acid treatment for the dry combustion method. Even if organic C reacts 

to a minor extent with the acid, results from the weight loss and dry combustion methods 

should be affected in the same way for each sample.  

 

The aim of this section was to compare the precision of two rapid methods for the 

quantification of carbonate in bauxite residue samples. It was expected that the two 

methods (‘weight loss’ and ‘dry combustion’) would return the same results for 

carbonate concentration because the method of removal of carbonate (treatment with 

HCl) was the same in both cases. If the two methods return the same results, then the 

weight loss method could be recommended for the routine analysis of large numbers of 

field samples because it is cheaper and requires less labour than the dry combustion 

method. 
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3.5.2 Methods 

Seven weathered bauxite residue samples with a range of CaCO3 concentrations were 

selected for use in this study. Three replicates of each sample were used. All samples 

were dried to constant weight at 40 °C before use. A subsample was retained for 

determination of total C concentration by dry combustion furnace. One gram of each 

sample was then added to 20 mL of 3 M HCl in polypropylene centrifuge tubes. Once 

initial gas evolution had subsided, samples were agitated with a vortex mixer for 60 

seconds and then capped with a lid into which a 2 mm diameter hole had been drilled. 

Samples were allowed to stand for 16 hours, and agitated in an ultrasonic bath for 60 

seconds every four hours. Blanks containing acid only were used to correct for loss of 

water vapour during the 16 hour equilibration period. Samples were weighed to 

determine final weight for the weight loss method, and then washed three times to 

remove residual acid that could corrode components of the dry combustion furnace. 

Each wash involved centrifugation at 4000 rpm for 10 minutes, decantation of the 

supernatant, addition of 50 mL deionised water, and shaking on an end-over-end shaker 

for 30 minutes. The pH of supernatants in the final wash was > 6 for all samples. 

Washed samples were dried to constant weight at 40 °C and analysed for (organic) C 

concentration by dry combustion furnace.  

 

Student’s t-tests were performed to compare mean carbonate concentration as 

determined by the weight loss and dry combustion methods (Genstat Release 12.1; VSN 

International). Simple linear regression was used to determine an empirical relationship 

between results from the two methods, with CO3-C as determined by weight loss as the 

independent variable and CO3-C as determined by dry combustion as the dependent 

variable. A significance level of α=0.05 was used unless otherwise stated.  

 

3.5.3 Results and discussion 

Carbonate concentration as determined by analysis of total carbon concentration in a dry 

combustion furnace before and after acid treatment was not significantly different to 

carbonate concentration determined by the weight loss method before and after acid 
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treatment (Figure 3.21a). However, the 95% confidence intervals were wider for the dry 

combustion method than the weight loss method for all samples. This indicates that the 

dry combustion method is more precise than the weight loss method, and is more 

suitable for the routine analysis of field samples, where subtle differences in carbonate 

concentration down profiles or in response to applied treatments may be of interest. 

 

 
Figure 3.21 Carbonate concentration (as % weight) of weathered bauxite residue mud, 

as determined by the weight loss and dry combustion methods. Results from the two 

methods are graphed on a linear scale in a); and in b), carbonate concentration 

determined by dry combustion is graphed on a logarithmic (base 10) scale. Data points 

displayed are the mean of three replicates. Error bars indicate 95% confidence interval 

for the mean. Line of best fit is for a linear regression model in a) and a log-linear 

regression model in b). 

 

The relationship between carbonate concentration as determined by dry combustion and 

as determined by weight loss is modeled in Figure 3.21b by the equation 

y=1.279log10(x)+1.2344, where y is carbonate concentration as determined by dry 

combustion and x is carbonate concentration as determined by weight loss. A log-linear 

regression model (p<0.001, r2=0.9555) provided a better fit to the data than a linear 

regression model (p<0.001, r2=0.9056); this suggests that the weight loss method may be 
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inaccurate when carbonate concentration becomes too high. Loeppert and Suarez (1996) 

recommend 0.1-0.3 g CaCO3 equivalent per 10 mL of 3 M HCl. None of the samples in 

this study exceeded the upper limit of 0.3 g CaCO3 per 10 mL acid, which eliminates 

consumption of available acid as a source of error. The initial sample weight for the 

weight loss method was measured after addition of the acid to samples; samples were 

immediately capped (with intact lids) after acid addition, weighed, and then uncapped to 

release CO2. Loss of CO2 occurred rapidly in high carbonate samples upon mixing with 

acid. Although every effort was made to avoid gas escaping before weighing, some may 

have escaped and thus contributed to variation in calculated carbonate concentration as 

well as underestimation of carbonate concentration in high carbonate samples.  

 

An improvement upon the current weight loss method could be to use an ‘acid bomb’ 

apparatus, in which the sample is weighed into a large vial, the acid is placed on top of 

the sample in a smaller, uncapped vial, and then the large vial is capped and weighed 

(Figure 3.22). The large vial may then be shaken to mix the sample with the acid, and a 

gas tight port opened to allow CO2 to be released during reaction of acid with 

carbonates. This is a similar apparatus to that recommended by Müller and Gastner 

(1971) for manometric measurement of carbonate concentration (‘Karbonat-Bombe’), 

and Burton et al. (2008) for the assessment of chromium reducible S in acid sulfate soils.  
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Figure 3.22 Suggested apparatus for the weight loss method for carbonate 

concentration. 

3.5.4 Conclusions 

The dry combustion method, in which carbonate concentration is determined by 

difference in total C concentration by dry combustion before and after treatment with 

acid to remove carbonates, is more precise than the weight loss method, in which 

carbonate concentration is determined by weight loss of a sample during treatment with 

acid to remove carbonates, for the determination of carbonate concentration in bauxite 

residues. High precision is required for the analysis of weathered bauxite residue 

samples in which small changes in carbonate concentration could indicate a response to 

applied treatments or development of soil horizons, and the dry combustion method is 

therefore recommended. The precision of the weight loss method may be improved by 

use of an ‘acid bomb’ apparatus to avoid loss of CO2 during rapid reaction of carbonates 

upon addition of acid.  

 

3.6 General conclusions 

Bauxite residues are highly saline, alkaline, and finely textured, which causes biases and 

inaccuracies in results from even the most basic standard soil analytical methods 

(drying, pH and EC determination). Several methods for chemical and mineralogical 

analysis of bauxite residues have been compared in this study. Results and suggested 

modifications to these methods are summarized below. Results presented in this chapter 
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highlight the importance of testing soil analytical methods prior to application to novel 

soil materials such as bauxite residue. 

 

Atmospheric carbonation during drying at room temperature lowers the pH of bauxite 

residues that have had little prior opportunity to equilibrate with atmospheric CO2(g). 

This may be addressed by drying residue under N2(g); however, this is a laborious 

process and is therefore not recommended for routine analysis of field samples, 

especially when well weathered. Drying at 40 °C substantially decreased carbonation, 

limited gypsum conversion to bassanite, and was more efficient than room temperature 

for drying samples. A drying temperature of 40 °C is therefore recommended during 

sample preparation. Decreases in soil:solution ratio decreased suspension EC and pH for 

uncarbonated bauxite residues; the opposite was true for carbonated bauxite residues. 

The variable texture, sodium concentration, and carbonation status of field weathered 

bauxite residues precludes prediction of pH behaviour at different soil:solution ratios; 

however, EC is consistently lower at lower soil:solution ratios.  

 

During acid ammonium oxalate extraction, the oxalate complex appeared to be saturated 

with Al and Si at the standard 1:100 ratio, causing underreporting of chemically 

amorphous content. A 1:400 soil:acid ammonium oxalate ratio extracted the highest 

amount of amorphous oxides in a selection of fresh and weathered bauxite residue 

samples. This ratio allowed complete calcite dissolution, and some whewellite 

formation, whilst leaving sufficient oxalate in solution to form soluble complexes with 

poorly crystalline Al, Fe, Si and Ti oxides, and avoiding the use of a pretreatment step 

for carbonate removal. Caution is required when interpreting acid ammonium oxalate 

concentrations of bauxite residues for soil classification purposes, because acid soluble 

crystalline minerals such as sodalite are soluble in the acid ammonium oxalate 

extractant. 

 

The dry combustion method, in which carbonate concentration was determined by 

difference in total C concentration by dry combustion before and after treatment with 

acid to remove carbonates, was more precise than the weight loss method, in which 
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carbonate concentration was determined by weight loss of a sample during treatment 

with acid to remove carbonates, for the determination of carbonate concentration in 

bauxite residues. The dry combustion method involves two analyses with a dry 

combustion furnace, which effectively doubles analytical expense, but is recommended 

for the routine analysis of field samples where small variations in carbonate 

concentration are of importance in quantifying response to applied treatments or 

identifying soil horizons. 
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4 Evaluation of soil formation and in situ remediation 

in a capped residue deposit area in Bauxite, Arkansas 
 

4.1 Introduction 

‘Cap and store’ approaches to tailings management aim to minimize infiltration of 

rainfall and air, which can create chemically problematic leachates (very high or very 

low pH, high salinity, high dissolved metals concentrations) that then pose additional 

management problems. Tailings are deposited in hydrologically isolated areas, lined at 

the base and capped at the top with impervious layers of compacted clay or plastic. 

Drainage pipes at the base collect and export leachates. This approach limits infiltration 

of rainfall and air, and allows any leachates generated (through gravity drainage of the 

‘wet’ tailings) to be treated before being discharged to local waterways.  

 

The cap and store tailings management approach relies heavily upon the integrity of 

linings and cappings to keep tailings isolated from the surrounding environment. In the 

long term, impoundments can fail, with catastrophic consequences. The collapse of a 

side wall in a bauxite residue storage area in Ajka, Hungary in 2010 flooded nearby 

towns and farmland with 700 000 m3 of bauxite residue at pH 12 (Ruyters et al., 2011). 

Ten people were killed, houses were destroyed, and around 800 ha of farmland were 

covered in a layer of bauxite residue 5-10 cm deep. The affected land will require long 

term management to address the high pH and salinity introduced by bauxite residue. 

 

The Ajka residue storage area was still operational at the time of the spill, but a similar 

spill could occur at a closed cap and store residue area if a side wall collapsed. Other 

potential modes of failure include leakage from the confining layer underneath the 

storage area, or erosion of the cap material and then underlying residue. Although cap 

and store approaches aim to minimize infiltration of leachates and interaction with 

vegetation covers, leaching and contact with plant roots may be beneficial in 
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remediating some of the undesirable chemical and physical properties of tailings. Any in 

situ remediation of material within cap and store tailings facilities helps to decrease 

future risks associated with potential impoundment failure.  

 

The cap and store approach has been implemented at the Alcoa-Reynolds Arkansas site, 

and the residue has weathered for 11-26 years, with leachates exported and treated, and a 

grass cover established in the capping layer. This residue storage area was investigated 

to compare effects of initial residue composition, capping, and landscape position on in 

situ remediation of, and soil formation in, bauxite residue.  

 

4.1.1 Site history and climate 

The Alcoa-Reynolds Arkansas site contained a bauxite mine as well as two refineries, 

one operated by Reynolds Metal Company (active 1942-1984) and the other operated by 

the Aluminum Company of America (Alcoa) (active 1898-1990). All bauxite for the 

Alcoa refinery was sourced from the neighbouring mine, whereas the Reynolds refinery 

used a combination of local, Jamaican, and Boké (Guinea) bauxites. Part of Alcoa’s 

onsite mine pit was converted to a bauxite residue (tailings) storage area in 1952, and 

was active until closure of the refinery in 1990. Reynolds’ storage facility was built on 

unused land within the mine and refinery site and was operational over the same period 

as the refinery. The bauxite residue generated at both the Alcoa and Reynolds facility 

was sintered with CaCO3 to recover sodium and aluminium that could be fed back into 

the refinery plant (Gould, 1945; Equations 4.1 and 4.2).  

 

)(2)(2)(2)(3 2.22 gsss COSiOCaOSiOCaCO +→+      (4.1) 

)(2)(32)(32)(3 127.12712 gsss COOAlCaOOAlCaCO +→+      (4.2) 

(from Smith, 2009) 

 

‘Lime sintering’ caused a colour change in the bauxite residue that was then commonly 

called ‘grey mud’, as distinct from unsintered residue, referred to as ‘red mud’. Sintering 
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is an energy intensive process; therefore, residue was not sintered when electricity prices 

were high during World War II. 

 

Alcoa’s sintered residue storage area was capped with a 20-30 cm compacted layer of 

kaolinitic clay (associated with bauxite deposits in the area) to minimize water 

infiltration, and then a 50-60 cm thick layer of quartz sand above the clay to store any 

rainfall received by the deposit, and provide a suitable plant growth medium. From 

1996-1999, the site was heavily fertilized and seeded to successfully establish a grass 

cover.  

 

Reynolds’ sintered residue storage area was capped with a thicker (70-80 cm) layer of 

sand and no impervious layer, on the assumption that the additional sand would be 

adequate to prevent substantial amounts of rainfall reaching the underlying residue. The 

Reynolds site was closed in discrete sections separated by access roads visible on aerial 

photographs (Figure 4.2), and each section was progressively fertilized and seeded to 

establish a grass cover. 

 

‘Red mud’ (unsintered residue) generated during the 1940-1945 period was deposited in 

a storage facility separate from the sintered residue. This was initially capped with a 

sand layer after deposition, until the storage facility was disassembled in 1990 and 

residue was moved to a new storage area. Unsintered residue was homogenized, 

redeposited, and then capped with 80 cm of fine textured pyritic spoil from the bauxite 

mine and a thin (5-10 cm) layer of topsoil. All storage areas today exhibit a healthy grass 

and shrub cover despite the residue leachate posing an ongoing management task.  

 

The Arkansas residue storage area is under a humid subtropical climate (Cfa) according 

to the Köppen-Geiger climate classification system (Peel et al., 2007). Long term 

average rainfall (1981-2010) is 1250 mm with two wet seasons per year, from March to 

May, and October to December (NOAA, 2011; Figure 4.1). Average monthly rainfall 

ranges from 65 to 135 mm. Summers are hot, and drier than autumn or spring, with 

average daily temperatures of 27 °C over the June-August period, and winters are cold, 
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with an average daily temperature of 6 °C over the December-February period. Average 

monthly pan evaporation follows a seasonal trend similar to that of temperature, with the 

highest evaporation rate in July (200 mm/month) and lowest in January (50 mm/month) 

(based on data from 1956-19701; NOAA, 1982; Figure 4.1). Annual average pan 

evaporation is 1485 mm/year (NOAA, 1982), which creates a deficit of 235 mm/year in 

the water balance that would contribute to long term accumulation of salts in soil 

profiles. 

 
Figure 4.1 Monthly average rainfall and pan evaporation for Little Rock, Arkansas, 

located near the residue storage area. Rainfall data are the long term averages for 1981-

2010 (NOAA, 2011); evaporation data are the long term averages for 1956-1970 

(NOAA, 1982). 

 

4.1.2 Aims and hypotheses 

Cap and store residue management strategies are designed to confine rainfall infiltration 

and plant roots to the upper capping layer (Mohan et al., 1997; Wehr et al., 2006). This 

reduces the influence of the soil forming factors of climate and organisms (Jenny, 1941) 

on soil development within the residue. The extent of soil formation in bauxite residue 

under the sand-clay or sand only caps was therefore expected to be minimal. 

Topography may still be important as a soil forming factor in the absence of substantial 

rainfall infiltration, because of lateral pore water discharge from upslope to downslope 
                                                 
1 Average pan evaporation data for the period 1981-2010 were not available. 
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areas within the residue, as observed by Wehr et al. (2006) and Khaitan et al. (2010). 

Well drained (i.e. upslope) sites were therefore expected to have lower residue pH, EC, 

and total alkalinity than downslope sites, due to upslope sites draining both horizontally 

and vertically and downslope sites receiving alkaline leachate from upslope sites. 

 

In the case of the unsintered residue deposits, which have a thick pyritic cap but not an 

impervious layer, and are situated within a flat area, the oxidation of pyrite may generate 

acidic leachates which can then move downwards and neutralize alkalinity in the 

underlying bauxite residue layer. Acidity generated by pyrite oxidation has been found 

previously to neutralize bauxite residue alkalinity in laboratory studies (Ward et al., 

2002; Lin et al., 2004). Unsintered bauxite residue also has lower total alkalinity than 

sintered residue (Liu et al., 2007), because of the absence of lime added during the 

sintering process. Unsintered residue underneath a pyritic cap was expected to have 

lower pH, EC, and residual alkalinity than sintered residues due to the addition of lime 

to sintered residues, and neutralization of bauxite residue alkalinity by acidic leachates 

from oxidizing pyrite. 

 

The objectives of this study were to: (a) evaluate soil formation under capping layers 

designed to prevent rainfall infiltration and interaction between bauxite residue and 

vegetation; (b) compare the effect of initial residue composition and capping materials 

on in situ remediation of bauxite residue; and (c) investigate the effect of landscape 

position on in situ remediation of bauxite residue and soil formation. 

 

4.2 Methods 

4.2.1 Sampling sites 

All sites were sampled over a three day period during May 2010. Three replicate pits 

were dug by an excavator within each site to a maximum depth of 230 cm (Table 4.1; 

Figure 4.2). Pit depth was limited by residue hardness in the sintered residue sites, and 

the water table at the unsintered residue sites. Composite samples within each pit were 
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generated by sampling from three walls of the pit at each depth. After sampling, samples 

were immediately placed in ziplock bags with additional air expelled before sealing. 

Samples were dried at 40 °C for three days and then crushed and sieved to < 2 mm to 

remove gravel prior to chemical and mineralogical analyses. 

 

Table 4.1 Details of sites sampled within the Alcoa-Reynolds Arkansas residue storage 

area. Location of sampling sites and pits are marked in Figure 4.2. 
Sampling 
site 
(treatment 
code) 

Site 
description 

Bauxite 
origin 

Capping 
material 

Date of first 
deposition 

Date of last 
deposition 

Date of 
capping 

A (ASU) Alcoa 
sintered 
bauxite 
residue, 
upslope 

Arkansas Sand over clay 1952 1990 1999 

B (ASD) Alcoa 
sintered 
bauxite 
residue, 
downslope 

Arkansas Sand over clay 1952 1990 1999 

C (ASM) Alcoa 
sintered 
bauxite 
residue, 
midslope 

Arkansas Sand over clay 1952 1990 1999 

D (AU) Alcoa 
unsintered 
bauxite 
residue 

Arkansas Topsoil over 
pyritic mine 
spoil 

1940 1990 1990 

E (RS) Reynolds 
sintered 
bauxite 
residue 

Arkansas, 
Jamaica, 
Boké 
(Guinea) 

Sand 1942 1982 1984 
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Figure 4.2 Location of sampling pits (red squares) within each site (demarcated by 

black polygons). Site A is Alcoa sintered bauxite residue, upslope (ASU); Site B is 

Alcoa sintered bauxite residue, downslope (ASD); Site C is Alcoa sintered bauxite 

residue, midslope (ASM; drains into ASD), Site D is Alcoa unsintered bauxite residue 

(AU), and Site E is Reynolds sintered bauxite residue (RS). 

 

4.2.2 Chemical, mineralogical, and physical analyses 

All chemical and mineralogical analyses were conducted on oven dried (40 °C) samples 

and corrections made where appropriate for moisture content at 105 °C. Particle size was 

not determined on bauxite residues from this residue storage area because the sintering 

process imparts a massive, hard structure to the residue, and renders particle size 

analysis meaningless because the residue does not weather as discrete grains. A particle 

size distribution corresponding to heavy clay was assumed for sintered residues where 

necessary. 
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4.2.2.1 Chemical analyses 

The pH and EC of samples were measured in a 1:5 soil:water extract after 24 hours 

shaking and 30 minutes settling (adapted from method codes 3A1 and 4A1 of Rayment 

and Higginson, 1992 (see Section 3.3)) in a capped, sealed container. Total alkalinity 

content was determined by heating samples in a pH 5.5 buffer at 80 °C for two hours, 

and then measuring pH in the cooled supernatant (Dobrowolski et al., 2011). Carbon and 

nitrogen concentration analyses were only performed on samples from 0-2, 2-10, 40-50, 

90-100. 140-150, and 180-190 cm depths. Extractable ammonium and nitrate were 

determined colorimetrically in a 1:5 soil:2 M KCl extract (method code 7C2, Rayment 

and Higginson, 1992). Total C and N concentrations of samples were determined by dry 

combustion (Vario Macro, Elementar Analysensysteme GmbH); organic C and N were 

determined by dry combustion after treatment of a subsample with 3 M HCl for 16 hours 

to destroy carbonates (see Section 3.5). Inorganic C and N were determined by 

difference: inorganic = total – organic.  

 

Exchangeable cations and effective cation exchange capacity (ECEC, as sum of cations) 

were determined by silver thiourea extraction (method codes 15F1 and 15F3, Rayment 

and Higginson, 1992), with a water extraction performed in parallel to correct for 

soluble salts. Amorphous and poorly crystalline Al, Fe, Si, and Ti oxide concentrations 

were determined by acid ammonium oxalate (AAO) extraction in the dark (method code 

13A1, Rayment and Higginson, 1992) at a soil:extractant ratio of 1:400 (see Section 

3.4). Water, CEC, and AAO extracts were all diluted 1:20 with ultrapure deionised water 

before analysis by Inductively Coupled Plasma Optical Emission Spectrometry 

(ICPOES; Optima 5300DV, PerkinElmer). 

 

Total elemental composition of all samples was determined by ICPOES analysis of 

dissolved samples. A 0.1 g sample was fused with 0.7 g lithium metaborate-tetraborate 

(12:22) flux in a Pt crucible at 1050 °C for 45 minutes, then the resulting glass bead was 

dissolved in 7% HNO3 by shaking in a capped container for 4 hours. Samples were 

diluted 1:20 with ultrapure deionised water before ICPOES analysis (Optima 5300DV, 

PerkinElmer).  
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4.2.2.2 Mineralogical analysis 

Samples were prepared for X-ray diffractometry (XRD) by micronizing for 15 minutes 

(McCrone Micronising Mill, McCrone Microscopes and Accessories) under ethanol 

with 5% wt Si added as internal standard. After evaporating to dryness, samples were 

packed into stainless steel plates for the high throughput stage on beamline 10BM1 of 

the Australian Synchrotron. X-ray diffraction patterns were collected in transmission 

geometry, using a wavelength of 0.8240 Å and counting time of 180 seconds, with 

rocking of the sample through the omega axis during collection. Peak areas were used to 

compare mineral concentrations down pit profiles by calculation of mineral:Si standard 

peak area ratios, using primary peaks wherever possible. Peak areas were corrected for 

beam intensity and gravimetric content of the Si standard.  

 

4.2.3 Statistical procedures 

Two-way ANOVAs were performed on measured soil properties with site and depth as 

factors (Genstat Release 12.1; VSN International). If necessary, data were transformed 

with a natural logarithm or square root prior to ANOVA to ensure homogeneity of 

variances. When ANOVA returned significant differences, Tukey’s Honestly Significant 

Difference (HSD) was used as a post hoc test to separate means. A significance level of 

α=0.05 was used unless otherwise stated. Interactions between depth and site were not 

significant unless otherwise stated. 

 

4.3 Results and discussion 

4.3.1 Chemical analyses 

4.3.1.1 pH, EC, and total alkalinity 

There were significant interactions between site and depth for both pH and EC (Figure 

4.3). The pH generally increased with depth; however, the decrease in pH with depth 

within the 0-100 cm fraction of the Alcoa unsintered profile is probably due to oxidation 
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of pyritic material near the surface and movement of acidic pore water down the profile. 

The pH values of the 40-50 and 90-100 cm depths of the AU site cap indicate the 

presence of a thionic horizon which is caused by oxidation of pyritic material. This is 

supported by observations of grey, yellow, and brown mottles within the pyritic cap 

which indicate formation of iron oxyhydroxides and hydroxysulfates such as jarosite and 

schwertmannite (IUSS, 2006). Unsintered residue had a lower pH and total alkalinity 

than that of the sintered deposits; sintering with CaO prior to deposition would introduce 

alkalinity by forming minerals such as portlandite (Liu et al., 2007). Reynolds sintered 

residue had a similar pH and residual alkalinity but much higher EC than that of the 

Alcoa sintered residues (Figure 4.3); this may be due to different process conditions 

being employed by the two refineries despite using similar input ores and residue 

sintering processes. The pH of residues was always higher than that of the capping 

materials; this suggests that capillary rise of residue pore water has been minimal. Wehr 

et al. (2006) observed capillary rise, driven by high evaporation rates from the cap 

surface, in a residue storage area with a similar capping design. 
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Figure 4.3 pH, EC, and total alkalinity of caps (0-90 cm depths) and bauxite residue 

(90-190 cm depths) from five sites within the Alcoa-Reynolds Arkansas storage area. 

Sites are denoted by the abbreviations ‘AU’ (Alcoa unsintered residue), ‘ASU’ (Alcoa 

sintered residue, upslope), ‘ASM’ (Alcoa sintered residue, midslope), ‘ASD’ (Alcoa 

sintered residue, downslope), and ‘RS’ (Reynolds sintered residue). Plotted values are 

the mean of three replicate pits; error bars indicate ± standard error of the mean. Sites 

marked with the same lower case letter in the legend, and depths marked with the same 

uppercase letter, are not significantly different according to two-way ANOVA (depth x 

site) at α=0.05. Tukey’s HSD was used to separate means. 

 

Clay caps appear effective in their main aim of preventing substantial infiltration, 

because increases in pH, EC and residual alkalinity with depth are small in residues 

within the ASU, ASM, and ASD sites. The downside of limited rainfall infiltration is 

that residues maintain a high pH, EC, and residual alkalinity well beyond refinery 

closure, leaving an ongoing leachate management problem that is exacerbated by the 

high water content (~40%) of these residues. All residue samples would be classified as 

very strongly alkaline in terms of conventional soil criteria (Hazelton and Murphy, 

2007); however, their depth below the soil surface precludes classification as alcalic 

(IUSS, 2006). Using the EC 1:5 to ECe (saturation extract EC) conversion proposed by 

Slavich and Petterson (1993) (Equations 4.3 and 4.4), and a texture of heavy clay (f=5.8) 

for sintered residues and clay loam (f=8.6) for unsintered residues, the EC values within 

the Alcoa sintered sites fell within the slightly to highly saline range, and highly to 
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extremely saline ranges at the Alcoa unsintered and Reynolds sintered site (Richards 

1954).  

)EC(fEC 5:1e =  (4.3) 








θ

+=
SP
03.346.2f  (4.4) 

where θSP is water content at saturation. 

 

All bauxite residues qualified as endosalic horizons (average horizon ECe > 8 dS m-1, 

horizon depth multiplied by average horizon ECe > 450, horizon thickness > 15 cm) 

according to the IUSS (2006). Sand caps alone appear to be less effective than sand and 

clay caps in limiting rainfall infiltration because the uppermost residue sample within 

the Reynolds sintered site had lower EC than deeper residue samples. This supports 

comments made by onsite managers that the RS site generates a larger volume of 

leachate than the ASU, ASM, and ASD sites. Leaching of soluble salts in the surface 

layer of the Reynolds sintered site indicates potential for development of hyposalic 

horizons within residue during extended weathering. 

 

4.3.1.2 Total, organic, and inorganic C and N 

There was a significant interaction between the effects of site and depth on total C 

(Figure 4.4). In the sintered residue sites, total C was highest at the surface, lower in the 

2-10 and 40-50 cm depths, and moderate in the residue layers. In the unsintered residue 

site, total C was highest at the surface, and maintained a low and steady value 

throughout the rest of the profile. These patterns of total C distribution result from a 

transition between an organic-dominated total C pool that is concentrated at the surface 

in capping materials, to a carbonate-dominated total C pool in residues, in which calcite 

is a major mineral. According to the guidelines of Hazelton and Murphy (2007), organic 

C concentration was very high in the surface 0-2 cm of all sites, decreasing to extremely 

low values below this depth in all sintered residue sites, and high to very low values in 

the unsintered site. Organic C (absolute basis) was higher in pyritic mine spoil caps than 

sand or clay caps, probably due to residual coal in the mine spoil. Bauxite residues had a 
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higher inorganic C concentration than the capping layers, due to the presence of calcite 

formed during the Bayer and/or sintering processes (Figure 4.5). Inorganic C 

concentration did not increase with depth within bauxite residue, which indicates that 

rates of various pedogenic processes that would remove carbonates (leaching and 

acidification by plant roots) are likely to be slow in these profiles.  

 
Figure 4.4 Total carbon and nitrogen concentrations, and carbon:nitrogen ratios of caps 

(0-90 cm depths) and bauxite residue (90-190 cm depths) from five sites within the 

Alcoa-Reynolds Arkansas storage area. Sites are denoted by the abbreviations ‘AU’ 

(Alcoa unsintered residue), ‘ASU’ (Alcoa sintered residue, upslope), ‘ASM’ (Alcoa 

sintered residue, midslope), ‘ASD’ (Alcoa sintered residue, downslope), and ‘RS’ 

(Reynolds sintered residue). Plotted values are the mean of three replicate pits; error bars 

indicate ± standard error of the mean. Sites marked with the same lower case letter in the 

legend, and depths marked with the same uppercase letter, are not significantly different 

according to two-way ANOVA (depth x site) at α=0.05. Tukey’s HSD was used to 

separate means. 
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Figure 4.5 Inorganic carbon and nitrogen concentrations (as percentages of total carbon 

or nitrogen concentrations), and organic carbon:total nitrogen ratios of caps (0-90 cm 

depths) and bauxite residue (90-190 cm depths) from five sites within the Alcoa-

Reynolds Arkansas storage area. Sites are denoted by the abbreviations ‘AU’ (Alcoa 

unsintered residue), ‘ASU’ (Alcoa sintered residue, upslope), ‘ASM’ (Alcoa sintered 

residue, midslope), ‘ASD’ (Alcoa sintered residue, downslope), and ‘RS’ (Reynolds 

sintered residue). Plotted values are the mean of three replicate pits; error bars indicate ± 

standard error of the mean. Sites marked with the same lower case letter in the legend, 

and depths marked with the same uppercase letter, are not significantly different 

according to two-way ANOVA (depth x site) at α=0.05. Tukey’s HSD was used to 

separate means. 

 

At all sites, total N was high to very high (Hazelton and Murphy, 2007) in the 0-2 cm 

depth, and decreased to low to very low values below this depth (Figure 4.4). 

Accumulation of N is likely due to organic matter decomposition from above and below 

ground plant matter. Low C:N ratios (< 15; Figure 4.4) in the upper 0-10 cm of sand 

caps indicate that decomposition of organic matter is likely to occur rapidly, and result 

in net release of N to soil (Hazelton and Murphy, 2007). The use of C:N ratio in 

calcareous soils can be misleading if used to infer likelihood of N drawdown or 

accumulation through microbial decomposition of organic matter, because an 

assumption is made that in most soils, total C is dominated by the organic fraction. This 

assumption is invalid in the case of bauxite residues, and organic C:total N ratio is 
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therefore presented in Figure 4.5 to address this. Despite potentially rapid organic matter 

cycling, there was no evidence of organic C or N transfer through capping layers to 

residue. 

 

4.3.1.3 Extractable ammonium and nitrate 

Similarly to total N, extractable ammonium and nitrate decreased sharply with depth 

below the soil surface (Figure 4.6). There was a significant interaction between the 

effects of site and depth on extractable ammonium; ammonium concentration was 

significantly higher in the 0-2 cm depth than in the rest of the profile within the ASM, 

ASD, and RS sites, whereas the ammonium concentration was significantly higher 

throughout the capping than in the residue within the ASU and AU sites. Extractable 

nitrate was higher in capping layers than in the underlying residue. Bauxite residue 

showed no ammonium or nitrate accumulation. Plant roots were confined to the capping 

layers at all sites. Accumulation of plant nutrients such as ammonium and nitrate in 

residues would be improved by organic matter inputs from roots. The massive, hard 

structure of sintered residues means that penetration by roots is unlikely. However, roots 

could penetrate the unconsolidated unsintered bauxite residue, as long as they can 

tolerate waterlogged conditions. Extractable nitrate dominated extractable N content and 

was weakly positively correlated with inorganic N (Figure 4.4; Figure 4.6) (r=0.647; 

p<0.001, two-tailed). High concentrations of nitrate relative to ammonium in the 

capping layers may reflect well aerated soil and abundant nitrifying bacteria.  

 



Chapter 4 – Soil formation and in situ remediation in a capped residue deposit area 
 

136 

 
Figure 4.6 Extractable ammonium and nitrate concentration of caps (0-90 cm depths) 

and bauxite residue (90-190 cm depths) from five sites within the Alcoa-Reynolds 

Arkansas storage area. Sites are denoted by the abbreviations ‘AU’ (Alcoa unsintered 

residue), ‘ASU’ (Alcoa sintered residue, upslope), ‘ASM’ (Alcoa sintered residue, 

midslope), ‘ASD’ (Alcoa sintered residue, downslope), and ‘RS’ (Reynolds sintered 

residue). Plotted values are the mean of three replicate pits; error bars indicate ± 

standard error of the mean. Treatments marked with the same lower case letter in the 

legend, and depths marked with the same uppercase letter, are not significantly different 

according to two-way ANOVA (depth x treatment) at α=0.05. Tukey’s HSD was used to 

separate means. 

 

4.3.1.4 Total elemental composition 

Major elements present in sintered residue were Si (20-40% SiO2), Ca (20-40% CaO), 

Fe (5-15% Fe2O3), and Al (5-20% Al2O3), with minor contributions from Ti (3-4% 

TiO2) and Na (0-1% Na2O) (Figure 4.7). A sintered bauxite residue from China (Liu et 

al., 2007) had similar composition to the sintered residues in the Arkansas site, but with 

higher Ti which is likely inherited from the parent bauxite. The composition of Alcoa 

unsintered residue was typical of ‘red mud’ (cf. Snars and Gilkes, 2009; Grafe et al., 

2011), and significantly lower in Ca (4-6% CaO) and higher in Fe (35-50% Fe2O3) 

compared to sintered residue (Figure 4.7). Similar, but smaller, differences in Ca and Fe 

concentrations between sintered and unsintered residues were found by Liu et al. (2007). 
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This may be because the bauxite ore, rather than the bauxite residue, was sintered with 

lime in the Liu et al. (2007) study, and some of the Ca from this process was removed 

during digestion and dewatering prior to residue deposition. Because the sintered bauxite 

residue is classified as technic hard rock under the WRB system, it cannot be classified 

as calcaric, despite the presence of substantial amounts of calcite. Sintered residue does 

meet the chemical and physical criteria for a petrocalcic horizon if we consider the in 

situ conversion of Ca(OH)2 to CaCO3 and precipitation of CaCO3 from pore water to be 

secondary carbonates. However, petrocalcic horizons usually form under arid climates 

(IUSS, 2006) and the use of this qualifier in the context of bauxite residues may be 

misleading in terms of parent materials and pedogenic processes operating within this 

bauxite residue deposit. The unsintered bauxite residue contains sufficient calcite, but is 

too far below the deposit surface, to meet calcaric requirements, and calcite is 

predominantly inherited from the Bayer process (primary carbonates) in unsintered 

residue. 
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Figure 4.7 Total element concentrations of caps (0-90 cm depths) and bauxite residue 

(90-190 cm depths) from five sites within the Alcoa-Reynolds Arkansas storage area. 

Sites are denoted by the abbreviations ‘AU’ (Alcoa unsintered residue), ‘ASU’ (Alcoa 

sintered residue, upslope), ‘ASM’ (Alcoa sintered residue, midslope), ‘ASD’ (Alcoa 

sintered residue, downslope), and ‘RS’ (Reynolds sintered residue). Plotted values are 

the mean of three replicate pits; error bars indicate ± standard error of the mean. Sites 

marked with the same lower case letter in the legend, and depths marked with the same 

uppercase letter, are not significantly different according to two-way ANOVA (depth x 

site) at α=0.05. Tukey’s HSD was used to separate means. 

 

Significant interactions were present between the effects of site and depth on 

concentrations of all elements; these are due to differences in initial element 

concentrations of different capping materials and bauxite residues between sites. There 

were no significant changes in element concentrations with depth within capping layers, 

except for higher Al and lower Si concentrations in the 40-50 cm depth than the 0-2 or 

2-10 cm depths of the ASM site, and lower Si concentrations in the 40-50 cm depth than 

the 0-2 or 2-10 cm depths of the ASU site. There were no significant increases in 
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concentrations of any element with depth within bauxite residues; this supports pH and 

EC data which suggested that minimal weathering of residues has occurred (Figure 4.3).  

 

4.3.1.5 Amorphous Al, Fe, Si, and Ti oxides 

The lime sintering process increased acid ammonium oxalate extractable Al, Fe, and Si 

compared with unsintered residue within the Alcoa sites (Figure 4.8). This is in 

opposition to the expectation that dehydroxylation of iron and aluminium oxides during 

sintering should decrease amorphous content, extracted by the AAO reagent. However, 

the minerals formed during the sinter process may be more susceptible to dissoluation in 

the AAO reagent. Magnetite (Fe3O4) is found in residues from sintered bauxites (Grafe 

and Klauber, 2011), and would be extracted by AAO reagent because it contains Fe2+ 

(Schwertmann and Taylor, 1989). Siderite (FeCO3) may also form during sintering, and 

would be extracted by AAO. Olivine ((Mg, Fe)2SiO4) is soluble in AAO extractant 

(McKeague and Day, 1966), and given that larnite (β-Ca2SiO4), present in sintered 

residues (Yang and Xiao, 2008; Bruckard et al., 2010) is a member of the olivine group, 

high concentrations of AAO extractable Si in the Alcoa sintered residues may be a result 

of larnite dissolution. Katoite (Ca3Al2(OH)12; also known as tricalcium aluminate) will 

dissolve in the presence of acid, such as the acidic conditions of the AAO extractant 

(Cardile et al., 1993; Khaitan et al., 2009), and could also be responsible for the high 

concentrations of Al in the Alcoa sintered residues (Figure 4.8). Variations in the sinter 

conditions between refineries may have affected katoite, larnite, and magnetite 

concentrations in residues, and account for the difference in AAO extractable elements 

between sintered residues. There were no differences in AAO extractable elements 

between the Reynolds sintered and Alcoa unsintered residues, also suggesting that 

sintering process conditions influence the creation of amorphous content. Acid 

ammonium oxalate extractable element concentrations did not change in response to 

depth, which suggests that the capping materials have been effective in preventing 

leaching and weathering of the residues.  
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Figure 4.8 Amorphous Al, Fe, Si, and Ti concentrations (as % element by weight) of  

bauxite residue from five sites within the Alcoa-Reynolds Arkansas storage area, as 

determined by acid ammonium oxalate (AAO) extraction. Sites are denoted by the 

abbreviations ‘AU’ (Alcoa unsintered residue), ‘ASU’ (Alcoa sintered residue, upslope), 

‘ASM’ (Alcoa sintered residue, midslope), ‘ASD’ (Alcoa sintered residue, downslope), 

and ‘RS’ (Reynolds sintered residue). Plotted values are the mean of three replicates; 

error bars indicate ± standard error of the mean. Sites marked with the same lower case 

letter in the legend, and depths marked with the same uppercase letter, are not 

significantly different according to two-way ANOVA (depth x site) at α=0.05. Tukey’s 

HSD was used to separate means. 

 

4.3.1.6 Exchangeable cations and effective cation exchange capacity 

There were significant interactions between the effects of site and depth on effective 

cation exchange capacity (ECEC) and exchangeable Ca2+. In sintered sites, ECEC and 

exchangeable Ca2+ both decreased from moderate to very low values with depth below 



Chapter 4 – Soil formation and in situ remediation in a capped residue deposit area 
 

141 

surface caps and then increased within residue layers to high to very high 

concentrations. In unsintered sites, ECEC and exchangeable Ca2+ were very high in the 

0-2 cm depth of the caps and only moderate to high within residue (Hazelton and 

Murphy, 2007; Figure 4.9). Calcium accounts for the majority of exchangeable cations 

throughout profiles. In all profiles, exchangeable Mg2+ decreased from high-low to very 

low values with depth and exchangeable Na+ increased from very low to very high 

values with depth (Hazelton and Murphy, 2007), except in the case of the ASU site. 

Both Mg2+ and Na+ distribution can be accounted for by leaching: Mg2+ from applied 

fertilizers; and Na+ initially present in bauxite residue porewater. Exchangeable K+ was 

below detection limits and is therefore not shown in Figure 4.9. Exchangeable Al3+ 

accounted for less than 20% of total ECEC in the unsintered residue cap (data not 

shown); therefore, the pyritic cap does not qualify as alumic (IUSS, 2006). 
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Figure 4.9 Effective cation exchange capacity (ECEC) and exchangeable cation (Ca2+, 

Mg2+, and Na+) concentrations of caps (0-90 cm depths) and bauxite residue (90-190 cm 

depths) from five sites within the Alcoa-Reynolds Arkansas storage area.. Sites are 

denoted by the abbreviations ‘AU’ (Alcoa unsintered residue), ‘ASU’ (Alcoa sintered 

residue, upslope), ‘ASM’ (Alcoa sintered residue, midslope), ‘ASD’ (Alcoa sintered 

residue, downslope), and ‘RS’ (Reynolds sintered residue). Plotted values are the mean 

of three replicates; error bars indicate ± standard error of the mean. Sites marked with 

the same lower case letter in the legend, and depths marked with the same uppercase 

letter, are not significantly different according to two-way ANOVA (depth x site) at 

α=0.05. Tukey’s HSD was used to separate means.  

 

4.3.2 Mineralogical analyses 

The lime sinter process causes precipitation of a particular suite of minerals not normally 

found in red bauxite residue mud. The existence of sintered and unsintered sites within 
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the Alcoa Arkansas storage areas, both of which were generated from the same bauxite, 

allows the minerals resulting from the lime sinter process to be identified by comparison 

of sintered and unsintered residues. An average of all field samples collected was used to 

assign minerals as being ‘major’, ‘minor’, or ‘trace’ constituents of Alcoa unsintered 

residue, Alcoa sintered residue, and Reynolds sintered residue (Table 4.2), with 

representative X-ray diffraction patterns from each residue type displayed in Figure 

4.10. 

 

Table 4.2 Minerals present in each residue type within the Alcoa-Reynolds Arkansas 

storage areas. ‘Major’, ‘minor’ and ‘trace’ refers to the averaged composition of all 

residue samples within each residue type. Assessment of mineral concentration was 

made by visual inspection of powder X-ray diffraction patterns. 
Mineral Chemical formula Alcoa 

unsintered 
residue 

Alcoa 
sintered 
residue 

Reynolds 
sintered 
residue 

Quartz SiO2 Major Minor Minor 
Goethite FeOOH Major Minor Minor 
Hematite Fe2O3 Major Major Major 
Anatase TiO2 Major Trace Trace 
Calcite CaCO3 Major Major Major 
Boehmite AlOOH Minor Trace Trace 
Gibbsite Al(OH)3 Trace Trace Trace 
Sodalite Na8(AlSiO4)6Cl2 Trace Trace Trace 
Kaolinite Al2Si2O5(OH)4 Trace Trace Trace 
Rutile TiO2 Trace Trace - 
Talc Mg3Si4O10(OH)2 Trace - - 
Nordstrandite Al(OH)3 Trace - - 
Gypsum CaSO4.2H2O Trace - - 
Katoite Ca3Al2(OH)12 - Minor Minor 
Larnite β-Ca2SiO4 - Trace Trace 
Parawollastonite CaSiO3 - Trace Trace 
Hydrocalumite Ca16Al8(OH)54CO3.21H2O - Trace Trace 
Cowlesite CaAl2Si3O10.6H2O - Trace - 
Ettringite Ca6Al2(SO4)3(OH)12.25H2O - Trace - 
Chlorite (Mg, Fe, Al)5-6(Si, Al)4O10(OH)8 - Trace Trace 
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Figure 4.10 X-ray diffraction patterns from bauxite residues within the Alcoa-Reynolds 

Arkansas storage areas. The pattern for one representative sample of each residue type 

(Reynolds sintered, Alcoa sintered, Alcoa unsintered) is displayed. Peaks between 10-

35 °2θ are labeled with d-spacings (Å) and abbreviations for minerals as follows: G – 

gypsum; W – parawollastonite; Co – cowlesite; Ko – kaolinite; Ch – chlorite; So – 

sodalite; B – boehmite; E – ettringite; Kt – katoite; Go – goethite; Gi – gibbsite; N – 

nordstrandite; T – talc; Q – quartz; C – calcite; H – hematite; A – anatase; R – rutile; Si 

– silicon; L - larnite. Hydrocalumite was not present in these samples. 

 

The Alcoa unsintered residue contained a typical ‘red mud’ mineral mixture (Snars and 

Gilkes, 2009; Grafe et al., 2011) dominated by quartz, hematite, goethite, calcite, 

sodalite, anatase, residual gibbsite and boehmite, as well as undigested kaolinite. The 
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originally high grade of bauxite used in the creation of these residues allowed a fast 

Bayer digestion step, which could account for the presence of residual kaolinite from the 

parent bauxite (Gordon et al., 1958; Bardossy and Aleva, 1990). Although no residual 

lime (CaO) or portlandite (Ca(OH)2) was identified in the lime sintered samples, calcite 

was present as the major mineral component of the sintered residues. Lime and 

portlandite may have been converted to calcite through atmospheric carbonation during 

drying and grinding of the samples. Drying these samples under N2(g) as described in 

Chapter 3 may minimize this effect when investigating the mineralogical composition of 

lime sintered samples in future. Katoite, larnite, parawollastonite, hydrocalumite, 

cowlesite, and ettringite were also identified as minor to trace minerals resulting from 

the lime sinter process. Based on the location of XRD peaks, it is likely that chlorite is 

present, although diagnostic treatment of oriented clay samples as recommended by 

Brindley and Brown (1980) was not carried out. Chlorite may be present as a result of 

alteration of talc, or may be residual from the parent bauxite (Bardossy and Aleva, 

1990). Differences in mineral concentrations between the Alcoa and Reynolds sintered 

residue may be related to sintering conditions such as temperature and Ca:Si ratios in the 

residue and lime mixture before sintering (Bruckard et al., 2010).  

 

The massive, hard structure of sintered bauxite residues is likely due to cementation by 

calcite, and to a lesser extent, katoite, larnite, parawollastonite, ettringite, cowlesite, and 

hydrocalumite. As discussed in Section 4.3.1.4, in situ precipitation of calcite would 

allow residue to meet the criteria for a petrocalcic horizon. Given that the residue was 

initially pumped into the storage areas as a slurry and has now set hard, and that calcite 

is known to form from carbonation of larnite (Yang and Xiao, 2008), at least some of the 

calcite present must have formed in situ which allows it to be classified as a secondary 

carbonate. Even if lime used for sintering was mostly CaCO3 rather than CaO, the 

carbonate would have been lost as CO2(g) during sintering and formed CaO. The sintered 

residue may therefore be considered a petrocalcic horizon. 
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4.3.3 Soil classification under the WRB, and future trajectory 

The Technosol classification (IUSS, 2006) is poorly suited for the description of soils 

within the Arkansas Alcoa-Reynolds storage area. Sintered bauxite residue was 

deposited as a thick slurry; this has since solidified into a hard, massive material that 

qualifies as technic hard rock, and has petrocalcic properties. The technic hard rock 

classification was intended to allow human made pavements such as bitumen and 

concrete to be included in soil classifications (Rossiter, 2007). Sintered bauxite residue 

is similar to concrete in both appearance and cementation agents (calcium carbonates 

and silicates). However, the technic hard rock of sintered bauxite residue is buried more 

than 5 cm below the soil surface. Sintered residue sites had a (clay and) sand cap 

deposited above them without mixing, therefore no artefacts2

 

 (bauxite residue) are 

present in the capping layers. Although the clay layer in the Alcoa residue storage sites 

was installed with the same intention as a geomembrane (to limit infiltration), 

geomembranes must be synthetic according to the FAO (2006). None of the sintered 

residue sites therefore qualify as a Technosol. Instead, the capping layers must be the 

primary basis for soil classification, with use of Thapto-Technosolic as a suffix qualifier 

to indicate the presence of buried sintered residue.  

Capping materials qualify as human-transported materials, because the upper sand 

layers are of thickness ≥ 50 cm but < 100 cm, and  because they exhibit minimal profile 

development. The Reynolds sintered residue site is therefore classified as a Regosol 

(Transportic, Arenic) (Thapto-Technosolic) and the Alcoa sintered residue sites are 

classified as Regosols (Transportic, Arenic) (Thapto-clayic) (Thapto-Technosolic). The 

order of the suffix qualifiers and use of thapto- to indicate successive burials of layers 

conveys the structure of the capped deposits effectively. The rules outlined in IUSS 

                                                 
2 Artefacts are solid or liquid substances that are:  

1. one or both of the following: 
a. created or substantially modified by humans as part of an industrial or artisanal 

manufacturing process; or 
b. brought to the surface by human activity from a depth where they were not influenced 

by surface processes, with properties substantially different from the environment where 
they are placed; and 

2. have substantially the same properties as when first manufactured, modified, or excavated (IUSS, 
2006). 
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(2006) state that buried layers of materials cannot be classified together as a Regosol, but 

the nature of the layered caps in the Alcoa sintered residue sites precludes classification 

of the material under any other Reference Soil Group. Combined with the rules on use of 

the Thapto- prefix, this would result in a classification of Regosols (Transportic, Arenic) 

(Thapto-Regosolic) (Thapto-Technosolic). Classifying the capping layers together as a 

Regosol is more informative because it allows for a distinction to be made between the 

layers. If the definition of a geomembrane within the context of Technosols requires low 

permeability, then this definition should be extended to include non-synthetic materials 

that also exhibit low permeability. This would allow reclassification of the Alcoa 

sintered residue sites as linic spolic Technosols (transportic, ruptic, endopetrocalcic).  

 

Although the sintered bauxite residue has petrocalcic properties, the use of the 

petrocalcic qualifier to describe this material may be misleading because petrocalcic 

horizons usually form under arid climates as a result of long term weathering (Gile et al., 

1966; Bachman and Machette, 1977). In the sintered residue, calcium carbonate 

precipitated from the parent material itself during drying, rather than as a result of more 

complex chemical dissolution and reprecipitation processes, and without substantial 

transport of parent materials or reaction products. This highlights a general problem in 

the application of WRB qualifiers to Technosols: the qualifiers may provide an accurate 

description of chemical, physical, and biological properties in Technosol horizons, but 

may not reflect the same pedogenic conditions and processes in Technosols as they 

would in other Reference Soil Groups (RSGs) with typical rock or sediment parent 

materials.  

 

The Alcoa unsintered residue site also poses problems for classification, despite both 

capping layers and residue meeting criteria for the Technosol RSG. The soil must be 

classified as spolic Technosol (transportic, thionic, thaptotechnic, thaptosalic) to 

attempt to convey the layered nature of the profiles in this site. This is an awkward and 

lengthy construction and does not clearly distinguish between the different origins of the 

technic materials, or their properties. A clearer and more concise construction would be 

to include a novel prefix qualifier of ordic (from Latin ordo, layer) within the Technosol 
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RSG to denote the presence of technic layers of different composition or origin, and then 

allow qualifiers for each layer to be placed in separate parentheses after the Technosol 

classification. The Alcoa unsintered residue site would then be classified as ordic spolic 

Technosol (transportic, thionic, clayic) (salic, clayic). An additional advantage of the 

construction using the ordic qualifier is that changes in chemical and physical properties 

of the layers can be tracked easily over time and used as indicators of pedogenesis. This 

is particularly important in cases such as the Alcoa unsintered residue site, where the 

layers would be expected to react with each other (e.g. neutralization of alkaline bauxite 

residue pore water by acidic leachate from pyritic mine spoil, or potential capillary rise 

from bauxite residue into pyritic mine spoil). 

 

A lack of significant changes in chemical and mineralogical properties with depth 

indicates that the rate of pedogenesis in sintered bauxite residues is very slow. This is 

likely due to a combination of capping materials providing insulation from surface 

weathering processes, and the hard, massive nature of the sintered residue which inhibits 

leaching and structure development. Accumulation of organic matter and plant nutrients 

is restricted to the sand capping layer. Unless the sintered residue develops cracks, plant 

roots are unlikely to penetrate and modify the residue. The cap and store residue 

management approach implemented in the Alcoa-Reynolds Arkansas storage area 

therefore appears to have achieved its aim of isolating residue from the surrounding 

environment, but the disadvantage of success in this aim is that pedogenesis will be very 

slow in the sintered bauxite residue. The lack of changes in chemical and mineralogical 

properties of sintered residue sites precludes prediction of a pedogenic trajectory at 

present. Despite establishing a vegetation cover in the capping material, site managers 

will need to continually monitor the integrity of the storage area and ensure that the 

untreated residue is contained. This means that true closure of the residue deposit area 

may take a very long time to achieve, or may never be achieved. 

 

Pedogenesis appears to occur more rapidly in the Alcoa unsintered bauxite residue than 

the sintered residue sites, because there were shallow but significant changes in the 

chemical and mineralogical properties of unsintered bauxite residue with depth. 
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Neutralisation of bauxite residue porewater with acidic leachates from pyritic mine spoil 

is likely to be the main cause of changes in residue properties. With further leaching, 

pyrite oxidation, and organic matter accumulation, the soil may move from an ordic 

spolic Technosol (transportic, thionic, clayic) (salic, clayic) to an ordic spolic Technosol 

(transportic, humic, clayic) (clayic). A blocky structure was visible in the residue, but 

the mine spoil remained massive with some aggregation as subangular blocky peds at 

the soil surface. Vegetation succession will change the dominant plant cover from 

grasses to trees and shrubs, and this will aid in structure development deeper within the 

cap. Once acidity has been leached from the cap, and alkalinity has been neutralized and 

salts exported from the residue, the parent materials of the deposit may no longer be 

recognizable and therefore the soil will no longer qualify as a Technosol. Three possible 

trajectories are likely: (a) if albic and spodic horizons develop in the cap, due to 

chelation of Fe by dissolved organic acids from plant roots near the surface and leaching 

of these complexes, then the soil may develop towards an albic Podzol (clayic); (b) if 

structure develops further in the cap and the colour of the soil changes due to pyrite 

oxidation (in which case, the Munsell value and/or chroma of soil would be expected to 

increase), a cambic horizon (horizon showing evidence of alteration relative to 

underlying horizons) may be identified in the capping material and allow a classification 

of haplic Cambisol (clayic) with additional suffix qualifiers of chromic, greyic, or 

rhodic depending on colour development; or (c) if the soil profiles simply leach acidity, 

alkalinity, and salts with no further structure development, mineral dissolution or 

precipitation reactions, or interaction with organic matter, the soil will be classified as a 

haplic Regosol (clayic, humic). Based on observations of incipient structure 

development and colour changes in the cap material, transition towards a Cambisol 

seems most likely. 

 

Unsintered residue may have initially generated a higher volume of more alkaline 

leachates than the sintered residue, but is more readily leached and is likely to develop 

structure more rapidly than the sintered residue. In the 20 years since deposition, 

unsintered residue has reacted with acidic leachates from the pyritic cap to develop a 

horizon with lower pH. Although initial management of the unsintered residue site may 
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have been more intensive than at the sintered sites, pedogenesis and in situ remediation 

of the unsintered residue are likely to modify the residue over the longer term such that 

monitoring and containment is no longer required. If the predicted trajectory for the 

unsintered residue site is accurate, closure of this site will be achievable.  

 

4.4 Conclusions 

Evidence of soil formation in the Alcoa-Reynolds Arkansas residue storage areas was 

limited to shallow changes in pH and EC of Reynolds sintered residue and Alcoa 

unsintered residue, and organic matter accumulation in caps. The cap and store approach 

to residue management appears effective in limiting rainfall infiltration and interaction 

with vegetation covers, but this has been to the detriment of soil formation. The lime 

sintering process increases pH, total alkalinity, and total Ca concentration in residue, and 

causes precipitation of larnite, hydrocalumite, and calcite. Calcite is likely to have 

precipitated after residue deposition and caused formation of technic hard rock.  

 

The Technosol classification is poorly suited for the description of soils within the 

Arkansas Alcoa-Reynolds storage area. The definition of a geomembrane within the 

context of Technosols should be expanded to include non-synthetic materials with low 

permeability. The current WRB system could be modified to include a novel prefix 

qualifier of ordic (from Latin ordo, layer) within the Technosol RSG to denote the 

presence of technic layers of different composition or origin, and then allow qualifiers 

for each layer to be placed after the Technosol classification. This will facilitate accurate 

description of layered Technosols. 

 

Pedogenesis appears to occur more rapidly in the Alcoa unsintered bauxite residue than 

the sintered residue sites, because there were significant changes in some chemical and 

mineralogical properties of unsintered bauxite residue with depth. The predicted 

trajectory of soil in the Alcoa unsintered bauxite residue site is ordic spolic Technosol 

(transportic, thionic, clayic) (salic, clayic) to an ordic spolic Technosol (transportic, 

humic, clayic) (clayic) to a haplic Cambisol (clayic, chromic/greyic/rhodic). Soil in the 
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sintered residue sites is currently classified as linic spolic Technosols (transportic, 

ruptic, endopetrocalcic), and the lack of change in chemical or mineralogical properties 

with depth precludes prediction of future soil classification. Cap and store approaches to 

residue management are not recommended if rapid in situ remediation of residue, and 

deposit closure, are desired.  
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5 Evaluation of soil formation and in situ remediation 

along an elevation gradient in a fly ash capped residue 

deposit area in Saõ Luís, Brazil 
 

5.1 Introduction 

Advantages and disadvantages of ‘cap and store’ residue management strategies were 

discussed in the previous chapter. The Arkansas sintered residue storage areas had thick 

(70-90 cm) capping layers, comprised of materials which were selected for their low 

permeability and high water storage capabilities. Rainfall leaching was kept to a 

minimum, and no evidence of interaction between residue and vegetation covers was 

observed. This strategy minimises leachate generation on a short term basis, but severely 

limits potential for in situ remediation of residue, and thus poses a long term 

environmental liability. Intermediate strategies between ‘cap and store’ and in situ 

remediation involve use of a thinner capping layer that is selected primarily to support 

plant growth, but that does not prohibit interaction between vegetation and residue, and 

that also allows some leaching of the residue. Materials used for capping in intermediate 

strategies are not selected for their ability to ameliorate residue by leaching.  

 

Fly ash from coal combustion has a variety of uses as an industrial byproduct, including 

some which are common to bauxite residue: brick and cement aggregate, wastewater 

treatment, and soil amendment. Fly ash can improve fertility of acidic sandy soils by 

increasing water retention, providing plant available P (Pathan et al., 2003), acting as a 

liming agent, and providing exchangeable Ca and Mg, and sulfate (Aitken et al., 1984). 

Limitations to its use include high salinity and boron concentration (Aitken et al., 1984). 

As a growth medium for plants, it requires leaching to remove salts, boron, and readily 

dissolved sources of acidity and alkalinity, and amendment with organic matter such as 

sewage sludge to boost labile organic C and N and increase nutrient retention capacity 

(Haynes, 2009). The pH of fly ash leachate can vary from acidic (pH 3-4) to alkaline 
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(pH 11-12), depending on coal composition and combustion conditions (Spears and Lee, 

2004; Roy and Berger, 2011). Neutralisation of alkaline bauxite residue with acidic fly 

ash is slow, requiring > 150 days to reach equilibrium, and would require large fly 

ash:bauxite residue ratios to achieve circumneutral pH (Khaitan et al., 2009).  

 

Fly ash from the coal fired electricity generation plant at the Saõ Luís alumina refinery 

in Brazil was selected as a capping material for the refinery’s residue deposit area on the 

basis of its ability to sustain plant growth by supplying adequate levels of Ca, Mg, K, Fe 

and Mo (Fortes, 2000). The residue deposit area now supports a tree and shrub cover, 

with understorey grasses, and has weathered for 15 years. This residue deposit area was 

investigated to evaluate the effect of landscape position on in situ remediation and soil 

formation in bauxite residue. 

 

5.1.1 Site history and climate 

The Alumar (Maranhão Aluminium Consortium) refinery in Saõ Luís, Maranhão, Brazil 

commenced production in 1984, using bauxite from the Porto Trombetas mine. The 

bauxite was gibbsitic and typical of a lateritic bauxite in that it contained little quartz (0-

1 %), substantial iron oxides (sum of goethite and hematite ranged from 7-31 %) and 

kaolinite (7-40 %), and trace concentrations of anatase and rutile (Bardossy and Aleva, 

1990). Deposition of bauxite residue occurred within the residue storage area (RDA1; 

Figure 5.1) over the period 1984-1991. Attempts to establish vegetation directly on the 

residue surface were unsuccessful (Fortes, 2000). Fly ash from the coal fired electricity 

generation plant within the refinery site was identified as a suitable cap, with sewage 

sludge added to increase organic C and N (Fortes, 2000).  

 

In 1996, a 45 cm thick cap of fly ash, amended with sewage sludge, was placed over the 

residue surface. Eighty species of plants, including salt and alkalinity tolerant pioneer 

species and shallow rooted, leguminous trees, such as Leucaena leucocephala, Mimosa 

caesalpiniifolia, and Mimosa acutistipula, were then planted as seedlings at a density of 

approximately 0.3 plants per m2 across the cap surface (Moura, 2008). A vegetation 
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survey conducted in 2001 identified an additional 100 species of plants growing in the 

cap which were not part of the original seedling mix, indicating that they had colonized 

the site through seed dispersal from surrounding areas (Moura, 2008). Mimosa 

caesalpiniifolia was still a dominant species in 2007, whereas Mimosa acutistipula was 

only a minor species, and Leucaena leucocephala was not recorded. Vegetation density 

had increased to 4.5 plants per m2 by 2008, and ecological succession continued with 

more new species recruited to the site (Moura, 2008). The ‘cap and store’ approach 

implemented at this site does not use an impermeable cap, which can inhibit penetration 

of water and plant roots into the residue beneath. A similar field scale remediation study 

with permeable caps and vegetation containing trees and legumes found that roots can 

penetrate up to 60 cm into bauxite residue, although root distribution was limited to pre-

existing dessication cracks in the residue, and root density remained highest in the cap 

layer (Wehr et al., 2006). The fly ash cap appears to have been successful in providing a 

suitable plant growth medium; however, studies to date have focused on vegetation 

health, and largely neglected to investigate residue properties.  

 

The climate at the Saõ Luís residue storage area is tropical monsoon (Am) according to 

the Köppen-Geiger climate classification system (Peel et al., 2007). Long term average 

rainfall (1961-1990) is 2325 mm/year, with the wet season from January until July 

(INMET, 2012). Annual average pan evaporation is 1000 mm/year (INMET, 2012), 

which allows around 1325 mm/year of rainfall to leach through soil profiles. Average 

monthly rainfalls range from 10 mm (October and November) to 470 mm (April). 

Temperature is constantly warm: annual average daily temperature is 26 °C, and 

monthly average daily temperatures fluctuate within a range of ± 0.5 °C. Annual average 

maximum temperature is 30 °C and annual average minimum temperature is 23 °C, with 

monthly average temperature minima and maxima fluctuating within narrow bands of 

± 1 °C. 
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Figure 5.1 Location of pits within fly ash-amended bauxite residue storage area at Saõ 

Luís. Pits 1, 2, and 3 were located in the upslope (‘U’) area; Pits 4, 5, and 6 were located 

in the midslope (‘M’) area, and Pits 7, 8, and 9 were located in the downslope (‘D’) area. 

The slope between the upslope and downslope pits was approximately 0.5% (1 m drop 

in elevation over 200 m distance). 

 

5.1.2 Aims and hypotheses 

Topography can influence water movement in the subsoil which, in the case of bauxite 

residue, can cause spatial heterogeneity in bauxite residue remediation and vegetation 

success due to alkaline, saline leachates from upslope areas being discharged into 

downslope areas (Wehr et al., 2006; Khaitan et al., 2010). No spatial variation in 

vegetation success was observed at this site (Figure 5.1). However, evaluation of the fly 

ash cap for in situ remediation of bauxite residue requires consideration of residue 

properties, which have not yet been examined in detail. Based on previous studies 

elsewhere by Khaitan et al. (2010) and Wehr (2006), it was hypothesized that, within the 

Saõ Luís storage area, bauxite residue in downslope sites would have higher moisture 

content, pH, electrical conductivity, total alkalinity and exchangeable Na+ than residue 
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in upslope sites. Given the limited depth of soil formation and in situ remediation 

observed under caps in other bauxite residue storage areas (Wehr et al., 2006; Chapter 

4), changes in chemical and mineralogical residue properties that indicate soil formation 

and in situ remediation processes were expected to be small and limited to shallow 

depths.  

The objectives of this study were to: (a) characterise chemical and mineralogical 

properties of cap and bauxite residue material from sites along an elevation gradient; and 

(b) evaluate in situ remediation of bauxite residue and soil formation, including 

identification of horizons that have developed within the bauxite residue according to 

the WRB soil classification (IUSS, 2006). 

 

5.2 Methods 

5.2.1 Sampling sites 

All sites were sampled on one day during August 2010. Three replicate pits were dug 

with an excavator to 1 m below the soil surface, and a handheld auger was used to 

sample below the base of the pit. Samples were collected within the fly ash layer at 0-10 

and 40-50 cm below the surface, and then within the residue at 50-60 cm below the 

surface, and in alternate 10 cm intervals thereafter, to a depth of 2 m below the soil 

surface. Trees and shrubs dominated vegetation, with some grasses in the understorey, 

and a 1-2 cm thick litter layer. Vegetation cover was the same at all sites. The fly ash 

layer appeared to have some topsoil incorporated at Pits 4, 5, and 6. After sampling, 

samples were immediately placed in ziplock bags with additional air expelled before 

sealing. Samples were dried at 40 °C for three days and then crushed and sieved to 

< 2 mm to remove gravel before chemical and mineralogical analyses. 

 

5.2.2 Chemical, mineralogical, and physical analyses 

All chemical, mineralogical, and physical analyses were conducted on oven dried 

(40 °C) samples and corrections made where appropriate for moisture content at 105 °C. 
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5.2.2.1 Chemical analyses 

The pH and EC of samples were measured in a 1:5 soil:water extract after 24 hours 

shaking and 30 minutes settling (adapted from method codes 3A1 and 4A1 of Rayment 

and Higginson, 1992 (see Section 3.3)). Total alkalinity content was determined by 

heating samples in a pH 5.5 buffer at 80 °C for two hours, and then measuring pH in the 

cooled supernatant (Dobrowolski et al., 2011). Carbon and nitrogen concentration 

analyses were only performed on samples from 0-10, 40-50, 50-60, 70-80, and 190-

200 cm depths. Extractable ammonium and nitrate were determined colorimetrically in a 

1:5 soil:2 M KCl extract (method code 7C2, Rayment and Higginson, 1992). Total C 

and N concentration of samples were determined by dry combustion (Vario Macro, 

Elementar Analysensysteme GmbH); organic C and N were determined by dry 

combustion after treatment of a subsample with 3 M HCl for 16 hours to destroy 

carbonates (see Section 3.5). Inorganic C and N were determined by difference: 

inorganic = total – organic.  

 

Exchangeable cations and effective cation exchange capacity (ECEC, as sum of cations) 

were determined by silver thiourea extraction (method codes 15F1 and 15F3, Rayment 

and Higginson, 1992), with a water extraction performed in parallel to correct for 

soluble salts. Amorphous and poorly crystalline Al, Fe, Si, and Ti oxide concentrations 

were determined by acid ammonium oxalate (AAO) extraction (method code 13A1, 

Rayment and Higginson, 1992) at a soil:extractant ratio of 1:400 (see Section 3.4). 

Water, CEC, and AAO extracts were all diluted 1:20 with ultrapure deionised water 

before analysis by Inductively Coupled Plasma Optical Emission Spectrometry 

(ICPOES; Optima 5300DV, PerkinElmer). 

 

Total elemental composition of all samples was determined by ICPOES analysis 

following fusion and dissolution of samples. A 0.1 g sample was fused with 0.7 g 

lithium metaborate-tetraborate (12:22) flux in a Pt crucible at 1050 °C for 45 minutes, 

then the resulting glass bead was dissolved in 7% HNO3 by shaking in a capped 

container for 4 hours. Samples were diluted 1:20 with ultrapure deionised water before 

ICPOES analysis. 
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5.2.2.2 Mineralogical analysis 

Samples were prepared for X-ray diffractometry (XRD) by micronizing for 15 minutes 

(McCrone Micronising Mill, McCrone Microscopes and Accessories) under ethanol 

with 5% wt Si added as internal standard. After evaporating to dryness, samples were 

packed into stainless steel plates for the high throughput stage on beamline 10BM1 of 

the Australian Synchrotron. X-ray diffraction patterns were collected in transmission 

geometry, using a wavelength of 0.8240 Å and counting time of 180 seconds, with 

rocking of the sample through the omega axis during collection. Peak areas were used to 

compare mineral concentration down pit profiles by calculation of mineral:Si standard 

peak area ratios, using primary peaks wherever possible. Peak areas were corrected for 

beam intensity and gravimetric content of the Si standard.  

 

5.2.2.3 Physical analysis 

The < 2 mm fraction of each sample was separated into < 45, 45-200, and 200-2000 μm 

fractions by dry sieving using an automated shaker (shaking time 10 min). A Malvern 

Mastersizer was used to determine particle size distribution in the < 45 μm fraction, with 

5 min ultrasonication prior to analysis to disperse aggregates. 

 

5.2.3 Statistical procedures 

Two-way ANOVAs were performed on measured soil properties with site and depth as 

factors (Genstat Release 12.1; VSN International). If necessary, data were transformed 

with a natural logarithm or square root prior to ANOVA to ensure homogeneity of 

variances. When ANOVA returned significant differences, Tukey’s Honestly Significant 

Difference (HSD) was used as a post hoc test to separate means. A significance level of 

α=0.05 was used unless otherwise stated. Interactions between depth and site were not 

significant unless otherwise stated. 
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5.3 Results and discussion 

5.3.1 Chemical analyses 

5.3.1.1 pH, EC, and total alkalinity 

Significant interactions existed between site and depth for pH; in the upslope and 

downslope sites, the pH of the fly ash caps between 0-50 cm were lower than the bauxite 

residue below the 70-80 cm depth, in the midslope site, the pH of the fly ash caps 

between 0-50 cm were lower than the residue in the rest of the profile (Figure 5.2). The 

pH of the fly ash caps, where most plant roots were present, was slightly acid to mildly 

alkaline (in terms of criteria of Hazelton and Murphy, 2007). Below 70 cm in the 

upslope and downslope sites, and below 50 cm in the midslope site, bauxite residue was 

classified as alcalic (IUSS, 2006); and very strongly alkaline (Hazelton and Murphy, 

2007). The 50-60 cm depth in the upslope and downslope sites may represent a 

transition zone between the fly ash cap and the bauxite residue, with fly ash washed into 

some of the dessication cracks in residue at this depth. There were no differences in 

residue pH between sites or depths below 110-120 cm below the soil surface. Electrical 

conductivity decreased with depth below surface; EC of fly ash caps was lower than the 

bauxite residue, and the upper 50 cm of residue had lower EC than the bottom 10 cm of 

residue (Figure 5.2). Using the EC 1:5 to ECe (saturation extract EC) conversion 

proposed by Slavich and Petterson (1993) (Equations 5.1 and 5.2), and a texture of 

loamy sand (f=23) for fly ash and sand (f=23) for bauxite residue, fly ash caps were 

classified as non-saline to moderately saline, and bauxite residues are moderately to 

extremely saline. 

)EC(fEC 5:1e =  (5.1) 








θ

+=
SP
03.346.2f  (5.2) 

where θSP is water content at saturation. 
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Salic horizons were present below 70 cm from the surface in the midslope sites, and 

below 115 cm from the surface in the downslope and upslope sites. Total alkalinity was 

lower in the top 10 cm of residue than in the bottom 10 cm.  

 

 
Figure 5.2 pH, EC, and total alkalinity values in profiles along an elevation gradient 

within the Saõ Luís bauxite residue storage area. Fly ash caps extended to 50 cm depth; 

bauxite residue was present below this depth. Sites are denoted by the abbreviations ‘U’ 

(upslope), ‘M’ (midslope), and ‘D’ (downslope). Plotted values are the mean of three 

replicates; error bars indicate ± standard error of the mean. Sites marked with the same 

lower case letter in the legend, and depths marked with the same uppercase letter, are not 

significantly different according to two-way ANOVA (depth x site) at α=0.05. Tukey’s 

HSD was used to separate means. 

 

Trends in pH, total alkalinity, and EC with depth are consistent with downward 

movement of alkaline, saline leachates. The lateral movement of leachates appears to be 

more complex. The EC of the downslope site was lower than that of the midslope or 

upslope sites, and EC was highest in the midslope site. Total alkalinity was higher in 

upslope and midslope sites than downslope sites. The midslope site had higher pH than 

the downslope site at 50-60, 70-80, and 90-100 cm depths. These patterns were 

unexpected based on previous studies of topography and expected leachate movement 

(Wehr et al., 2006; Khaitan et al., 2010).  
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Observed trends in salinity (and to a lesser extent, pH and total alkalinity) in relation to 

landscape position may be explained by relative rates of horizontal drainage and 

infiltration at different points along the elevation gradient. Under saturated conditions, if 

the rate of discharge into the discharge pond is governed by Darcy’s Law, such that the 

rate of horizontal discharge is inversely proportional to horizontal distance from the 

pond, then the downslope site will be well drained, but drainage in the midslope and 

upslope sites as a result of capillary suction will be much slower. Elevation head will be 

higher in upslope sites than in downslope sites and push water towards the discharge 

pond.  

 

Alternatively, if saturated conditions exist only in the downslope sites due to rapid 

vertical percolation and subsurface ponding of water (a perched water table), the lack of 

connectivity between saturated downslope and unsaturated midslope or upslope sites 

could limit lateral movement of water between the sites. The presence of a perched 

water table in the downslope site may allow rapid leaching of this site relative to the 

unsaturated midslope and upslope sites, as observed in catchments containing perched 

water tables (Ocampo et al., 2006). The hydraulic gradient between sites will control the 

rate of water flow through the system. The balance between rainfall and evaporation 

suggests that a perched water table could accumulate in the lower lying areas of the 

landscape, and that the water flux through the (saturated) residue will increase as the 

water table rises and moves upslope.  

 

The high EC, total alkalinity, and pH in the midslope site suggests that the push of 

hydraulic head and pull of horizontal discharge are too slow to move alkaline, saline 

pore water rapidly out of this part of the landscape. Upslope sites are draining into the 

midslope, and the downslope sites are draining into the discharge pond, but the rate of 

midslope drainage (throughflow) into the downslope appears to be relatively slow and 

causes salt accumulation in the midslope. Restricted drainage can result in poor 

responses to in situ remediation strategies because alkaline, saline leachates cannot be 

efficiently exported (Woodard et al., 2008). Further information on groundwater flow 

directions and rates (which could be obtained by installing piezometers in transects 
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across the site), and topography within the deposit area, is required to understand this 

leaching behaviour. 

 

5.3.1.2 Total, organic, and inorganic C and N, and extractable NH4
+ and 

NO3
- 

There were significant interactions between the effects of site and depth on total C, N, 

and extractable NH4
+; although total C and N, and NH4

+ concentrations decreased with 

depth in all sites, the decreases with depth were most pronounced in the midslope site, 

where concentrations in the upper 0-10 cm of the profile were higher than in the rest of 

the profile, and least pronounced in the downslope site, where concentrations in the 

upper 0-60 cm of the profile were higher than in the lower 190-200 cm of the profile 

(Figure 5.3; Figure 5.4; Figure 5.5). There was also a significant interaction between the 

effect of site and depth on extractable NO3
-; NO3

- concentration decreased with depth in 

the midslope site, but was not significantly different with depth in other sites (Figure 

5.5). Nitrate accumulation was confined to the upper 0-10 cm of the profile in the 

midslope site.  
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Figure 5.3 Total C and total N (% weight) and C:N ratios in profiles along an elevation 

gradient within the Saõ Luís bauxite residue storage area. Fly ash caps extended to 

50 cm depth; bauxite residue was present below this depth. Sites are denoted by the 

abbreviations ‘U’ (upslope), ‘M’ (midslope), and ‘D’ (downslope). Plotted values are the 

mean of three replicates; error bars indicate ± standard error of the mean. Sites marked 

with the same lower case letter in the legend, and depths marked with the same 

uppercase letter, are not significantly different according to two-way ANOVA (depth x 

site) at α=0.05. Tukey’s HSD was used to separate means. 
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Figure 5.4 Inorganic C and N (as % weight of total C and total N) and organic C:total N 

ratios in profiles along an elevation gradient within the Saõ Luís bauxite residue storage 

area. Fly ash caps extended to 50 cm depth; bauxite residue was present below this 

depth. Sites are denoted by the abbreviations ‘U’ (upslope), ‘M’ (midslope), and ‘D’ 

(downslope). Plotted values are the mean of three replicates; error bars indicate ± 

standard error of the mean. Sites marked with the same lower case letter in the legend, 

and depths marked with the same uppercase letter, are not significantly different 

according to two-way ANOVA (depth x site) at α=0.05. Tukey’s HSD was used to 

separate means. 
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Figure 5.5 Extractable ammonium and nitrate concentrations in profiles along an 

elevation gradient within the Saõ Luís bauxite residue storage area. Fly ash caps 

extended to 50 cm depth; bauxite residue was present below this depth. Sites are denoted 

by the abbreviations ‘U’ (upslope), ‘M’ (midslope), and ‘D’ (downslope). Plotted values 

are the mean of three replicates; error bars indicate ± standard error of the mean. Sites 

marked with the same lower case letter in the legend, and depths marked with the same 

uppercase letter, are not significantly different according to two-way ANOVA (depth x 

site) at α=0.05. Tukey’s HSD was used to separate means. 

 

Variations in total N, NH4
+, and NO3

- are related to organic matter accumulation and 

decomposition, because organic N accounts for most of total N in these profiles (Figure 

5.4), and organic N, NH4
+, and NO3

- concentrations in fresh bauxite residues are below 

detection limits (Chen et al, 2010; Courtney and Harrington, 2010). The addition of 

sewage sludge to the fly ash as an amendment could be an alternative source of N and 

account for the presence of low to very high total N in this layer as compared to the very 

low to medium total N found in the bauxite residue layer (Hazelton and Murphy, 2007). 

Variations in total C may be related to organic matter accumulation, residual coal 

content in the fly ash cap, and carbonate concentration of the residue. Partitioning total 

C into organic and inorganic C is required to explain patterns in total C distribution 

throughout profiles. Organic C accounted for most of total C in the upper 0-50 cm of 

profiles (Figure 5.4), which could be a result of both migration of residual coal in fly ash 

caps into dessication cracks in bauxite residue, and organic matter accumulation in caps 
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and leaching into lower layers. In comparison to ranges generally encountered in soils 

(Hazelton and Murphy, 2007), organic C concentrations ranged from very high to 

moderate in the fly ash caps, and very high to extremely low in the residue. Inorganic C 

accounted for most of total C in the lower 70-200 cm of profiles, and is related to 

carbonate concentration, most likely present as calcite, in the bauxite residue. The 

dominance of organic C relative to inorganic C in the upper 10 cm of bauxite residue 

may also be due to calcite dissolution at the cap-residue interface.  

 

Total C and N were lower in the 40-50 cm depth of the midslope site than other sites 

(Figure 5.3), which is likely due to the incorporation of soil in the fly ash cap. Fly ash 

caps at all sites qualified as hyperhumic (organic C concentration ≥ 5 %  wt in upper 50 

cm), and could be melanic or fulvic; a measurement of melanic index (ratio of 

absorbance at 450 nm to absorbance at 520 nm in a 0.5 M NaOH extract) would 

distinguish between the two. Organic C concentration in the caps (average 160 g kg-1) 

was similar to that observed in weathered fly ash deposits analysed by Zikeli et al. 

(2005) (average 140 g kg-1), but inorganic C concentration in the caps (average 16 g kg-

1) was much lower than observed by Zikeli et al. (2005) (average 100 g kg-1). The 

difference in carbonate concentration between studies may be due to coal source and 

combustion conditions, or result from increased weathering rates under the tropical 

monsoon climate in Brazil compared with the drier and cooler maritime temperate (Cfb) 

to warm summer continental (Dfb) climates of Saxony-Anhalt, Germany (Peel et al., 

2007), where the Zikeli et al. (2005) study was based. 

 

5.3.1.3 Total elemental composition 

The major elements present in bauxite residue were Si (25-70% SiO2), Fe (15-50% 

Fe2O3), and Al (10-20% Al2O3); Ti (1.5-4% TiO2), Na (0.5-5% Na2O), and Ca (0-3% 

CaO) were minor elements (Figure 5.6). This is a fairly typical composition compared 

with other bauxite residues, although Si concentrations are higher than average (Snars 

and Gilkes, 2009; Grafe et al., 2011). The parent bauxite had a relatively high kaolinite 

concentration and low quartz concentration (Bardossy and Aleva, 1990), meaning that 
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reactive silica concentration was high, and that the majority of Si in the bauxite residue 

would be present in sodalite rather than residual quartz. Major elements present in the 

fly ash caps were Si (50-90% SiO2), Al (7-15% Al2O3), and Fe (5-20% Fe2O3), which is 

consistent with a typical fly ash mineral assemblage dominated by quartz, mullite, and 

hematite (see Section 5.3.2). 

 

Sodium concentration increased with depth in bauxite residue at all sites; rainfall 

leaching may have removed Na+ present in pore water as well as Na+ from sodalite 

dissolution in surface layers (Figure 5.6). Calcium concentrations did not show depletion 

in the upper residue layers, which was unexpected given that calcite is expected to 

dissolve during leaching, and Ca concentrations were higher in the upslope than 

midslope or downslope sites, which also contradicts expectations based on lateral water 

movement along an elevation gradient in a saturated system. Sodium present in pore 

water would be transported during leaching; but calcite is unlikely to dissolve to an 

appreciable extent until pore water pH drops to ca. 8.5. There was a significant 

interaction between the effects of site and depth on Si concentration; the midslope site 

had higher Si concentrations in the 0-60 cm depth than below 90 cm. This may be due to 

the incorporation of sandy (quartz rich) topsoil in the fly ash cap at this site, and 

migration of the cap material into dessication cracks in the bauxite residue or , possibly, 

mechanical mixing of the cap and residue. There were no statistically significant 

differences in Si concentration between equivalent depths in different sites. However, 

apparently higher Si concentrations in the bauxite residue component of downslope 

profiles compared to those of midslope and upslope profiles suggest a higher 

concentration of quartz in the downslope profiles, commonly present as sand sized 

particles. 
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Figure 5.6 Total element concentrations (as % weight) in profiles along an elevation 

gradient within the Saõ Luís bauxite residue storage area. Fly ash caps extended to 50 

cm depth; bauxite residue was present below this depth. Sites are denoted by the 

abbreviations ‘U’ (upslope), ‘M’ (midslope), and ‘D’ (downslope). Plotted values are the 

mean of three replicates; error bars indicate ± standard error of the mean. Sites marked 

with the same lower case letter in the legend, and depths marked with the same 

uppercase letter, are not significantly different according to two-way ANOVA (depth x 

site) at α=0.05. Tukey’s HSD was used to separate means. 

 

5.3.1.4 Amorphous Al, Fe, Si, Ti oxides 

Amorphous oxide concentrations were higher in upslope sites than in downslope sites 

(Figure 5.7); this was unexpected, because leachate export should occur more rapidly in 
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upslope areas and enhance weathering of poorly crystalline minerals. Finer textures were 

observed in upslope areas; given that amorphous oxides are usually very finely divided, 

amorphous oxide concentrations may reflect textural variation across the deposit area. 

Concentrations of amorphous oxides varied little with depth; amorphous Ti was depleted 

in the top 0-10 cm of residue, which may be due to eluviation of fine Ti-bearing 

particulates. Amorphous Al and Si concentration were strongly positively correlated 

(r=0.9997, p<0.001), with an Al:Si ratio of 1.81:1. Allophane (Al:Si commonly between 

1:1 and 2:1) and sodalite (Al:Si 1:1) are both removed by the acid ammonium oxalate 

extractant (Campbell and Schwertmann, 1985; see Section 3.4). Patterns in amorphous 

Al and Si are therefore likely due to a combination of allophane and sodalite dissolution 

in the extractant. 
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Figure 5.7 Amorphous Al, Fe, Si, and Ti concentrations (as % element by weight) in 

profiles along an elevation gradient within the Saõ Luís bauxite residue storage area. Fly 

ash caps extended to 50 cm depth; bauxite residue was present below this depth. Sites 

are denoted by the abbreviations ‘U’ (upslope), ‘M’ (midslope), and ‘D’ (downslope). 

Plotted values are the mean of three replicates; error bars indicate ± standard error of the 

mean. Sites marked with the same lower case letter in the legend, and depths marked 

with the same uppercase letter, are not significantly different according to two-way 

ANOVA (depth x site) at α=0.05. Tukey’s HSD was used to separate means. 

 

5.3.1.5 Exchangeable cations and effective cation exchange capacity 

Effective cation exchange capacity (ECEC) was high in the surface 0-10 cm of profiles, 

decreased with depth, and then increased again at the 190-200 cm depth. This trend in 

ECEC, as the sum of exchangeable cations, is explained by the dominance of Ca2+ in the 
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top 0-10 cm of profiles and Na+ at the 190-200 cm depth. Magnesium made a smaller 

contribution to ECEC and, in the 0-10 cm depth, was higher at the midslope site than at 

the downslope site. Exchangeable Ca2+ was adequate for plant nutrition, with moderate 

concentrations available throughout profiles; exchangeable Mg2+ was moderate in the 

surface 0-10 cm, and low to very low below this depth (Hazelton and Murphy, 2007). 

Exchangeable Mg2+ and Na+ both contribute to soil sodicity, and the decrease of 

exchangeable Mg2+ with depth combined with the increase in exchangeable Na+ with 

depth contributed to the presence of sodic horizons. Exchangeable K+ was below 

detection limits and is therefore not shown in Figure 5.8. No typical symptoms of K or 

Mg deficiency, such as necrosis in leaf margins and/or tips, interveinal chlorosis, or 

necrotic leaf spots (Mengel et al., 2001), were observed. However, vegetation is likely to 

benefit from application of a K-rich fertilizer as previously applied in the revegetation 

study of Moura (2008). 

 

As indicated by the increase in EC with depth (see Section 5.3.1.1), leaching appears to 

have washed soluble salts in the residue downwards such that epihyposodic horizons, 

with very low to low exchangeable Na+ and very high to low exchangeable Mg2+, and 

endosodic horizons, with high to very high exchangeable Na+ and low to very low 

exchangeable Mg2+ could be distinguished (Hazelton and Murphy, 2007), with their 

junction at 50 cm below the soil surface in the upslope site, and 70 cm below the surface 

in the midslope and downslope sites.  
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Figure 5.8 Effective cation exchange capacity (ECEC) and exchangeable cation (Ca2+, 

Mg2+, and Na+) concentrations in profiles along an elevation gradient within the Saõ 

Luís bauxite residue storage area. Fly ash caps extended to 50 cm depth; bauxite residue 

was present below this depth. Sites are denoted by the abbreviations ‘U’ (upslope), ‘M’ 

(midslope), and ‘D’ (downslope). Plotted values are the mean of three replicates; error 

bars indicate ± standard error of the mean. Sites marked with the same lower case letter 

in the legend, and depths marked with the same uppercase letter, are not significantly 

different according to two-way ANOVA (depth x site) at α=0.05. Tukey’s HSD was 

used to separate means. 

 

5.3.2 Mineralogical analyses 

Quartz, hematite, goethite, gibbsite, and sodalite were the main minerals present in 

bauxite residue, and quartz, hematite, and mullite were the main minerals present in fly 
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ash (Table 5.1). These are typical compositions for both materials (Haynes, 2009; 

Ahmaruzzaman, 2010; Grafe et al., 2011). The lack of calcium silicate and calcium 

oxide phases in fly ash is characteristic of a low calcium fly ash that will not exhibit 

pozzolanic properties when wet. 

 

Table 5.1 Minerals present in fly ash cap and bauxite residue samples from the Saõ Luís 

bauxite residue storage area. ‘Major’, ‘minor’ and ‘trace’ refers to the averaged 

composition of all residue samples. Assessment of mineral concentration was made by 

visual inspection of powder X-ray diffraction patterns. 
Mineral Chemical formula Abundance in fly ash 

cap 
Abundance in bauxite 

residue 
Quartz SiO2 Major Major 
Hematite Fe2O3 Major Major 
Gibbsite Al(OH)3 Minor Major 
Goethite FeOOH Minor Major 
Mullite Al6Si2O13 Major Minor to trace 
Anatase TiO2 Trace Minor 
Calcite CaCO3 Trace to none Minor to trace 
Kaolinite Al2Si2O5(OH)4 Trace to none Trace to none 
Zircon ZrSiO4 Trace to none Trace to none 
Rutile TiO2 Trace to none Trace to none 
Magnetite/ 
Maghemite 

Fe3O4/  
Fe2O3 

Minor - 

Cristobalite SiO2 Minor - 
Sodalite Na8(AlSiO4)6Cl2 - Major 
Boehmite AlOOH - Trace to none 
 

In some profiles, traces of mullite were observed in the upper 10 cm of the bauxite 

residue (Figure 5.9); this indicates that some downwards movement of the fly ash may 

have occurred by illuviation into desiccation cracks in the residue. However, the 

presence of gibbsite and minor goethite in the 0-10 cm layer of fly ash in some profiles 

suggests that some mixing of the residue with the fly ash occurred when the fly ash was 

initially deposited, which would also account for the presence of traces of mullite in the 

bauxite residue. Overall, any mixing that may have occurred had a minor effect on the 

properties of the two layers, because the boundary between layers was visually sharp, 

and mineralogical analyses revealed only trace contributions of mullite to the bauxite 

residue XRD patterns, and only trace contributions of gibbsite and goethite to the fly ash 

XRD patterns. 
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Figure 5.9 X-ray diffraction patterns from fly ash and bauxite residue within one 

representative soil profile within the Saõ Luís storage area. Fly ash caps extended to 

50 cm depth; bauxite residue was present below this depth. Sample depth below surface 

(0-200 cm) is indicated for each pattern. Peaks between 10-35 °2θ are labeled with d-

spacings (Å) and abbreviations for minerals as follows: K – kaolinite; So – sodalite; B – 

boehmite; Mu – mullite; Go – goethite; Gi – gibbsite; Q – quartz; Cr- cristobalite; Hm – 

hematite; A – anatase; Z – zircon; R – rutile; Si – silicon; C – calcite; Mg – 

magnetite/maghemite. 

 

Calcite was generally present at concentrations of 1-5% in residue (based on calculations 

assuming all total Ca measured was present as CaCO3). This means that although the 

residue contains calcaric material (2% or more calcium carbonate equivalent), it does 

not qualify as having calcic horizons (15% or more calcium carbonate equivalent). 

Depletion of sodalite and calcite in the upper 50 cm of residue beneath fly ash caps is 

visible in Figure 5.9 by the decrease in peak areas of these minerals. Sodalite dissolution 
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and leaching would account for part of the observed depletion in Na2O in these layers 

(see Section 5.3.1.3). Although CaO concentration did not change with depth (see 

Section 5.3.1.3), calcite concentration appeared to increase with depth (Figure 5.9). The 

Ca2+ released during calcite dissolution may have been retained within the soil profile by 

exchange with Na+ on soil cation exchange sites (Figure 5.8). The total Ca concentration 

in the soil would therefore remain constant, but partitioning of Ca between different 

pools (solid, exchangeable, dissolved) would change. Depletion of calcium carbonate in 

the upper 50 cm of residue, combined with development of soil structure (primarily 

through desiccation cracking) qualifies this layer as a cambic horizon.  

 

5.3.3 Physical analyses 

The texture of bauxite residue was similar between sites; although in the 70-80 and 90-

100 cm depths, the downslope site appeared to have higher fine sand (21-250 μm) and 

lower coarse sand (250-2000 μm) concentration than the midslope and upslope sites 

(Figure 5.10). This supports total element data which suggested slightly higher Si 

concentration in downslope sites, typically associated with the sand size particle 

fraction. Textural variation may explain the variations in pH and EC across the storage 

area, which did not behave as expected if drainage of leachates were occurring from 

upslope to downslope in an even textured material. Relatively slow rates of drainage 

from midslope to downslope were suggested as the cause of high pH and EC in the 

midslope (see Section 5.3.1.1; this could be due to a capillary break effect induced by a 

transition from a finer to coarser texture.  
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Figure 5.10 Particle size distribution in profiles along an elevation gradient within the 

Saõ Luís bauxite residue storage area. Fly ash caps extended to 50 cm depth; bauxite 

residue was present below this depth. Sites are denoted by the abbreviations ‘U’ 

(upslope), ‘M’ (midslope), and ‘D’ (downslope). Plotted values are observed values 

from one profile in each treatment. 

 

According to the USDA soil textural triangle, bauxite residue was classified as coarse 

sandy loam to coarse sand, and the fly ash was classified as coarse sandy loam to fine 

sand (Soil Survey Division Staff, 1993). Bauxite residue and fly ash were both classified 

as arenic, with the exception of the 170-200 cm depth at the upslope site which had too 

much silt and clay (coarse sandy loam texture). Within the bauxite residue layers of 

midslope and upslope sites, clay concentration increased with depth, and sand 

concentration decreased with depth. This suggests some movement of clay by illuviation 

into lower residue depths.  
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Fly ash caps contained 3-30 % gravel (cemented aggregates > 2 mm) (Figure 5.11). A 

gravel content of ≥ 40%  is required for classification as skeletic; the entire fly ash cap in 

the downslope site and the 40-50 cm depth of the fly ash cap can be classified as 

hyposkeletic. There was an average of 10 % gravel in the top 0-10 cm of bauxite residue, 

and gravel content decreased to < 3 % in the remainder of the residue. Gravel may have 

formed at the top of bauxite residue before application of the fly ash cap, as a result of 

solar drying and cracking. Secondary aluminosilicates or calcite are possible 

cementation agents (Thompson et al., 1991).  

 

Moisture content increased with depth; this provides further support for good vertical 

drainage of leachates (Figure 5.11). The upslope and midslope sites both had higher 

moisture content than the downslope site; this provides further support for the 

dependence of drainage on proximity to discharge ponds (see Section 5.3.1.1).  
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Figure 5.11 Moisture content and < 2 mm fraction in profiles along an elevation 

gradient within the Saõ Luís bauxite residue storage area. Fly ash caps extended to 50 

cm depth; bauxite residue was present below this depth. Sites are denoted by the 

abbreviations ‘U’ (upslope), ‘M’ (midslope), and ‘D’ (downslope). Plotted values are the 

mean of three replicates; error bars indicate ± standard error of the mean. Sites marked 

with the same lower case letter in the legend, and depths marked with the same 

uppercase letter, are not significantly different according to two-way ANOVA (depth x 

site) at α=0.05. Tukey’s HSD was used to separate means. 

 

5.3.4 Soil classification under the WRB, and future trajectory 

The Saõ Luís site poses similar problems for classification under the WRB as the 

Arkansas site (see Section 4.3.3) due to the multilayered spolic profile created by fly ash 

over bauxite residue. Use of the suggested ordic prefix qualifier would also improve the 

clarity of the Technosol classification at this site. The soils at this site would then be 

classified as ordic spolic Technosol (transportic, arenic, hyposkeletic, hyperhumic, 

andic) (alcalic, epicambic,  sodic, endo/bathysalic, arenic).   

 

The fly ash caps are likely to exhibit andic properties as a result of weathering, as 

observed in other field weathered fly ash disposal sites (Zevenbergen et al., 1999; Zikeli 

et al., 2005). Although the specific tests required for WRB classification were not 

performed on the fly ash samples (AAO extraction, bulk density, phosphorus retention 
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index), the high Al and Si concentration in these samples and low quartz and mullite 

concentration relative to X-ray amorphous material suggest the presence of substantial 

allophane, which would be extracted by AAO. Minerals with short range order, such as 

allophane and imogolite, form during the usual weathering sequence observed in 

pyroclastic deposits, in which a tephric soil material acquires vitric and then andic 

properties because poorly crystalline minerals continue to accumulate. The pH of fly ash 

caps were 6.2-7.8, suggesting silandic rather than aluandic properties and adding further 

support for the presence of substantial allophane. Zevenbergen et al. (1999) encourage 

the weathering of fly ash to a soil resembling those derived from volcanic ash because 

such soils can be highly productive and pose no residual environmental risk to 

surrounding areas.  

 

Changes in pH, EC, and total alkalinity with depth and landscape position suggest that 

alkaline, saline leachates are slowly being exported from the residue. The presence of 

epihyposalic horizons in residue extending to 50 cm below the cap-residue interface at 

the upslope and downslope sites, and 10 cm below the cap-residue interface at the 

midslope site, suggests that further leaching will decrease salinity at depth. High 

exchangeable Na+ and Mg2+ have created endosodic horizons in profiles, but the 

presence of epihyposodic horizons that extend up to 30 cm into the residue from the cap-

residue interface suggests that further leaching and replacement of Na+ with Ca2+ on 

exchange sites will also diminish sodicity at depth. The exchange of Ca2+ for Na+ may 

be assisted by further dissolution of calcite, which was measured in the upper 50 cm of 

residue. The upper 50 cm of residue was classified as a cambic horizon on the basis of 

carbonate removal and structure development.  

 

The bulk residue was classified as arenic; however, siltic horizons may develop at depth 

due to clay illuviation. A blocky structure was visible in the bauxite residue, but little 

aggregation was observed in the fly ash cap. Further accumulation and decomposition of 

organic matter from the vegetation cover may aid in structure development within the fly 

ash cap. The recalcitrant nature of residual organic C in fly ash suggests that organic C 

will remain high in the fly ash caps, whilst inorganic C is likely to continue to decrease. 
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Parent materials may no longer be recognizable once the fly ash cap develops some 

structure, and pH, EC, total alkalinity, and sodalite and calcite concentrations decrease 

further in the bauxite residue. At this point, the soil could make a transition from the 

Technosol RSG to a Cambisol.  

 

The Cambisol classification allows for an andic or vitric surface layer and the upper 

layers of residue already qualify as a cambic horizon because soil structure has begun to 

develop and calcite has been removed. However, the Cambisol classification does not 

allow for the presence of buried layers at depths ≥ 50  cm, or where the newly deposited 

material can be classified within an RSG other than a Regosol. The soil profiles at the 

Saõ Luís site will therefore likely fit the classification of silandic (melanic or fulvic) 

Andosol (hyposkeletic, hyperhumic, arenic) (Thapto-Cambisolic) when they have 

weathered to the point that the parent materials are no longer readily identifiable.  

 

The increase in ECEC with depth in bauxite residue suggests that further leaching will 

decrease ECEC throughout the profile and, in combination with clay illuviation, and 

dissolution of ‘weatherable minerals’ such as sodalite and calcite, cause a ferralic amd 

then a vetic horizon to develop. Given the currently low concentration of AAO 

extractable Fe and clay in the bauxite residue, it seems unlikely that it will develop 

towards a Nitisol, despite the development of good angular blocky structure within the 

residue, and moderate ECEC. However, Nitisols often receive inputs of volcanic ash 

following nearby eruptions which can provide fresh parent material at the soil surface; 

the soil developing at the Saõ Luís site could be considered an extreme example of this 

given the fly ash composition and thickness. Leaching of poorly crystalline and clay size 

material from the ash layer into the residue could result in the development of a Nitisol, 

but this seems unlikely based on current observations of fly ash illuviation under the 

present climate.  

 

If the boundary between the fly ash and bauxite residue remains sharp, the fly ash cap 

and bauxite residue may develop along separate weathering trajectories, with the fly ash 

cap developing towards an Andosol and the bauxite residue developing towards a 



Chapter 5 – Soil formation and in situ remediation along an elevation gradient 
 

184 

Ferralsol. The entire profile could be classified as an Andosol or a Ferralsol in this case, 

because of the thickness of the fly ash layer (≥  30 cm) and the depth of the bauxite 

residue below the soil surface (≤  50 cm). The Andosol classification is the correct 

classification, because of primacy of listing in the WRB Key, the 50 cm thickness of the 

fly ash cap (which means that the fly ash should be classified as the primary soil 

material), and the annotation indicating that buried layers are common in the Andosol 

group. Based on observed changes in response to weathering, and assuming similar 

behaviour with further exposure, the soil is likely to develop towards a silandic (melanic 

or fulvic) Andosol (arenic) (Thapto-Ferralsolic).  

 

Classifications involving buried layers fail to capture changes in chemical, 

mineralogical, and physical properties of the bauxite residue in response to weathering; 

the WRB guidelines should be modified to include provisions for further description of 

buried layers. Tree roots were observed in the bauxite residue, therefore the properties of 

the residue are relevant to surface cover and the behaviour of the soil overall as a 

medium for plant growth, and should be described in the classification of the soil. 

Allowing the addition of prefix and suffix qualifiers to describe buried layers would be 

adequate. The fly ash-bauxite residue soil could then be classified as silandic (melanic 

or fulvic) Andosol (hyperhumic, arenic) (Thapto-vetic Ferralsolic (bathysiltic)) in the 

latter stages of weathering. 

 

5.4 Conclusions 

In contrast with the Alcoa-Reynolds Arkansas residue storage area (see Chapter 4), the 

Alumar Saõ Luís storage area demonstrates that a cap and store approach employing a 

permeable cap can provide a suitable compromise between providing a medium for plant 

growth and allowing the underlying residue enough exposure to weathering processes 

for in situ remediation and soil formation to occur. Rainfall leaching appears to be the 

main soil forming process acting upon the residue, which is expected based on the water 

balance at the site (1325 mm/year rainfall not removed by evaporation). The topography 

of the site produced different effects than were expected based on previous studies 
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(Wehr et al., 2006; Khaitan et al., 2010); this may be a result of differences in the site 

water balance and residue properties between studies. 

 

The upper 30 cm of the bauxite residue had significantly lower pH and EC than the 

residue at depth (190-200 cm). Bauxite residue was classified as alcalic and very 

strongly alkaline below 20 cm beneath the cap-residue interface in the upslope and 

downslope sites, and in all residue in the midslope site. Epihyposalic horizons were 

present in the upper 70 cm of residue in the downslope and upslope sites, and in the 

upper 20 cm of residue in the midslope site. Residue was salic below the epihyposalic 

horizons. Epihyposodic horizons and endosodic horizons were observed in the residue, 

with their junction at 50 cm below the soil surface in the upslope site, and 70 cm below 

the surface in the midslope and downslope sites. Within the bauxite residue layers of 

midslope and upslope sites, clay concentration increased with depth, and sand 

concentration decreased with depth. This suggests some movement of clay by illuviation 

into lower residue depths, assuming an initially homogeneous texture in the residue 

deposit.  

 

Trends in moisture content, pH, total alkalinity, EC, exchangeable cations, and clay 

concentration with depth are consistent with downwards movement of alkaline, saline 

leachates. However, based on differences in moisture content, pH, EC, and total 

alkalinity between sites, the horizontal movement of leachates appears to be more 

complex. There is a salt, pH, and moisture bulge in the midslope site, which indicates 

that upslope sites drain into the midslope, and downslope sites drain into the discharge 

pond, but midslope drainage into the downslope must be relatively slow. This may be a 

consequence of textural variation between sites, with the finer texture of the midslope 

site and the coarser texture of the downslope site creating a capillary break effect which 

limits drainage of the midslope site into the downslope site. This is potentially a 

management concern, because restricted drainage can result in poor responses to in situ 

remediation and decrease rates of soil formation.   
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Total C and N, and NH4
+ concentrations decreased with depth in all sites. Variations in 

total N, NH4
+, and NO3

- are related to organic matter accumulation and decomposition 

because the N concentrations of unweathered fly ash and bauxite residue are both very 

low. Sewage sludge amendment may have boosted initial N stocks in the fly ash cap, but 

N derived from sewage sludge and N derived from decomposition of plant matter cannot 

be distinguished. Similarly, high concentrations of organic C in the fly ash cap may be 

derived from residual coal in the fly ash or decomposition of plant matter. Organic C 

decreased with depth and inorganic C increased with depth, likely due to dissolution of 

calcite in the uppermost residue layers.  

 

Amorphous oxide concentrations were higher in upslope sites than in downslope sites; 

this was unexpected, because leachate export should occur more rapidly in upslope areas 

and enhance weathering of poorly crystalline minerals. Textural variation between sites 

may account for trends in amorphous oxide concentrations, because minerals dissolved 

by the AAO extractant are usually very finely divided. 

 

The multilayered spolic profile created by fly ash over bauxite residue causes problems 

when classifying the Saõ Luís site under the WRB. Use of the suggested ordic prefix 

qualifier (see Section 4.3.3) would also improve the clarity of the Technosol 

classification at this site. The soil at this site would then be currently classified as ordic 

spolic Technosol (transportic, arenic, hyposkeletic, hyperhumic, andic) (alcalic, 

epicambic, sodic, endo/bathysalic, arenic). Parent materials may no longer be 

recognizable once the fly ash cap develops some structure, and pH, EC, total alkalinity, 

and sodalite and calcite concentrations decrease further in the bauxite residue. Assuming 

weathering behaviour continues along a similar trajectory to that already observed, and 

with the addition of prefix and suffix qualifiers to describe buried layers, the soil is 

likely to develop towards a silandic (melanic or fulvic) Andosol (hyperhumic, arenic) 

(Thapto-vetic Ferralsolic (bathysiltic)). Andosols are usually highly productive soils 

whereas Ferralsols can experience multiple nutrient deficiencies due to their lack of 

weatherable minerals and low ECEC; both have a tendency for strong P fixation. 
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Monitoring of the soil, and fertilization where necessary, is recommended to ensure 

adequate plant nutrition and establishment of a sustainable vegetation cover. 
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6 Evaluation of soil formation and in situ 

remediation, and determinants of vegetation success in 

an untreated residue deposit area in Linden, Guyana 
 

6.1 Introduction 

‘Cap and store’ approaches to bauxite residue management favour establishment of 

vegetation in the capping layer, rather than in the bauxite residue itself. This approach is 

desirable because it minimises risks associated with water infiltration and leachate 

leakage, and provides a more hospitable environment for vegetation growth (Mendez 

and Maier, 2008). However, minimising contact between vegetation and residue limits 

opportunities for soil formation and in situ remediation of residue, leaving a substantial 

environmental liability remaining to be dealt with upon refinery or deposit closure. Cap 

and store approaches are slowly being replaced by in situ remediation and rehabilitation 

initiatives, because environmental regulations are becoming more stringent, which could 

cause the size and extent of potential liabilities to increase.  

 

Seeding or planting seedlings directly into fresh or young (<3 years after deposition) 

residue generally fails. Plant death is usually attributed to the high pH, alkalinity, and 

salinity of residue, as well as waterlogging. Application of treatments to address these 

barriers to plant growth prior to commencing vegetation establishment is therefore 

recommended to facilitate vegetation establishment. Various organic and inorganic 

treatments have been applied to bauxite residue field sites in previous studies in order to 

render them more hospitable to plants (Courtney and Timpson, 2004; Courtney et al., 

2009; Fuller et al., 1982; Ippolito et al., 2005; Khaitan et al., 2010; Menzies et al., 2004; 

Wehr et al., 2006). After application of treatments to decrease pH, alkalinity, and 

salinity, Grafe and Klauber (2011) suggest that plants established in bauxite residue may 

further improve their environment by exudation of organic acids and CO2 from plant 

roots. No study to date has documented successful vegetation establishment within a 
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bauxite residue deposit area without prior application of amendments, or sowing seeds 

or plants.  

 

An abandoned bauxite residue storage facility in Linden, Guyana, was found to support 

vegetation in the absence of applied treatments, which challenges the idea that applied 

treatments are essential for establishment of long term plant cover. This storage facility 

was investigated to evaluate the potential for soil formation within bauxite residue in the 

absence of applied treatments and to further investigate potential plant growth thresholds 

in chemical, mineralogical, and physical properties of bauxite residue. 

 

6.1.1 Site history and climate 

Mining of the Linden area began in 1916 and produced predominantly metallurgical 

bauxite until the 1950s, when output began to shift toward refractory grade bauxite (S. 

Hinds, pers. comm.). The Linden alumina plant opened in 1961 and was operated until 

1983 by the Demerara Bauxite Company (a subsidiary of Alcan until nationalised in 

1971). The high gibbsite, low boehmite bauxite sourced from the Karakara mine was 

digested at 143-144 °C, 100 psi, and with 220 g/L soda (S. Hinds, pers. comm.). The 

bauxite residue was typically washed down to 1-2 g/L residual soda before deposition in 

storage areas adjacent to the Karakara River (S. Hinds, pers. comm.). Mud and sand 

fractions were separated before deposition, although some layering of sand and mud 

occurred as a result of experimentation with mud-sand mixtures to allow co-disposal 

through the same pipes. Deposition occurred though one main pipe separating the first 

and second storage areas. Separation of the sand and mud fractions during settling is 

visible from aerial photographs of this site (Figure 6.1) and is similar to that which has 

been observed elsewhere (e.g. Fuller et al., 1982; Wehr et al., 2006), The first storage 

area was operational from 1961 to 1978 and the second from 1978 to 1983.  
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Figure 6.1 Location of pits within bauxite residue storage areas. Table 6.1 gives details 

of sampling sites associated with each pit. The area on the left is the younger bauxite 

residue storage area (operational 1978-1983); the area on the right is the older bauxite 

residue storage area (operational 1961-1978). The Karakara River, which received 

leachate and surface runoff from these storage areas, is located approximately 500 m to 

the south east of the edge of the aerial photograph. 

 

Since 1983, when refinery operations and bauxite residue production ceased, the bauxite 

residue storage areas have been left to weather undisturbed. Bauxite residue leachate 

drains freely into the Karakara River, with high flows assumed to dilute the leachate and 

thus minimize environmental impact within the river system. Local vegetation has 

spontaneously encroached upon areas of the bauxite residue storage areas, as dense 

patches with sharp boundaries (Figure 6.2). Vegetation has the appearance of having 

advanced slowly across the surface of the bauxite residue, capturing wind blown surface 

material that has been preferentially weathered (by carbonation and leaching) and 

resulting in topsoil which is raised a few centimetres above the level of the adjacent 

barren residue; only occasionally is there an isolated tuft of grass (e.g. Figure 6.2d) that 

has established itself away from the main front of advancing vegetation. The surface of 
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the bauxite residue deposit is generally flat, with some very shallow furrows created by 

surface water runoff as visible in Figure 6.2. The Linden bauxite residue storage areas 

provide an ideal study site for investigating the potential for weathering processes alone 

to remediate bauxite residue, in the absence of applied treatments.  

 

The climate at the Linden residue storage area, and most of Guyana, is tropical rainforest 

(Af) according to the Köppen-Geiger climate classification system (Peel et al., 2007). 

Using data collated and averaged over several data sources by McSweeney et al. (2010), 

long term average rainfall (1960-2006) is 2100 mm/year, with two dry and two wet 

seasons per year. The main wet season extends from May to July, with lower rainfalls in 

the second wet season from November to January. Average monthly rainfalls range from 

125 to 300 mm. Temperature is relatively constant throughout the year, with an annual 

average daily temperature of 25 °C that fluctuates between an average of 24.7 °C in the 

main wet season and 25.5 °C over the August-October months. Potential 

evapotranspiration data for Guyana are scarce, but a study conducted in 1972 measured 

pan evaporation rates at 115-165 mm/month (Persaud, 1974), for an annual average pan 

evaporation of 1675 mm/year, leaving an excess of 425 mm/year to leach through soil 

profiles. 

 



Chapter 6 – Soil formation and in situ remediation in an untreated residue deposit 
 

195 

 
Figure 6.2 Photographs of partial establishment of vegetation on bauxite residue at 

Linden, Guyana. (a) Sharp boundary between typical cover of grasses and forbs and 

barren residue within older bauxite residue storage area (note that dark green trees 

behind grasses are part of native vegetation beyond perimeter of residue deposit); (b) 

detail of vegetation showing native guava (large leaves) and a clover like creeper (lower 

right) within a dense sward of grass; (c) profile showing brown, sandy, humus enriched 

topsoil over pink, clayey bauxite residue; (d) isolated tuft of grass that has established 

itself beyond the fringe of vegetation. 

 

6.1.2 Aims and hypotheses 

Spatial heterogeneity in vegetation cover of the residue deposit area suggests that 

chemical, mineralogical, and physical properties of residue are also spatially 

heterogeneous, and contribute to vegetation success. In other field scale revegetation 

studies, lower pH, electrical conductivity (EC), and total alkalinity, as well as higher 
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concentrations of plant available nutrients and a coarser texture have all been linked to 

improved vegetation success (Wehr et al., 2006; Woodard et al., 2008; Courtney and 

Harrington, 2010; Khaitan et al., 2010). Well vegetated areas were therefore expected to 

have lower pH, electrical conductivity (EC), and total alkalinity, and higher 

concentrations of plant available nutrients as well as a coarser texture than unvegetated 

areas. Spatial variation in these residue properties may result from abiotic or biotic 

weathering processes. Vegetation may amend the residue to favour its own survival 

through exudation of organic acids and carbon dioxide from roots, and accumulation of 

organic matter at the soil surface (Khaitan et al., 2010; Grafe and Klauber, 2011). Given 

the lack of biological activity and organic nutrients present in fresh bauxite residue, 

variation in organic matter concentrations between vegetated and unvegetated areas 

would be purely a result of vegetation activity. The older storage area was expected to 

have lower pH, EC, and total alkalinity, and higher concentrations of plant available 

nutrients, as well as greater differences in texture between vegetated and unvegetated 

sites than the younger second storage area, because of longer exposure to weathering 

and soil forming processes.  

 

The objectives of this study were to: (a) characterise bauxite residue from well vegetated 

and unvegetated areas, as well as on the ‘fringe’ of vegetation, and within the older and 

younger storage areas, to identify the major determinants of vegetation success within 

the storage areas; and (b) evaluate soil formation and in situ remediation of bauxite 

residue within the Linden residue storage areas, and identify horizons that have 

developed within the bauxite residue according to the WRB system (IUSS, 2006). 

 

6.2 Methods 

6.2.1 Sampling sites 

All sites were sampled on one day during May 2010. Three replicate pits were dug by 

hand with a shovel within each site listed in Table 6.1 until the water table was reached. 

Samples were collected from depth intervals of 0-2, 2-10, 20-30, 40-50, and 70-80 cm 
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below the surface (usually at or below the water table) where possible. Composite 

samples within each pit were generated by sampling from three walls of the pit at each 

depth. After sampling, samples were immediately placed in ziplock bags with additional 

air expelled before sealing. Samples were dried at 40 °C for three days and then crushed 

and sieved to < 2 mm to remove gravel before chemical and mineralogical analyses. 

Gravel content was < 5 % by weight at all sites and depths. 

 

Table 6.1 Details of sites sampled within the Linden bauxite residue storage areas. Pit 

numbers refer to locations marked in Figure 6.1. 
Site Storage 

area 
Date of 
last 
deposition 

Pit numbers Vegetation cover 

Old unvegetated 1 1978 1, 2, 3 None 
Old ‘fringe’ of vegetation 1 1978 4, 5, 6 Patchy to no grass cover 
Old vegetated 1 1978 7, 8, 9 Thick grass cover 
Young unvegetated 2 1983 10, 11, 12 None 
Young vegetated 2 1983 13, 14, 15 Thick grass cover 
 

6.2.2 Chemical, mineralogical, and physical analyses 

All chemical, mineralogical, and physical analyses were conducted on oven dried 

(40 °C) samples and corrections made where appropriate for moisture content at 105 °C. 

 

6.2.2.1 Chemical analyses 

The pH and EC of samples were measured in a 1:5 soil:water extract after 24 hours 

shaking and 30 minutes settling (adapted from method codes 3A1 and 4A1 of Rayment 

and Higginson, 1992 (see Section 3.3). Total alkalinity content was determined by 

heating samples in a pH 5.5 buffer at 80 °C for two hours, and then measuring pH in the 

cooled supernatant (Dobrowolski et al., 2011). Carbon and nitrogen concentration 

analyses were only performed on samples from 0-2, 2-10, 20-30, and 40-50 cm depths. 

Extractable ammonium and nitrate were determined colorimetrically in a 1:5 soil:2 M 

KCl extract (method code 7C2, Rayment and Higginson, 1992). Total C and N 

concentration of samples were determined by dry combustion (Vario Macro, Elementar 

Analysensysteme GmbH); organic C and N were determined by dry combustion after 
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treatment of a subsample with 3 M HCl for 16 hours to destroy carbonates (see Section 

3.5). Inorganic C and N were determined by difference: inorganic = total – organic.  

 

Exchangeable cations and effective cation exchange capacity (ECEC, as sum of cations) 

were determined by silver thiourea extraction (method codes 15F1 and 15F3, Rayment 

and Higginson, 1992), with a water extraction performed in parallel to correct for 

soluble salts. Amorphous and poorly crystalline Al, Fe, Si, and Ti oxide concentrations 

were determined by acid ammonium oxalate (AAO) extraction (method code 13A1, 

Rayment and Higginson, 1992) at a soil:extractant ratio of 1:400 (see Section 3.4). 

Water, CEC, and AAO extracts were all diluted 1:20 with ultrapure deionised water 

before analysis by Inductively Coupled Plasma Optical Emission Spectrometry 

(ICPOES; Optima 5300DV, PerkinElmer). 

 

Total elemental composition of all samples was determined by ICPOES analysis 

following fusion and dissolution of samples. A 0.1 g sample was fused with 0.7 g 

lithium metaborate-tetraborate (12:22) flux in a Pt crucible at 1050 °C for 45 minutes, 

then the resulting glass bead was dissolved in 7% HNO3 by shaking in a capped 

container for 4 hours. Samples were diluted 1:20 with ultrapure deionised water before 

ICPOES analysis. 

 

6.2.2.2 Mineralogical analysis 

Samples were prepared for X-ray diffractometry (XRD) by micronizing for 15 minutes 

(McCrone Micronising Mill, McCrone Microscopes and Accessories) under ethanol 

with 5% wt Si added as internal standard. After evaporating to dryness, samples were 

packed into stainless steel plates for the high throughput stage on beamline 10BM1 of 

the Australian Synchrotron. X-ray diffraction patterns were collected in transmission 

geometry, using a wavelength of 0.8240 Å and counting time of 180 seconds, with 

rocking of the sample through the omega axis during collection. Peak areas were used to 

compare mineral concentrations down pit profiles by calculation of mineral:Si standard 
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peak area ratios, using primary peaks wherever possible. Peak areas were corrected for 

beam intensity and gravimetric content of the Si standard.  

 

6.2.2.3 Physical analysis 

The < 2 mm fraction of each sample was separated into < 45, 45-200, and 200-2000 μm 

fractions by dry sieving using an automated shaker (shaking time 10 min). A Malvern 

Mastersizer was used to determine particle size distribution in the < 45 μm fraction, with 

5 min ultrasonication prior to analysis to disperse aggregates. 

 

6.2.3 Statistical procedures 

Two-way ANOVAs were performed on measured soil properties with site and depth as 

factors (Genstat Release 12.1; VSN International). If necessary, data were transformed 

with a natural logarithm or square root prior to ANOVA to ensure homogeneity of 

variances. When ANOVA returned significant differences, Tukey’s Honestly Significant 

Difference (HSD) was used as a post hoc test to separate means. A significance level of 

α=0.05 was used unless otherwise stated. Interactions between depth and site were not 

significant unless otherwise stated. 

 

6.3 Results and discussion 

6.3.1 Chemical analyses 

6.3.1.1 pH, EC, and total alkalinity 

In both storage areas, vegetated sites had significantly lower EC, pH, and total alkalinity 

than unvegetated sites (Figure 6.3). Soil in the fringe of vegetation and unvegetated sites 

has strongly to very strongly alkaline pH (Hazelton and Murphy, 2007) and probably 

meets the criterion for the descriptor alcalic (pH 1:1 in water of 8.5 or more throughout 

within 50 cm of the soil surface) within the WRB classification (IUSS, 2006), because 

pHH2O 1:5 values were greater than 8.5 and results from Section 3.3 indicated that values 
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measured in 1:1 extracts were likely to be ≤ 0.5 pH units higher than values measured in 

1:5 extracts. An alcalic horizon also appears to be present below 10 cm within the young 

vegetated site.  

 

 
Figure 6.3 pH, EC, and total alkalinity values down profiles within the Linden bauxite 

residue storage areas. Sites are denoted by the abbreviations ‘YU’ (young unvegetated), 

‘OU’ (old unvegetated), ‘OF’ (old, fringe of vegetation), ‘YV’ (young vegetated), and 

‘OV’ (old vegetated). Plotted values are the mean of three replicates; error bars indicate 

± standard error of the mean. Sites marked with the same lower case letter in the legend, 

and depths marked with the same uppercase letter, are not significantly different 

according to two-way ANOVA (depth x site) at α=0.05. Tukey’s HSD was used to 

separate means. 

 

Using the EC 1:5 to ECe (saturation extract EC) conversion proposed by Slavich and 

Petterson (1993) (Equations 6.1 and 6.2), and a texture of sandy loam (f=14) to sand 

(f=23), the EC values within the unvegetated sites fell within the extremely saline range 

(Richards 1954), indicating that salinity was inhibitory to plant growth in these sites. 

The EC values within vegetated sites fell within slightly to moderately saline ranges. 

The fringe of vegetation site had EC values within non-saline to saline ranges in the 

upper 10 cm, and the profile became highly to extremely saline with depth. The bulk soil 

material was identified as salic, with evidence of episalic hyposalic (salic horizon 

starting within 50 cm of the soil surface in which ECe is 4-30 dS m-1 at 25 °C) and 
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episalic non-salic (ECe < 4 dS m-1 at 25 °C) horizons developing from 0-10 cm depth in 

vegetated and fringe of vegetation sites. 

)EC(fEC 5:1e =  (6.1) 








θ

+=
SP
03.346.2f  (6.2) 

where θSP is water content at saturation. 

 

Within the older storage area, sites on the fringe of vegetated areas showed EC, pH, and 

total alkalinity values that were lower than those of the unvegetated residue, but higher 

than those of the vegetated residue. The EC and total alkalinity of the young vegetated 

site was between that of the fringe of vegetation and the vegetated sites in the old 

storage area, indicating that the young vegetated site just meets salinity and alkalinity 

values tolerable for plants whereas the fringe of vegetation site in the old storage area 

remains too salty and alkaline.  

 

Based on these data alone, it cannot be identified whether pH, EC, and total alkalinity 

differed between vegetated and unvegetated sites before vegetation establishment. 

Abiotic weathering processes such as dissolution and leaching may be solely responsible 

for reducing salinity and pH to plant tolerable values. However, it is also possible that 

plants establish themselves in residue with marginal chemical conditions and then 

modify the residue to more suitable conditions through root respiration of CO2, 

exudation of organic acids, and enhancement of drainage through root channels.  

 

6.3.1.2 Total, organic, and inorganic C and N, and extractable NH4
+ and 

NO3
- 

In fresh bauxite residue, organic C and N, as well as extractable ammonium and nitrate, 

are invariably at trace concentrations or below detection limits (Fortin and Karam, 1998; 

Chen et al., 2010; Courtney and Harrington, 2010). Unless ameliorants are applied, 

organic C and N can only be built up in soil through addition of organic matter from 

plant tissues. Inputs of organic matter from vegetation explain the presence of significant 
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interactions between site and depth for both total C and total N concentrations. 

Vegetated sites had significantly higher total C and total N concentrations than 

unvegetated sites and the ‘fringe’ of vegetation site (Figure 6.4). Most of the total and 

organic C and N in vegetated sites was present in the 0-2 cm layer, where organic C and 

N were both very high, and decreased with depth. This is likely due to accumulation of 

organic matter through decomposition of dead plant material, and concentration of plant 

roots in the upper layers of profiles.  

 

 
Figure 6.4 Total C and total N (% weight) and C:N ratios down profiles within the 

Linden bauxite residue storage areas. Sites are denoted by the abbreviations ‘YU’ 

(young unvegetated), ‘OU’ (old unvegetated), ‘OF’ (old, fringe of vegetation), ‘YV’ 

(young vegetated), and ‘OV’ (old vegetated). Plotted values are the mean of three 

replicates; error bars indicate ± standard error of the mean. Sites marked with the same 

lower case letter in the legend, and depths marked with the same uppercase letter, are not 

significantly different according to two-way ANOVA (depth x site) at α=0.05. Tukey’s 

HSD was used to separate means. 

 

Organic C concentrations were rated as extremely low, and total N concentrations as 

very low in relation to ranges found in typical soils (Hazelton and Murphy, 2007) 

throughout profiles in unvegetated and fringe of vegetation sites. Higher C:N ratios were 

observed in the vegetated sites compared to unvegetated sites, and the ‘fringe’ of 
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vegetation site lay in the middle of these. The organic C:total N ratio (Figure 6.5) 

indicates no significant differences between vegetation categories or with depth.  

 

 
Figure 6.5 Inorganic C and N (as % weight of total C and total N) and organic C:total N 

ratios down profiles within the Linden bauxite residue storage areas. Sites are denoted 

by the abbreviations ‘YU’ (young unvegetated), ‘OU’ (old unvegetated), ‘OF’ (old, 

fringe of vegetation), ‘YV’ (young vegetated), and ‘OV’ (old vegetated). Plotted values 

are the mean of three replicates; error bars indicate ± standard error of the mean. Sites 

marked with the same lower case letter in the legend, and depths marked with the same 

uppercase letter, are not significantly different according to two-way ANOVA (depth x 

site) at α=0.05. Tukey’s HSD was used to separate means. 

 

Inorganic carbon concentration (as a fraction of total carbon concentration) of vegetated 

sites was significantly lower than that of unvegetated sites (Figure 6.5), which supports 

total alkalinity results (Figure 6.3). Depletion of slowly soluble sources of alkalinity 

such as calcite or sodalite (Table 6.2) through leaching may have occurred more rapidly 

in some areas of the storage areas due to landscape position or variations in hydraulic 

conductivity; plants may have accelerated this depletion through carbonation of the 

rhizosphere and exudation of organic acids. There were no significant differences 

between sites or depths in inorganic N concentration as determined by acid washing 

treatment; this is likely due to inorganic N concentrations being near or below detection 

limits by this method. 
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Similarly to total C and total N, there was a significant interaction between site and 

depth for extractable ammonium. Extractable ammonium was significantly higher in 

vegetated sites than unvegetated sites, and in the 0-2 cm depths than the 2-10 or 40-

50 cm depths (Figure 6.6). Within the older storage area, the fringe of vegetation site 

was lower in extractable ammonium than the vegetated site. Decomposition of organic 

matter from vegetation would act as a primary N input and is an important mechanism of 

N accumulation in the Linden storage area. Legumes such as the clover illustrated in 

Figure 6.2 are also likely to contribute to N accumulation. Future work should consider 

investigating the rate at which N fixing bacteria (especially asymbiotic species) colonise 

residue sites. There were no significant differences between sites or depths in extractable 

nitrate concentration. The abundance of ammonium relative to nitrate may indicate poor 

aeration in the bauxite residue, due to its fine texture, or inhibition of nitrification due to 

high salinity (McClung and Frankenberger, 1985). 

 

 
Figure 6.6 Extractable ammonium and nitrate concentrations down profiles within the 

Linden bauxite residue storage areas. Sites are denoted by the abbreviations ‘YU’ 

(young unvegetated), ‘OU’ (old unvegetated), ‘OF’ (old, fringe of vegetation), ‘YV’ 

(young vegetated), and ‘OV’ (old vegetated). Plotted values are the mean of three 

replicates; error bars indicate ± standard error of the mean. Sites marked with the same 

lower case letter in the legend, and depths marked with the same uppercase letter, are not 

significantly different according to two-way ANOVA (depth x site) at α=0.05. Tukey’s 

HSD was used to separate means. 
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6.3.1.3 Total elemental composition 

Major elements present in residue were Si (20-60 % SiO2), Fe (10-40% Fe2O3), Al (10-

30% Al2O3), and Ti (5-10% TiO2), with smaller contributions from Na (0-5% Na2O) and 

Ca (0-2% CaO) (Figure 6.7). The Linden bauxite residue has a relatively low iron 

concentration in comparison to residue from other refineries (Snars and Gilkes, 2009; 

Grafe et al., 2011), due to the low iron concentration of the bauxite. Vegetated sites 

contained significantly less Na than unvegetated sites; within the older storage area, Na 

concentrations of the fringe of vegetation site were lower than those of the unvegetated 

site, but higher than those of the vegetated site (Figure 6.7). Increases in Al and Na with 

depth are likely due to dissolution of minerals such as sodalite in the surface layers 

during leaching (Figure 6.7; Figure 6.10). There was a significant interaction between 

site and depth for Ca concentration, which may be a consequence of calcite (CaCO3) 

dissolution, and some retention of Ca on exchange sites within profiles (Figure 6.7; 

Figure 6.10; Section 6.3.1.5).  
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Figure 6.7 Total element concentration (as % weight) down profiles within the Linden 

bauxite residue storage areas. Sites are denoted by the abbreviations ‘YU’ (young 

unvegetated), ‘OU’ (old unvegetated), ‘OF’ (old, fringe of vegetation), ‘YV’ (young 

vegetated), and ‘OV’ (old vegetated). Plotted values are the mean of three replicates; 

error bars indicate ± standard error of the mean. Sites marked with the same lower case 

letter in the legend, and depths marked with the same uppercase letter, are not 

significantly different according to two-way ANOVA (depth x site) at α=0.05. Tukey’s 

HSD was used to separate means. 

 

6.3.1.4 Amorphous Al, Fe, Si, Ti oxides 

Concentrations of amorphous (AAO extractable) Al, Si and Ti increased with depth 

(Figure 6.8); this may be due to translocation of fine, poorly crystalline Al-, Si-, and Ti- 

bearing minerals down profiles, or enhanced aging of poorly crystalline minerals nearer 

to the surface during weathering, which renders them non-extractable by acid 
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ammonium oxalate. Vegetated sites had less amorphous Al, Si, and Ti than unvegetated 

sites (Figure 6.8). Amorphous Al and Si concentration were strongly positively 

correlated (r=0.9945, p<0.001), with an Al:Si ratio of 1.76:1 in extracts. Allophane 

(Al:Si commonly between 1:1 and 2:1) and sodalite (Al:Si 1:1) are both removed by the 

acid ammonium oxalate extractant (Campbell and Schwertmann, 1985; see Section 3.4). 

Patterns in amorphous Al and Si are therefore likely due to a combination of allophane 

and sodalite dissolution in the extractant. There was a significant interaction between 

site and depth for amorphous Fe concentration. Amorphous Fe concentration appears to 

increase with depth in the fringe of vegetation and young unvegetated sites, and decrease 

with depth in the old vegetated and old unvegetated sites (Figure 6.8). 
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Figure 6.8 Amorphous Al, Fe, Si, and Ti concentrations (as % element by weight) down 

profiles within the Linden bauxite residue storage areas, as determined by acid 

ammonium oxalate (AAO) extraction. Sites are denoted by the abbreviations ‘YU’ 

(young unvegetated), ‘OU’ (old unvegetated), ‘OF’ (old, fringe of vegetation), ‘YV’ 

(young vegetated), and ‘OV’ (old vegetated). Plotted values are the mean of three 

replicates; error bars indicate ± standard error of the mean. Sites marked with the same 

lower case letter in the legend, and depths marked with the same uppercase letter, are not 

significantly different according to two-way ANOVA (depth x site) at α=0.05. Tukey’s 

HSD was used to separate means. 

 

6.3.1.5 Exchangeable cations and effective cation exchange capacity 

Effective cation exchange capacity (ECEC) was highest in the unvegetated sites (Figure 

6.9); this is likely due to the higher clay concentration in these sites (Figure 6.13), as 

well as high pH, which causes the iron oxide fraction of Ferralsols and bauxite residues 
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to carry a negative surface charge (Phillips and Chen, 2010). Effective cation exchange 

capacity was generally dominated by Na+; however, in vegetated sites, Ca2+ accounted 

for most of the exchangeable cations in the 0-2 and 2-10 cm depths. Calcium 

concentrations were high to very high (Hazelton and Murphy, 2007) in the 0-2 cm 

depths of vegetated sites, and low to very low elsewhere. Sodium concentrations in the 

0-10 cm depths of vegetated sites were moderate to high (Hazelton and Murphy, 2007), 

and very high elsewhere. The fringe of vegetation site in the older storage area appears 

to have lost exchangeable Na+ but not yet accumulated exchangeable Ca2+. Leaching 

from rainfall could be responsible for export of alkaline, sodic leachates, which would 

account for depletion of exchangeable Na+ in the coarser textured vegetated sites (see 

Section 6.3.3), and dissolution of calcite in the surface horizons, which would provide a 

source of Ca2+ (and to a lesser extent, Mg2+). Calcium accumulation is associated with 

organic matter accumulation in the surface horizon of the vegetated sites. This suggests 

that plants take up Ca and return it to the soil in leaf litter, which slowly decomposes and 

creates an organic matter- and Ca-rich surface layer.  
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Figure 6.9 Effective cation exchange capacity (ECEC) and exchangeable cation (Ca2+, 

Mg2+, and Na+) concentrations down profiles within the Linden bauxite residue storage 

areas. Sites are denoted by the abbreviations ‘YU’ (young unvegetated), ‘OU’ (old 

unvegetated), ‘OF’ (old, fringe of vegetation), ‘YV’ (young vegetated), and ‘OV’ (old 

vegetated). Plotted values are the mean of three replicates; error bars indicate ± standard 

error of the mean. Sites marked with the same lower case letter in the legend, and depths 

marked with the same uppercase letter, are not significantly different according to two-

way ANOVA (depth x site) at α=0.05. Tukey’s HSD was used to separate means.  

 

There was a significant interaction between site and depth for exchangeable Mg2+; Mg2+ 

concentration was moderate to low in the top 0-2 cm of vegetated sites and decreased 

with depth, whereas it was very low at all depths in unvegetated and fringe of vegetation 

sites (Figure 6.9). Exchangeable K+ was below detection limits and is therefore not 

shown in Figure 6.9. Low to very low concentrations of Mg and K in bauxite residue 

translate to Mg and K deficiencies in vegetation growing in the residue (Courtney and 
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Timpson, 2004). Although no typical symptoms of Mg or K deficiency, such as necrosis 

in leaf margins and/or tips, interveinal chlorosis, or necrotic leaf spots (Mengel et al., 

2001), were observed, vegetation is likely to benefit from application of a K- and Mg-

rich fertilizer. 

 

The soil material as a whole was sodic (having 15 percent or more exchangeable Na+ 

plus Mg2+ on the exchange complex within 50 cm of the soil surface throughout). 

However, depletion in the surface 0-2 cm of the vegetated sites indicated development 

of hyposodic horizons. Hyposodic horizons have 6-15% total exchangeable cations as 

Na+ plus Mg2+ (IUSS, 2006). Considering that exchangeable Na+ is commonly 100% of 

total exchangeable cations in fresh bauxite residue, progress towards hyposodic and then 

non-sodic horizons is desirable during pedogenesis. Exchangeable Na+ plus Mg2+ were 

less than 40% of total exchangeable cations in the surface 0-2 cm of vegetated sites. 

 

6.3.2 Mineralogical analyses 

The Linden bauxite residue is derived from low iron bauxite and therefore contains less 

goethite and hematite than is usually found in ‘red mud’. Quartz, boehmite, gibbsite, 

sodalite, and anatase are the major minerals found in the residue (Table 6.2), giving it a 

pale pink-brown colour. Traces of pyrite were found in some samples. This may indicate 

the presence of sulfate reducing bacteria that convert sulfate to sulfide under reducing 

conditions, using organic carbon as their energy source. Sulfide can then precipitate with 

Fe2+ to form pyrite. The presence of reducing conditions, as indicated by pyrite 

formation, may also account for high extractable ammonium concentrations relative to 

nitrate. 
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Table 6.2 Minerals present in bauxite residue samples from the Linden residue storage 

areas. ‘Major’, ‘minor’ and ‘trace’ refers to the averaged composition of all residue 

samples. Assessment of mineral concentration was made by visual inspection of powder 

X-ray diffraction patterns. 
Mineral Chemical formula Abundance 
Quartz SiO2 Major 
Boehmite AlOOH Major 
Gibbsite Al(OH)3 Major 
Sodalite Na8(AlSiO4)6Cl2 Major 
Anatase TiO2 Major 
Goethite FeOOH Minor 
Hematite Fe2O3 Minor 
Kaolinite Al2Si2O5(OH)4 Minor 
Calcite CaCO3 Trace 
Zircon ZrSiO4 Trace 
Rutile TiO2 Trace 
Corundum Al2O3 Trace 
Pyrite FeS2  Trace (in some 

samples) 
 

Semi-quantitative analysis of mineral concentration by comparison of peak areas of 

major minerals with that of the internal Si standard indicated that sodalite and calcite 

were depleted near the surface of old and young vegetated sites (Figure 6.10). This is 

consistent with the significantly lower total alkalinity observed in vegetated sites 

compared to unvegetated sites (see Section 6.3.1.1). Calcite formation during bauxite 

residue weathering has been observed previously in a Texan storage facility (Khaitan et 

al., 2010), as a result of tricalcium aluminate (Ca3Al2(OH)12) dissolution during 

weathering. It appears that the next stage of weathering involves calcite dissolution, and 

capture of dissolved Ca2+ on soil cation exchange sites. Observations of calcite 

dissolution in the field are supported by laboratory titration studies which indicate that 

this should occur following depletion of tricalcium aluminate and/or sodalite, at pH 4.5-

8 (Khaitan et al., 2009; Snars and Gilkes, 2009). Sodalite (also known as DSP, 

desilication product) dissolution during weathering has previously been suggested as a 

cause of sustained high pH and high Na+ concentrations in leachates (Khaitan et al., 

2009; Menzies et al., 2009; Snars and Gilkes, 2009), but not yet investigated by XRD 

analysis and found to be depleted during field weathering of bauxite residues. This study 

confirms the feasibility of both calcite and sodalite dissolution during extended 

weathering of bauxite residue in the field.  
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Figure 6.10 Ratio of sodalite and calcite primary peak areas to primary peak area of 

silicon internal standard in bauxite residue samples from the Linden bauxite residue 

storage areas. ‘Vegetated’ includes samples from old and young unvegetated sites; 

‘unvegetated’ includes samples from old and young unvegetated sites. 

 

Removal of carbonates is one criterion for a cambic horizon; the surface layers depleted 

in calcite and sodalite meet all other criteria for a cambic horizon, except development 

of soil structure. The material at these sites was still massive and apedal, with few cracks 

or aggregates. Further leaching and accumulation of organic matter are likely to 

encourage aggregation and structure development by reducing dispersivity, introducing 

organic binding agents, and physical encapsulation of soil material.  

 

Coarse (250-2000 μm) and fine (< 2 μm) fractions from the upper 0-2 cm and lower 40-

50 cm of vegetated, fringe, and unvegetated sites in the older and younger storage areas 

were examined by XRD to identify whether the accumulation of coarser material present 

at the surface in vegetated sites was likely to be a result of in situ translocation of fine 

particles away from the surface, or aeolian transport of coarse particles onto the surface 
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from surrounding land areas. If the coarser material present in surface layers of 

vegetated sites was of foreign (i.e. external to the residue deposit area) origin, a different 

mineral assemblage should be present compared with that of samples from deeper in the 

soil profiles, which are unlikely to be influenced by aeolian transport, or compared with 

that of surface layers in unvegetated sites, which appeared to contain less coarse material 

than vegetated sites. 

 

Quartz dominated the mineralogical composition of the coarser fractions (Figure 6.11), 

and gibbsite, sodalite, boehmite, zircon, anatase and rutile were associated with the finer 

fractions (Figure 6.12). Depletion of sodalite and calcite in the vegetated sites compared 

with the unvegetated sites is probably due to dissolution of these minerals during 

weathering (Figure 6.11; Figure 6.12). The presence of minerals not normally found in 

bauxite residue would suggest aeolian transport of coarse material from outside of the 

storage facility onto the storage area surfaces; however, there were no such differences 

in mineral composition of the coarse or fine fraction of surface residue between 

vegetated and unvegetated sites, or between the coarse or fine fraction of residue at the 

0-2 cm and 40-50 cm depths. 
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Figure 6.11 X-ray diffraction patterns from coarse (250-2000 μm) fractions of bauxite 

residue samples from the Linden bauxite residue storage areas. One representative pit 

was selected per site. Peaks between 5-35 °2θ are labeled with d-spacings (Å) and 

abbreviations for minerals as follows: K – kaolinite; S – sodalite; B – boehmite; Gi – 

gibbsite; Go – goethite; A – anatase; Q – quartz; R – rutile; C – calcite; H – hematite. 

Corundum and pyrite peaks were not visible in these samples. 
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Figure 6.12 X-ray diffraction patterns from fine (< 45 μm) fractions of bauxite residue 

samples from the Linden bauxite residue storage areas. One representative pit was 

selected per site. Peaks between 5-35 °2θ are labeled with d-spacings (Å) and 

abbreviations for minerals as follows: K – kaolinite; S – sodalite; B – boehmite; Gi – 

gibbsite; Go – goethite; A – anatase; Q – quartz; R – rutile; C – calcite; H – hematite. 

Corundum and pyrite peaks were not visible in these samples. 
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6.3.3 Physical analyses 

Bauxite residue texture ranged from sandy loam to sand at the Linden residue storage 

area, according to the USDA soil textural triangle (Soil Survey Division Staff, 1993). 

Significant interactions were present between site and depth for the clay (< 2 μm) and 

silt (2-21 μm) fractions. Clay and silt fractions were similar in the 0-2 and 2-10 cm 

depths in the fringe of vegetation and young vegetated sites, and increased substantially 

at the 20-30 and 40-50 cm depths; whereas clay and silt fractions increased more 

gradually with depth at other sites (Figure 6.13). The general increase in clay and silt 

fractions with depth could be due to illuviation, but could also be due to removal of 

suspended fines in both surface runoff of water and suspension by wind, coupled with 

aeolian redistribution of sand by saltation as described by Shao and Raupach (1993). 

Erosion pins could be used to measure soil movement within the residue storage areas, 

and if coupled with particle size analysis of surface soil, may help to quantify the 

relative contributions of the illuviation and saltation theories to observed clay and sand 

distributions across the site. 
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Figure 6.13 Particle size distribution down profiles within the Linden residue storage 

areas. Sites are denoted by the abbreviations ‘YU’ (young unvegetated), ‘OU’ (old 

unvegetated), ‘OF’ (old, fringe of vegetation), ‘YV’ (young vegetated), and ‘OV’ (old 

vegetated). Plotted values are the mean of three replicates; error bars indicate ± standard 

error of the mean. Sites marked with the same lower case letter in the legend, and depths 

marked with the same uppercase letter, are not significantly different according to two-

way ANOVA (depth x site) at α=0.05. Tukey’s HSD was used to separate means. 

 

Vegetated sites contained less clay by weight than unvegetated sites (Figure 6.13). 

Within the older storage area, the fringe of vegetation site had similar clay concentration 

to that of the vegetated site in the 0-2 and 2-10 cm fractions; lower in the profile, clay 

concentration of the fringe of vegetation site was between that of the vegetated and 

unvegetated site. The association of lower clay concentration with vegetation cover 

suggests that waterlogging impedes plant growth; or that higher clay concentrations 

impede root penetration. It is unclear whether the differences in clay concentration 
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between vegetated and unvegetated sites are a consequence of rainfall percolation 

redistributing fine particles within storage areas, or a consequence of the deposition 

method causing a texture gradient of coarse to fine particles as distance from the residue 

discharge point increases.  

 

6.3.4 Soil classification under the WRB, and future trajectory 

The World Reference Base has sufficient scope to adequately describe the properties of 

soil currently forming in the Linden storage areas. Much of the soil developing at the 

Linden storage area currently meets the criteria for a spolic Technosol (calcaric, arenic) 

according to the World Reference Base for Soil Resources (IUSS, 2006) because at 

present, its properties are still dominated by the influence of the bauxite residue as 

parent material. Several developing horizons (hyposalic, hyposodic) have been identified 

on the basis of chemical and physical characteristics determined in this study, indicating 

activity of pedogenic processes such as leaching and, possibly, clay illuviation. The high 

pH, alkalinity, and salt concentration (mostly as sodium and calcium carbonate) are 

arguably what makes bauxite residue immediately recognizable as the parent material of 

these soils. Once these have been reduced by leaching, the soil may make the transition 

from a Technosol to another Reference Soil Group. Given that the high pH, alkalinity, 

and saline-sodic nature of these soils are what identifies bauxite residue as the parent 

material, the soils cannot be classified as Solonetz or Solonchaks, despite sharing similar 

chemical properties.  

 

Across all sites in the Linden storage area, soil is likely to evolve towards a spolic 

Technosol (arenic) and technic Arenosol over time, as the calcaric material (calcite), 

and excess soluble salts are leached from soil profiles. Some areas may develop siltic to 

clayic horizons at depth as a result of illuviation. Sandy horizons may develop at the 

surface of unvegetated areas through eluviation of clay and accumulation of wind blown 

sand. Vegetation is likely to encroach upon barren areas of the site, particularly if sandy 

horizons develop at the surface, and shift from a grass dominated assemblage towards a 

mixed assemblage containing trees, shrubs, herbs, and grasses in a natural process of 
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ecological succession which has been observed at other (intentionally) revegetated 

bauxite residue areas (Courtney et al., 2009). Further organic matter accumulation may 

create a humic horizon, as well as contributing to aggregation and soil structure 

development which would create cambic horizons. Base saturation is likely to decrease 

during leaching, and the mineral assemblage will be dominated by quartz, boehmite, 

gibbsite, and anatase, with minor contributions from goethite, hematite, and kaolinite. 

Further horizon differentiation, including eluviation/illuviation and humification 

processes, will move the soil towards a Cambisol and perhaps a Lixisol over time. 

Alternatively, if ECEC continues to decrease with pH during extended leaching, if AAO 

extractable Al, Fe, Si, and Ti decrease with sodalite removal and possible aging of 

poorly crystalline minerals, and if clay migration is sufficiently slow, soil may develop 

towards a Ferralsol instead. The relative rates of weathering processes and changes in 

soil properties will influence the pedogenic trajectory of the soil. These alternative 

trajectories should be considered when formulating future management strategies for the 

site. 

 

6.4 Conclusions 

The Linden bauxite residue storage area demonstrates that abiotic and biotic soil 

forming processes can modify raw bauxite residue over relatively short (ca. 30 years) 

timescales and that plant cover can be established on such sites without applied 

treatments. In situ remediation observed at the Linden storage area was spatially 

heterogeneous, with substantial differences in chemical and physical properties present 

between vegetated and unvegetated sites.  

 

Salinity, pH, total alkalinity, exchangeable Na and clay fraction concentration must all 

meet plant tolerable thresholds before vegetation can successfully colonise the surface. 

Decreased pH, EC, total alkalinity, sodalite and calcite concentration, total Al and Na, 

and accumulation of exchangeable Ca were associated with vegetation cover; these may 

have occurred through rainfall leaching prior to vegetation establishment, or may have 

been facilitated by exudation of organic acids and carbon dioxide, as well as enhanced 
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drainage, from plant roots. Increases in clay concentration down profiles in all sites 

suggest that the texture gradient was created by illuviation, but could also be a result of 

clay and sand redistribution in surface residue layers. 

 

Vegetated sites had significantly higher total and organic C, significantly higher total N, 

and significantly higher extractable ammonium than unvegetated sites. Spontaneous 

vegetation provides an initial input of organic matter into the bauxite residue that 

stimulates microbial activity and initiates nutrient cycling and humification processes. 

The effect of vegetation on bauxite residue could be imitated by microbial inoculation of 

residue and application of organic matter in order to achieve similar effects in a more 

rapid timeframe. Microbial inoculation has already been tested in other studies as a 

potential remediation strategy for reducing alkalinity in conjunction with applied organic 

matter (Mussel et al., 1993; Hamdy and Williams, 2001; Krishna et al., 2005). 

 

Significant differences for analytes between sites were generally based on vegetation 

status (vegetated or unvegetated) rather than age (older or younger storage area). This 

indicates that the five year difference in closure date between the storage areas was 

insufficient for weathering to create significant differences as expected.  

 

Soil is currently classified as spolic Technosol (calcaric, arenic) under the WRB system 

(IUSS, 2006) and is likely to move towards spolic Technosol (arenic) and then technic 

Arenosol to technic Regosol (arenic) as weathering continues. The relative rates of 

weathering processes and changes in soil properties will influence the pedogenic 

trajectory of the soil, and presents an opportunity to influence the trajectory by 

application of treatments.  
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7 Evaluation of soil formation and in situ remediation 

in response to applied treatments in a residue deposit 

area in Corpus Christi, Texas 
 

7.1  Introduction 

The previous chapter dealt with establishment of vegetation in unamended bauxite 

residue, and examined pedogenesis in the absence of applied treatments. The Linden 

residue storage area had weathered for around 30 years, and showed signs of in situ 

remediation (lower pH, EC, total alkalinity) as well as indications of pedogenesis 

(accumulation of organic matter and plant nutrients), without use of applied treatments 

which are usually part of in situ tailings remediation strategies.  

 

In situ remediation approaches to tailings management typically address unfavourable 

properties of the tailings after deposition in storage areas by surface application of 

treatments. Ideally, such treatments have a beneficial effect that permeates downward, 

remediating the entirety of the deposit, by natural or assisted leaching (irrigation). 

Treatments are selected on the basis of their chemical, physical, and biological 

properties, as well as those of the tailings, such that the applied treatment will drive 

tailings properties toward desired targets. In situ remediation avoids substantial costs 

associated with excavation and transport of tailings which would otherwise be required 

for effective treatment.  

 

In the case of bauxite residue, in situ remediation means selecting treatments that will 

aid in lowering pH from values of > 12 to < 9, lowering EC from values of > 4 mS/cm to 

< 1 mS/cm, and that will stimulate biological activity in the initially sterile tailings. 

Previous field studies have examined the use of sewage sludge (Fuller et al., 1982; 

Wong and Ho, 1991, 1994; Courtney and Timpson, 2004; Khaitan et al., 2010), compost 

(Eastham et al., 2006; Courtney and Harrington, 2010; Khaitan et al., 2010), gypsum 
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(Courtney and Timpson, 2004; Woodard et al., 2008; Courtney and Harrington, 2010), 

topsoil (Wehr et al., 2006), seawater (Menzies et al., 2004) and combinations thereof in 

achieving the desired remediation effects.  

 

Sewage sludge has a number of effects on bauxite residue that are beneficial in terms of 

in situ remediation and soil formation, including lowering pH, EC, and ESP, increasing 

plant available N, P, K, Mg, and reducing bulk density and increasing porosity and 

hydraulic conductivity (Wong and Ho 1991, 1994; Khaitan et al., 2010). Nutrient 

concentrations in plant foliage declined after two years’ growth in bauxite residue 

amended with sewage sludge, indicating that nutrient concentrations in the amended 

residue were also likely to have declined to marginal or deficient concentrations 

(Courtney and Timpson, 2004). Eastham et al. (2006) found that a yard waste type 

compost performed poorly compared to poultry manure (similar composition to sewage 

sludge) in terms of supplying N, S, Mg, Cu, and Zn for plant growth, and produced 

lower plant biomass.  

 

Tillage can be beneficial in restoring structure to saline soils that have been leached with 

fresh water. However, repeated tillage can form a compacted plough layer below the 

tillage depth which may inhibit drainage (Richards, 1954). Efforts to establish vegetation 

on bauxite residue can be augmented by the germination of seeds present within the seed 

bank in topsoil amendments, and the presence of an active microbial community 

(Collins, 2002; Wehr et al., 2006). Dredge spoil has been used as a slowly permeable 

cap for bauxite residue deposits, although increases in pH and EC in the cap layer during 

field weathering suggested that some capillary rise of bauxite residue pore water into the 

dredge spoil layer may have occurred (Mohan et al., 1997). The dredge spoil treatment 

was also selected for its low alkalinity and pH, which amended the high alkalinity and 

pH of bauxite residue during leaching. The depth of remediation effects in response to 

applied treatments is difficult to define for studies in which amendments are mixed with 

the upper layers of residue, but is generally limited to within 20 cm below the surface of 

amended residue mud after 3-14 years weathering (Woodard et al., 2008; Khaitan et al., 

2010). 
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Many previous in situ remediation type studies are short in timespan (≤  3 years) and do 

not consider longer term pedogenic processes in detail. This is a major shortcoming 

when designing an in situ remediation strategy for closure of a residue deposit area. 

Several treatments, including some of the aforementioned, have been applied within a 

weathered bauxite residue storage facility in Corpus Christi, Texas. This site provides an 

opportunity to compare treatment effects on both in situ remediation of bauxite residue 

and soil formation over the longer term.  

 

7.1.1 Site history and climate 

The Sherwin Alumina plant in Gregory, Texas, opened in 1953 and was run by 

Reynolds Metal Company until Alcoa purchased Reynolds Metal Company in 2000. 

During 1953-1967, bauxite was sourced from Jamaica, Surinam and Arkansas, and 

residue was pumped into the Sherwin 200 storage area by pipes surrounding the 

perimeter of the storage facility. ‘Beds’ of ca. 8 ha were then separated by bunds and 

surrounded by drainage pipes to export leachates. The bauxite residue was chemically 

and physically homogeneous across the storage area after deposition (Alcoa, 2002). No 

irrigation or mechanical mixing of the residue was performed after deposition. However, 

various treatments have been applied over the last 20 years with the aim of achieving 

some degree of in situ remediation (Table 7.1). Seawater may have been used 

periodically as a dust suppressant; however, no written records of its use could be 

located. 



Chapter 7 – Soil formation and in situ remediation in response to applied treatments 
 

230 

Table 7.1 Details of treatments applied to sites within the Sherwin 200 residue storage 

area. 
Sampling 
site 
(treatment 
code) 

Amendment type and 
application method 

Treatment 
dates: (a) 
first; (b) final; 
(c) frequency 
of application 

Total 
amendment 
volume 
applied 
(t/ha) 

Vegetation 
cover 

Average 
depth to 
water table 
(cm) 

A  
(SS) 

Sewage sludge1 
pumped over surface 
with flexible piping 

(a) 2005 
(b) ongoing 
(c) Bimonthly 

8 Bermuda grass 
(Cynodon 
dactylon) 

70 

B 
(SS+CS) 

Sewage sludge1 
pumped over surface 
with flexible piping 

(a) 1992  
(b) 2005 
(c) Bimonthly 

21 Sunflowers 
(Helianthus 
annuus) 

110 

Local clay soil 
containing seed bank 
spread over surface 
with bulldozer; 
vegetation tilled 
annually to depth of 20 
cm 

(a) 2006 
(b) 2006 
(c) Single 
application of 
clay; 
vegetation 
tilled annually 

240 

C 
(SS+YW) 

Sewage sludge1 
pumped over surface 
with flexible piping 

(a) 1992  
(b) 2005 
(c) Bimonthly 

21 Various herbs 
and grasses, 
including 
Bermuda grass 

110 

 Local topsoil spread 
over surface with 
bulldozer, yard waste 
spread over surface 
with bulldozer  

(a) 2006 
(b) 2006 
(c) One-off 

800 110 

D 
(UT) 

Untreated (a) N/A 
(b) N/A 
(c) N/A 

N/A Patches of 
various herbs 
and grasses, 
including 
Bermuda grass 

100 

E 
(DS) 

Dredge spoil pumped 
over surface with 
flexible piping 

(a) 2009 
(b) 2010 
(c) Biannually 

2 Patches of 
short grasses 

50 

F 
(TS+B) 

Shale-rich topsoil 
mixed with ground, 
undigested bauxite 
and spread over 
surface with bulldozer 

(a) 2006 
(b) 2006 
(c) Single 
application 

1300 Bermuda grass 90  

1Sewage sludge was sourced from the local Portland Wastewater Treatment Plant. 

 

A study by Khaitan et al. (2010) investigated the contribution of atmospheric 

carbonation, vegetation, and sewage sludge and yard waste to in situ residue 

neutralization. They found that atmospheric carbonation lowered residue pH from 12.5 

to 9.3, and that vegetation further lowered pH to 8.5 in the root zone. Residue pH in 

sewage sludge and yard waste amended residue was around 6.7, and this pH decrease 
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was attributed to neutralization by organic acids. Ponding of alkaline leachate in 

depressions within bunded storage areas created hostile environments for vegetation, and 

vegetation was generally more successful on the well drained patches of residue. 

Unfortunately, no assessment of soil formation was made in this study, and analyses of 

the bauxite residue profiles under various treatments were unreplicated, which precluded 

statistical analysis of differences in chemical and mineralogical compositions in 

response to treatments. No attempt was made to account for the dilution or capping of 

bauxite residue by sewage sludge and yard waste when comparisons were made between 

treatments.  

 

The Sherwin 200 residue storage area is under a humid subtropical climate (Cfa) 

according to the Köppen-Geiger climate classification system (Peel et al., 2007). Long 

term average rainfall (1981-2010) is 805 mm/year with the majority falling during the 

May-October summer period (NOAA, 2011; Figure 7.1). Average annual pan 

evaporation is 1870 mm/year (based on data from 1956-19701

 

; NOAA, 1982), creating a 

deficit of approximately 1000 mm/year in the soil water balance which is likely to cause 

accumulation of salts in soil profiles. Average monthly rainfalls range from 40 mm 

(January) to 125 mm (September) (NOAA, 2011), and average monthly pan evaporation 

has a seasonal high to low cycle similar to that of rainfall, with 70 mm evaporation in 

January, and 255 mm evaporation in July (NOAA, 1982; Figure 7.1). Summers are hot 

and humid, as is characteristic of humid subtropical climates, with an average daily 

temperature of 27 °C over the wet May-October period, and winters are cool and mild, 

with an average daily temperature of 18 °C over the drier November-April period 

(NOAA, 2011).  

                                                 
1 Average pan evaporation data for the period 1981-2010 were not available. 
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Figure 7.1 Monthly average precipitation and pan evaporation for Corpus Christi. 

Precipitation data are the long term averages for 1981-2010 (NOAA, 2011); evaporation 

data are the long term averages for 1956-1970 (NOAA, 1982). 

 

7.1.2 Aims and hypotheses 

The objectives of this study were to: (a) characterize applied treatments and bauxite 

residue to compare effects of treatments on the chemical and mineralogical properties of 

residue, and improve treatment strategies for future in situ remediation projects; and (b) 

evaluate soil formation and in situ remediation of bauxite residue within the Sherwin 

200 bauxite residue storage area, and identify horizons that have developed within the 

bauxite residue according to the WRB system (IUSS, 2006). Based on the conclusions of 

short term studies with similar applied treatments as discussed in the Introduction, 

treatments containing high amounts of organic matter were expected to provide a better 

medium for plant growth and were therefore expected to be more effective at lowering 

pH and EC and fostering accumulation of plant nutrients such as NH4
+, NO3

- and 

exchangeable cations than treatments containing lower amounts of organic matter.  
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7.2 Methods 

7.2.1 Sampling sites 

Six beds (sites) were sampled over a four day period during May 2010 (Table 7.1; 

Figure 7.2). Three replicate pits were dug by an excavator within each site until the 

water table was reached. As noted by Khaitan et al. (2010), depressions were present in 

the centre of some sites. To account for variations in topography and vegetation cover 

across sites, pits were dug in transects across sites where possible. Average site water 

table levels varied between 50 cm and 110 cm. Potentiometric surface contours indicate 

that the prevailing groundwater movement is to the south, with a shallow horizontal 

hydraulic gradient of 0.5 m/km across the study area from Site A to D (Figure 7.2). 

Samples were taken at depths below the soil surface of 0-2 cm, 2-10 cm, 20-30 cm, 40-

50 cm, and every second 10 cm thereafter until the water table was reached. Composite 

samples within each pit were generated by sampling from three walls of the pit at each 

depth. After sampling, samples were immediately placed in ziplock bags with additional 

air expelled before sealing. Samples were dried at 40 °C for three days and then crushed 

and sieved to < 2 mm to remove gravel before chemical and mineralogical analyses. 

 



Chapter 7 – Soil formation and in situ remediation in response to applied treatments 
 

234 

 
Figure 7.2 Location of sampling pits (red squares) within each site (demarcated by 

black polygons). Site A was treated with sewage sludge (SS), Site B was treated with 

sewage sludge, clay soil and tillage (SS+CS), Site C was treated with sewage sludge, 

yard waste and topsoil (SS+YW), Site D was not treated (UT), Site E was treated with 

dredge spoil (DS), and Site F was treated with shale rich topsoil and ground bauxite 

(TS+B) (Table 7.1). Blue lines indicate potentiometric surface contours, marked with the 

height (ft) to which water would rise in a tightly cased well, at 1 ft intervals (Pastor, 

Behling and Wheeler, 2005). 

 

7.2.2 Chemical, mineralogical, and physical analyses 

All chemical, mineralogical, and physical analyses were conducted on oven dried 

(40 °C) samples and corrections made where appropriate for moisture content at 105 °C. 
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7.2.2.1 Chemical analyses 

The pH and EC of samples were measured in a 1:5 soil:water extract after 24 hours 

shaking and 30 minutes settling (adapted from method codes 3A1 and 4A1 of Rayment 

and Higginson, 1992 (see Section 3.3)). Total alkalinity content was determined by 

heating samples in a pH 5.5 buffer at 80 °C for two hours, and then measuring pH in the 

cooled supernatant (Dobrowolski et al., 2011). Carbon and nitrogen concentration 

analyses were only performed on samples from 0-2, 2-10, 20-30, and 40-50 cm depths. 

Extractable ammonium and nitrate were determined colorimetrically in a 1:5 soil:2 M 

KCl extract (method code 7C2, Rayment and Higginson, 1992). Total C and N 

concentration of samples were determined by dry combustion (Vario Macro, Elementar 

Analysensysteme GmbH); organic C and N were determined by dry combustion after 

treatment of a subsample with 3 M HCl for 16 hours to destroy carbonates (see Section 

3.5). Inorganic C and N were determined by difference: inorganic = total – organic.  

 

Exchangeable cations and effective cation exchange capacity (ECEC, as sum of cations) 

were determined by silver thiourea extraction (method codes 15F1 and 15F3, Rayment 

and Higginson, 1992), with a water extraction performed in parallel to correct for 

soluble salts. Amorphous and poorly crystalline Al, Fe, Si, and Ti oxide concentrations 

were determined by acid ammonium oxalate (AAO) extraction (method code 13A1, 

Rayment and Higginson, 1992) at a soil:extractant ratio of 1:400 (see Section 3.4). 

Water, CEC, and AAO extracts were all diluted 1:20 with ultrapure deionised water 

before analysis by Inductively Coupled Plasma Optical Emission Spectrometry 

(ICPOES; Optima 5300DV, PerkinElmer). 

 

Total elemental composition of all samples was determined by ICPOES analysis of 

dissolved samples. A 0.1 g sample was fused with 0.7 g lithium metaborate-tetraborate 

(12:22) flux in a Pt crucible at 1050 °C for 45 minutes, then the resulting glass bead was 

dissolved in 7% HNO3 by shaking in a capped container for 4 hours. Samples were 

diluted 1:20 with ultrapure deionised water before ICPOES analysis (Optima 5300DV, 

PerkinElmer).  



Chapter 7 – Soil formation and in situ remediation in response to applied treatments 
 

236 

7.2.2.2 Mineralogical analysis 

Samples were prepared for XRD by micronizing for 15 minutes (McCrone Micronising 

Mill, McCrone Microscopes and Accessories) under ethanol with 5% wt Si added as 

internal standard. After evaporating to dryness, samples were packed into stainless steel 

plates for the high throughput stage on beamline 10BM1 of the Australian Synchrotron. 

X-ray diffraction patterns were collected in transmission geometry, using a wavelength 

of 0.8240 Å and counting time of 180 seconds, with rocking of the sample through 4° on 

the omega axis during collection. The crystalline mineral and X-ray amorphous 

concentrations of residue samples were determined by Rietveld refinement of XRD 

patterns using TOPAS-Academic (v 4.1, Coelho, 2007). Patterns from corundum 

standards (NIST SRM 670a) in each high throughput plate were used to model 

instrument contributions to observed peak shapes, and to correct for sample 

displacement errors. Observed intensities were corrected to account for collection in 

transmission geometry with a flat plate sample and curved detector array using a macro 

based on Equation A5.2.17 in Egami and Billinge (2003). This correction formula is 

provided in TOPAS macro format at the end of this chapter (Appendix 1).  

 

Cemented gravel size residue mud aggregates were found in several profiles within the 

residue storage area. These were broken into small (≤ 1 cm diameter) fragments, dried at 

110 °C for 48 hours, and sputter coated with Pt for scanning electron microscopy (SEM) 

and energy dispersive X-ray spectrometry (EDS) analysis to determine the chemical 

composition of cements. Subsamples of two gravels were also prepared for XRD as 

described above.  

 

7.2.2.3 Physical analysis 

Particle size analysis was performed on one full pit profile within each sampling site to 

confirm that particle size distribution was uniform between sites, as previously stated in 

Alcoa (2002). The < 2 mm fraction of each sample was separated into < 45, 45-200, and 

200-2000 μm fractions by dry sieving using an automated shaker (shaking time 10 min). 
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A Malvern Mastersizer was used to determine particle size distribution in the < 45 μm 

fraction, with 5 min ultrasonication prior to analysis to disperse aggregates. 

 

7.2.2.4 Data analysis 

Data treatment 

The sampling strategy described in Section 7.2.1 is best suited for characterization and 

comparison of whole profiles. Comparisons of the depth of residue remediation between 

treatments2

 

 required calculation of the ‘depth below treatment’ for each residue sample. 

In order to compare properties of residue beneath the treatments to those of the untreated 

site, the analyte results from 0-2 and 2-10 cm samples from untreated (i.e. no treatment) 

pits were combined as a composite 0-10 cm ‘depth below treatment’ sample within pits 

by weighted average (i.e. value of 0-10 cm depth below treatment sample = 0.2*[0-2 cm 

depth below surface sample] + 0.8*[2-10 cm depth below surface sample]). Because of 

variations in treatment depth between pits, some residue data was discarded and this 

then allowed comparison of two common depths between treatments: 0-10 cm and 20-30 

cm below treatment-residue interface. Samples from the water table (average depth 

across all pits of 55 cm below treatment) were included in the comparison of residue 

remediation data because these were the deepest samples able to be collected and were 

therefore of interest when investigating depth of remediation. Water table depth is also 

likely to limit the extent of plant roots, and is likely to represent a boundary between 

oxic and anoxic biological and geochemical processes.  

Statistical procedures 

Two-way ANOVAs were performed on measured soil properties with treatment and 

depth as factors. If necessary, data were transformed with a natural logarithm or square 

root prior to ANOVA to ensure homogeneity of variances. When ANOVA returned 

significant differences, Tukey’s Honestly Significant Difference (HSD) was used as a 

post hoc test to separate means. A significance level of α=0.05 was used unless 
                                                 
2 Note that ‘treatment’ in the context of this chapter refers to amendments applied as detailed in Table 7.1, 

rather than in the strict statistical sense. 
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otherwise stated. Interactions between depth and treatment were not significant unless 

otherwise stated. 

7.3 Results and discussion 

7.3.1 Chemical analyses 

7.3.1.1 pH, EC, and total alkalinity 

Profiles within treatments containing sewage sludge (SS: sewage sludge, SS+CS: 

sewage sludge and clay soil, SS+YW: sewage sludge and yard waste) had lower pH than 

the untreated (UT), dredge spoil (DS), and shale rich soil+bauxite (TS+B) treatments 

(Figure 7.3). This supports previous pH measurements at the same site which found that 

sewage sludge and yard waste amended treatments had lower pH to depth than 

unamended sites (Khaitan et al., 2010). Within the bauxite residue, pH of the sewage 

sludge treatments was also lower than that of the other treatments (Figure 7.4). Observed 

pH within sewage sludge treatments were within the neutral to moderately alkaline 

ranges, with an alcalic horizon below 40 cm depth, whereas pH values within the 

control and organic poor treatments were in the strongly to very strongly alkaline ranges 

and therefore alcalic throughout (Hazelton and Murphy, 2007). The pH of bauxite 

residues increased between 0-10 and 20-30 cm below the residue-treatment interface 

(Fiugre 7.4). Low pH values observed in sewage sludge treatments in other studies have 

been attributed to neutralization of bauxite residue alkalinity by organic acids in sludge 

(Khaitan et al., 2010). 
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Fiugre 7.3 pH and EC of applied treatments and bauxite residue from six field sites 

within the Sherwin 200 storage area. Treatments are denoted by the abbreviations ‘UT’ 

(untreated), ‘DS’ (dredge spoil), ‘TS+B’ (shale rich topsoil and ground bauxite), ‘SS’ 

(sewage sludge), ‘SS+CS’ (sewage sludge and clay soil and tillage), and ‘SS+YW’ 

(sewage sludge and yard waste and topsoil). Plotted values are the mean of three 

replicate pits; error bars indicate ± standard error of the mean. Treatments marked with 

the same lower case letter in the legend, and depths marked with the same uppercase 

letter, are not significantly different according to two-way ANOVA (depth x treatment) 

at α=0.05. Tukey’s HSD was used to separate means. 
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Figure 7.4 pH, EC, and total alkalinity of bauxite residue from six field sites within the 

Sherwin 200 storage area. Treatments are denoted by the abbreviations ‘UT’ (untreated), 

‘DS’ (dredge spoil), ‘TS+B’ (shale rich topsoil and ground bauxite), ‘SS’ (sewage 

sludge), ‘SS+CS’ (sewage sludge and clay soil and tillage), and ‘SS+YW’ (sewage 

sludge and yard waste and topsoil). Plotted values are the mean of three replicate pits; 

error bars indicate ± standard error of the mean. Note that the values plotted at 55 cm 

depth are from the samples at water table level, which had an average depth across sites 

of 55 cm but varied in depth between individual sites. Treatments marked with the same 

lower case letter in the legend, and depths marked with the same uppercase letter, are not 

significantly different according to two-way ANOVA (depth x treatment) at α=0.05. 

Tukey’s HSD was used to separate means.  

 

Using the EC 1:5 to ECe (saturation extract EC) conversion proposed by Slavich and 

Petterson (1993) (Equations 7.1 and 7.2), and a texture of loamy sand (f=23) for bauxite 

residue, observed ECs in all samples were within slightly saline to extremely saline 

ranges (Richards, 1954). Treatment SS+CS had lower EC than the UT or DS treatments, 

probably due to enhanced drainage facilitated by tillage in the SS+CS treatment which 

assists export of saline leachate. Treatments containing sewage sludge did not contain 

salic horizons; EC and pH were sufficiently low in the bulk soil. The upper 0-2 cm of 

the UT, DS, and TS+B treatments were hyposalic; the residue beneath 2 cm was salic. 

Bauxite residue EC increased between 20-30 and 50-60 cm below treatment interface 

(Figure 7.4). 
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where θSP is water content at saturation. 

 

Significant interactions between treatment and depth were observed for total alkalinity. 

Total alkalinity increased with depth below treatment in all but the sewage sludge only 

(SS) treatment, in which total alkalinity was highest at 25 cm below treatment interface. 

Total alkalinity of the dredge spoil treated residue (DS) was lower than that of 

treatments UT, TS+B, and SS+CS, despite the high pH and EC observed in the DS 

treatment. This could be due to entrained seawater in the dredge spoil neutralizing the 

bauxite residue pore water by precipitation of hydrotalcite-like minerals, which remove 

salt from solution and dissolve at lower pH than was observed in the site samples 

(Figure 7.4).  

 

7.3.1.2 Total, organic, and inorganic C and N 

Total C and N were highest in the 0-2 cm depths, and decreased with depth (Figure 7.5). 

In the 0-2 cm depth of profiles, total N ranged from very high in the SS and SS+CS 

treatments to medium in the UT and TS+B treatments; total N was very low at 70-80 cm 

depth in all treatments (Hazelton and Murphy, 2007). Total C was higher in SS and 

SS+CS treatments than DS or TS+B, and total N was higher in treatments containing 

sewage sludge than in other treatments (Figure 7.5). There was an interaction between 

the effect of treatment and depth on total C and N in bauxite residue; treatments 

containing sewage sludge were effective in increasing C and N concentrations in the 

upper layer of residue, whereas total C and N was constant with depth in other 

treatments (Figure 7.6).  
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Figure 7.5 Total carbon and nitrogen concentrations, and carbon:nitrogen ratios of 

applied treatments and bauxite residue from six field sites within the Sherwin 200 

storage area. Treatments are denoted by the abbreviations ‘UT’ (untreated), ‘DS’ 

(dredge spoil), ‘TS+B’ (shale rich topsoil and ground bauxite), ‘SS’ (sewage sludge), 

‘SS+CS’ (sewage sludge and clay soil and tillage), and ‘SS+YW’ (sewage sludge and 

yard waste and topsoil). Plotted values are the mean of three replicate pits; error bars 

indicate ± standard error of the mean. Treatments marked with the same lower case letter 

in the legend, and depths marked with the same uppercase letter, are not significantly 

different according to two-way ANOVA (depth x treatment) at α=0.05. Tukey’s HSD 

was used to separate means. 
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Figure 7.6 Total carbon and nitrogen concentrations, and carbon:nitrogen ratios of 

bauxite residue from six field sites within the Sherwin 200 storage area. Treatments are 

denoted by the abbreviations ‘UT’ (untreated), ‘DS’ (dredge spoil), ‘TS+B’ (shale-rich 

topsoil and ground bauxite), ‘SS’ (sewage sludge), ‘SS+CS’ (sewage sludge and clay 

soil and tillage), and ‘SS+YW’ (sewage sludge and yard waste and topsoil). Plotted 

values are the mean of three replicate pits; error bars indicate ± standard error of the 

mean. Note that the values plotted at 55 cm depth are from the samples at water table 

level, which had an average depth across sites of 55 cm but varied in depth between 

individual sites. Treatments marked with the same lower case letter in the legend, and 

depths marked with the same uppercase letter, are not significantly different according to 

two-way ANOVA (depth x treatment) at α=0.05. Tukey’s HSD was used to separate 

means. 

 

Although the presence of ~2% total C at depth in all treatments (Figure 7.5; Figure 7.6) 

may suggest that some of the surface organic matter has been incorporated or leached to 

depth, the alkaline nature of bauxite residue means that it contains inorganic carbon as 

carbonates, which make a substantial contribution to total C concentration. Total C is 

therefore a poor measure of organic matter accumulation on remediated bauxite 

residues, and warrants separation of inorganic and organic contributions to total C.  

 

As expected, inorganic C (as a percentage of total C content) increases with depth below 

surface (Figure 7.7) and below treatment-residue interface (Figure 7.8). Inorganic carbon 
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was found to be highest at the surface of unamended, unvegetated sites in Khaitan et 

al.’s (2010) study; depletion of inorganic carbon (likely present as carbonate) at the 

surface of these sites may be a result of acidification from applied treatments and 

exudation of organic acids and CO2 from plant roots, which could dissolve carbonates 

and decrease inorganic carbon concentrations in the upper layers of residue when 

combined with leaching. In terms of criteria given by Hazelton and Murphy (2007), 

organic carbon concentrations in the profiles ranged from very high in the 0-10 cm depth 

of the SS and SS+CS treatments to low in the DS and TS+B treatments, and was 

extremely low at the 70-80 cm depth in all treatments. The organic C concentrations in 

the upper 0-2, 2-10, and 20-30 cm of sewage sludge treatments satisfies the requirement 

of at least 1 % average organic C concentration over the upper 50 cm for the humic 

suffix qualifier to the Technosol classification. The SS treatment contains higher 

concentrations of total N than UT, DS, or TS+B treatments, due to the recent 

applications of N-rich sewage sludge (Figure 7.8).  
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Figure 7.7 Inorganic carbon and nitrogen concentrations (as percentages of total carbon 

or nitrogen concentrations), and organic carbon:total nitrogen ratios of applied 

treatments and bauxite residue from six field sites within the Sherwin 200 storage area. 

Treatments are denoted by the abbreviations ‘UT’ (untreated), ‘DS’ (dredge spoil), 

‘TS+B’ (shale rich topsoil and ground bauxite), ‘SS’ (sewage sludge), ‘SS+CS’ (sewage 

sludge and clay soil and tillage), and ‘SS+YW’ (sewage sludge and yard waste and 

topsoil). Plotted values are the mean of three replicate pits; error bars indicate ± standard 

error of the mean. Treatments marked with the same lower case letter in the legend, and 

depths marked with the same uppercase letter, are not significantly different according to 

two-way ANOVA (depth x treatment) at α=0.05. Tukey’s HSD was used to separate 

means. 
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Figure 7.8 Inorganic carbon and nitrogen concentrations (as percentages of total carbon 

or nitrogen concentrations), and organic carbon:total nitrogen ratios of bauxite residue 

from six field sites within the Sherwin 200 storage area. Treatments are denoted by the 

abbreviations ‘UT’ (untreated), ‘DS’ (dredge spoil), ‘TS+B’ (shale rich topsoil and 

ground bauxite), ‘SS’ (sewage sludge), ‘SS+CS’ (sewage sludge and clay soil and 

tillage), and ‘SS+YW’ (sewage sludge and yard waste and topsoil). Plotted values are 

the mean of three replicate pits; error bars indicate ± standard error of the mean. Note 

that the values plotted at 55 cm depth are from the samples at water table level, which 

had an average depth across sites of 55 cm but varied in depth between individual sites. 

Treatments marked with the same lower case letter in the legend, and depths marked 

with the same uppercase letter, are not significantly different according to two-way 

ANOVA (depth x treatment) at α=0.05. Tukey’s HSD was used to separate means. 

 

7.3.1.3 Extractable ammonium and nitrate 

The high pH of raw bauxite residue can cause loss of applied ammoniacal fertilizers 

through volatilisation as NH3(g). Therefore, the impact of applied treatments on 

extractable NH4
+, and NO3

- which can be generated from NH4
+ through nitrification, is 

of interest when comparing efficacy of applied treatments in remediating bauxite 

residue. Similarly to total C and N, extractable ammonium was high in the 0-2 cm depth 

of profiles, and decreased with depth (Figure 7.9). Extractable nitrate also showed a 

similar trend, except within SS treatment where there was an accumulation of 

extractable nitrate in the 2-10 and 20-30 cm layers. Within the full profiles, treatments 
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containing sewage sludge all had higher amounts of extractable ammonium than the 

untreated site. The SS treatment had a higher amount of extractable nitrate than all other 

treatments, probably due to the more recent application of N-rich sewage sludge in this 

treatment.  

 

 
Figure 7.9 Extractable ammonium and nitrate concentration of applied treatments and 

bauxite residue from six field sites within the Sherwin 200 storage area. Treatments are 

denoted by the abbreviations ‘UT’ (untreated), ‘DS’ (dredge spoil), ‘TS+B’ (shale rich 

topsoil and ground bauxite), ‘SS’ (sewage sludge), ‘SS+CS’ (sewage sludge and clay 

soil and tillage), and ‘SS+YW’ (sewage sludge and yard waste and topsoil). Plotted 

values are the mean of three replicate pits; error bars indicate ± standard error of the 

mean. Treatments marked with the same lower case letter in the legend, and depths 

marked with the same uppercase letter, are not significantly different according to two-

way ANOVA (depth x treatment) at α=0.05. Tukey’s HSD was used to separate means. 

 

Within the bauxite residue component of profiles, SS+CS treatment contained higher 

extractable ammonium than UT, DS, or TS+B treatments; SS had higher extractable 

nitrate than all other treatments (Figure 7.10). Compared with other sewage sludge 

treatments, the tillage involved in SS+CS would aid in incorporating organic matter into 

the profile, and the sunflower roots which were present through the entire profile down 

to the water table in this treatment would act as a source of organic matter which could 

stimulate microbial mineralization of N. Elevated nitrate concentrations in SS treated 
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bauxite residue are probably a consequence of the recent applications of sewage sludge 

compared with SS+CS and SS+YW. Nitrate may be relatively depleted in the SS+CS 

and SS+YW treatments because of leaching losses, or because nitrate from sewage 

sludge is consumed more rapidly by plants and soil fauna than ammonium. In either 

case, a lack of nitrifying bacteria to convert residual ammonium to nitrate would also 

account for high ammonium relative to nitrate. 

 

 
Figure 7.10 Extractable ammonium and nitrate concentration of bauxite residue from 

six field sites within the Sherwin 200 storage area. Treatments are denoted by the 

abbreviations ‘UT’ (untreated), ‘DS’ (dredge spoil), ‘TS+B’ (shale rich topsoil and 

ground bauxite), ‘SS’ (sewage sludge), ‘SS+CS’ (sewage sludge and clay soil and 

tillage), and ‘SS+YW’ (sewage sludge and yard waste and topsoil). Plotted values are 

the mean of three replicate pits; error bars indicate ± standard error of the mean. Note 

that the values plotted at 55 cm depth are from the samples at water table level, which 

had an average depth across sites of 55 cm but varied in depth between individual sites. 

Treatments marked with the same lower case letter in the legend, and depths marked 

with the same uppercase letter, are not significantly different according to two-way 

ANOVA (depth x treatment) at α=0.05. Tukey’s HSD was used to separate means. 

 



Chapter 7 – Soil formation and in situ remediation in response to applied treatments 
 

249 

7.3.1.4 Total elemental composition 

The residue within the Sherwin storage areas had a similar elemental composition to that 

of most bauxite residues (Snars and Gilkes, 2009; Grafe et al., 2011), with the major 

elements present being Al (5-30% Al2O3), Fe (5-40% Fe2O3), and Si (15-80% SiO2), and 

minor contributions from Ca (2-12% CaO), K (0-1% K2O), Mg (0-1 % MgO), Na (0-4% 

Na2O), and Ti (0.5-6% TiO2) (Figure 7.12). Depletion of Ca in all but the untreated site 

is likely due to reaction of calcite with applied treatments and export of dissolved Ca in 

leachates (Figure 7.11; see also Section 7.3.1.6 and Section 7.3.2.1). Accumulation of Fe 

and Ti at depth (Figure 7.12) is probably due to translocation of nanoparticulate 

hematite, anatase, and ilmenite by downwards movement of leachates; this is supported 

by quantitative XRD results (Figure 7.16). This would also explain the relative 

enrichment of Si, which is present as coarser grained quartz (Figure 7.16), in the near 

surface layers (Figure 7.12).  
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Figure 7.11 Total element concentrations of applied treatments and bauxite residue from 

six field sites within the Sherwin 200 storage area. Treatments are denoted by the 

abbreviations ‘UT’ (untreated), ‘DS’ (dredge spoil), ‘TS+B’ (shale rich topsoil and 

ground bauxite), ‘SS’ (sewage sludge), ‘SS+CS’ (sewage sludge and clay soil and 

tillage), and ‘SS+YW’ (sewage sludge and yard waste and topsoil). Plotted values are 

the mean of three replicate pits; error bars indicate ± standard error of the mean. 

Treatments marked with the same lower case letter in the legend, and depths marked 

with the same uppercase letter, are not significantly different according to two-way 

ANOVA (depth x treatment) at α=0.05. Tukey’s HSD was used to separate means. 
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Figure 7.12 Total element concentrations of bauxite residue from six field sites within 

the Sherwin 200 storage area. Treatments are denoted by the abbreviations ‘UT’ 

(untreated), ‘DS’ (dredge spoil), ‘TS+B’ (shale rich topsoil and ground bauxite), ‘SS’ 

(sewage sludge), ‘SS+CS’ (sewage sludge and clay soil and tillage), and ‘SS+YW’ 

(sewage sludge and yard waste and topsoil). Plotted values are the mean of three 

replicate pits; error bars indicate ± standard error of the mean. Note that the values 

plotted at 55 cm depth are from the samples at water table level, which had an average 

depth across sites of 55 cm but varied in depth between individual sites. Treatments 

marked with the same lower case letter in the legend, and depths marked with the same 
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uppercase letter, are not significantly different according to two-way ANOVA (depth x 

treatment) at α=0.05. Tukey’s HSD was used to separate means. 

 

There were significant interactions between the effect of depth and treatment on Fe, K, 

Mg, Si, and Ti concentrations within both full profiles and bauxite residues. High K, 

Mg, and Si concentrations in the 0-2, 2-10, and 20-30 cm depths in SS+CS, SS+YW, 

and TS+B treatments are likely sourced from large applications of these treatments, all 

of which would be rich in these elements. The dredge spoil treated site had very low Fe 

and Ti concentrations and high Al and Si concentration throughout the profile compared 

with other treatments, and concentrations of these elements varied little with depth in 

this treatment. This suggests either export of nanoparticulate Fe and Ti oxides from the 

dredge spoil profiles, or a different initial residue composition in this treatment. 

 

7.3.1.5 Amorphous Al, Fe, Si, and Ti oxides 

There were significant interactions present between treatment and depth for AAO 

extractable Al, Si, and Ti; concentrations of these elements generally increased with 

depth below treatment-residue interface, but not in the DS treatment (Figure 7.13). This 

provides additional evidence for a possible difference in initial composition of residue, 

or greater effects of leaching, within the DS site (see also Section 7.3.1.4). The 

concentration of amorphous oxides increased with depth of residue below the treatment-

residue interface in most other treatments (Figure 7.13); this is likely due to 

translocation of finely divided or poorly crystalline material down the profiles by 

percolating rainwater. Alternatively, the poorly crystalline material closer to the surface 

may have become more crystalline through drying and further precipitation of minerals 

from pore water, limiting its reactivity with acid ammonium oxalate.  
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Figure 7.13 Amorphous oxide concentration of bauxite residue from six field sites 

within the Sherwin 200 storage area, as determined by acid ammonium oxalate (AAO) 

extraction. Treatments are denoted by the abbreviations ‘UT’ (untreated), ‘DS’ (dredge 

spoil), ‘TS+B’ (shale rich topsoil and ground bauxite), ‘SS’ (sewage sludge), ‘SS+CS’ 

(sewage sludge and clay soil and tillage), and ‘SS+YW’ (sewage sludge and yard waste 

and topsoil). Plotted values are the mean of three replicate pits; error bars indicate ± 

standard error of the mean. Note that the values plotted at 55 cm depth are from the 

samples at water table level, which had an average depth across sites of 55 cm but varied 

in depth between individual sites. Treatments marked with the same lower case letter in 

the legend, and depths marked with the same uppercase letter, are not significantly 

different according to two-way ANOVA (depth x treatment) at α=0.05. Tukey’s HSD 

was used to separate means. 

 

Extractable Al and Si were strongly positively correlated (r2=0.99) and the ratio of Al:Si 

extracted was 1.74:1, suggesting removal of Al-rich allophane, sodalite, or a mixture of 
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both (see Section 3.4). Trends in AAO extractable Al and Si closely mirrored trends in 

sodalite concentrations (Figure 7.16), which suggests that the majority of AAO 

extractable Al and Si was from dissolution of crystalline sodalite rather than poorly 

crystalline Al and Si oxides. Increases in AAO extractable Fe and Ti with depth may be 

a result of increases in total Fe and Ti concentrations with depth (Figure 7.12); that is, 

the relative crystallinity of the Fe and Ti oxides may not change with depth, despite the 

increase in absolute concentrations of Fe and Ti oxides with depth. A dithionite-citrate-

bicarbonate extraction (to remove ‘free’ or crystalline iron oxides; Mehra and Jackson, 

1960) performed in parallel to acid ammonium oxalate extraction would help in 

evaluating this explanation, although quantitative mineral analysis indicates that goethite 

and hematite concentrations do increase with depth (Figure 7.16) and therefore provides 

some support for this explanation.  

 

7.3.1.6 Exchangeable cations and effective cation exchange capacity 

Negatively charged iron oxide surfaces can account for a large fraction of available 

cation exchange sites in bauxite residues, particularly under high pH conditions (Phillips 

and Chen, 2010). Effective cation exchange capacity within the Sherwin 200 residue 

storage area was weakly positively correlated with organic C concentration (r=0.521, 

p<0.001) and total N concentration (r=0.5403, p<0.001), but no relationship existed 

between pH and ECEC; this indicates that added organic matter contributes to the 

number of exchange sites available. Furthermore, effective cation exchange capacity 

(ECEC) ranged from low to moderate (Hazelton and Murphy, 2007), except in the 0-30 

cm depths of the SS+YW treatment and the 0-2 cm depth of the SS treatment (both very 

high). Addition of sewage sludge is likely to improve cation exchange capacity by 

introducing exchange sites present on organic matter.  

 

There was a significant interaction between depth and treatment for ECEC; ECEC was 

highest at the surface and decreased with depth in all but the untreated site (Figure 7.14). 

Calcium comprised the majority of exchangeable cations in both applied treatment 

layers and residue. There was an interaction between treatment and depth for 
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exchangeable Ca2+ which contributed to the interaction observed in ECEC. Despite a 

high CaO concentration in UT (see Section 7.3.1.4), exchangeable Ca2+ remained low in 

this treatment, indicating that little dissolution of Ca-bearing minerals and exchange of 

Ca2+ for Na+ has occurred in this site. Across all treatments, exchangeable Na+ was 

much lower than commonly seen in unweathered residue (Figure 7.14; Figure 7.15), in 

which exchangeable sodium as a percentage of ECEC is > 60 (Meecham and Bell, 1977; 

Wong and Ho, 1993; Courtney and Timpson, 2005; Ippolito et al., 2005). Replacement 

of Na+ with Ca2+ on exchange sites in residue was greatest in the upper residue layer; 

this effect decreased with depth (Figure 7.15). Replacement of Na+ with Ca2+ on 

exchange sites is an important step in residue rehabilitation, because the excessive 

sodicity of residue is a major barrier to plant growth on residue deposits (Grafe and 

Klauber, 2011). Export of sodic leachates followed by calcite dissolution may explain 

the observation of higher exchangeable Ca2+ than Na+ even at 75 cm depth below 

surface.  
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Figure 7.14 Exchangeable cations and effective cation exchange capacity (ECEC) of 

applied treatments and bauxite residue from six field sites within the Sherwin 200 

storage area, as determined by silver thiourea extraction. Treatments are denoted by the 

abbreviations ‘UT’ (untreated), ‘DS’ (dredge spoil), ‘TS+B’ (shale rich topsoil and 

ground bauxite), ‘SS’ (sewage sludge), ‘SS+CS’ (sewage sludge and clay soil and 

tillage), and ‘SS+YW’ (sewage sludge and yard waste and topsoil). Plotted values are 

the mean of three replicate pits; error bars indicate ± standard error of the mean. 

Treatments marked with the same lower case letter in the legend, and depths marked 

with the same uppercase letter, are not significantly different according to two-way 

ANOVA (depth x treatment) at α=0.05. Tukey’s HSD was used to separate means. 
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Figure 7.15 Exchangeable cations and effective cation exchange capacity (ECEC) of 

bauxite residue from six field sites within the Sherwin 200 storage area, as determined 

by silver thiourea extraction. Treatments are denoted by the abbreviations ‘UT’ 

(untreated), ‘DS’ (dredge spoil), ‘TS+B’ (shale rich topsoil and ground bauxite), ‘SS’ 

(sewage sludge), ‘SS+CS’ (sewage sludge and clay soil and tillage), and ‘SS+YW’ 

(sewage sludge and yard waste and topsoil). Plotted values are the mean of three 

replicate pits; error bars indicate ± standard error of the mean. Note that the values 

plotted at 55 cm depth are from the samples at water table level, which had an average 

depth across sites of 55 cm but varied in depth between individual sites. Treatments 

marked with the same lower case letter in the legend, and depths marked with the same 

uppercase letter, are not significantly different according to two-way ANOVA (depth x 

treatment) at α=0.05. Tukey’s HSD was used to separate means. 

 

Magnesium also contributed to ECEC, particularly in the surface layers, which would be 

consistent with the use of seawater as a dust suppressant on residue surfaces. There was 

an interaction between depth and treatment for exchangeable Mg2+; exchangeable Mg2+ 

decreased with depth in all but the dredge spoil treatment. High concentrations of 
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exchangeable Mg2+ in SS, SS+CS, and SS+YW are probably derived from the 

application of sewage sludge, which increases Mg2+ of bauxite residue (Wong and Ho, 

1994). High concentrations of exchangeable Mg2+ contributed to the development of a 

sodic horizon between 0-10 cm in the SS treatment and 0-2 cm in the SS+YW treatment; 

residues were hyposodic below these depths. Application of clay material and organic 

matter in SS+YW would increase cation exchange capacity and may explain the 

improved retention of Mg2+ and Ca2+ in this treatment compared to SS and SS+CS 

(Figure 7.14; Figure 7.15). The SS+CS site overall was hyposodic; tillage in this 

treatment would have enhanced export of excess salts through leaching. The DS 

treatment had an endosodic horizon starting between 30-70 cm below surface, due to 

high Na+ concentration at depth. The TS+B treatment was sodic throughout as a result of 

the treatment showing high Mg2+ concentration in the 0-2 and 2-10 cm depths, and high 

Na+ concentration in the 70-80 cm depth. 

 

Potassium concentration was highest in the SS+YW treatment. The presence of plant 

matter in this treatment, which can release K+ during decomposition and provide 

additional cation exchange sites, probably explains the superior performance of this 

treatment compared to other treatments containing organic matter (especially those 

containing sewage sludge). Potassium concentration was very low to moderate 

(Hazelton and Murphy, 2007), whereas other exchangeable cations were mostly within 

moderate to very high ranges; plant nutrition and residue remediation may be improved 

by addition of a K-rich fertilizer. 

 

7.3.2 Mineralogical analyses 

7.3.2.1 Quantitative phase analysis 

The Sherwin bauxite residue is derived from bauxite originating from Jamaica, Surinam, 

and Arkansas, and is rich in hematite and goethite, giving the ‘red mud’ a brown 

appearance. Hematite, quartz, goethite, gibbsite, and calcite are the major minerals 

found in the residue (Table 7.2), with minor contributions from sodalite formed during 

the Bayer process, and ilmenite, rutile, muscovite, and anatase from the parent bauxite. 
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Boehmite is likely to be residual from the parent bauxite (Grafe et al., 2011), whereas 

nordstrandite is likely to have formed by precipitation from pore water (Cooling, 1985).  

 

Table 7.2 Average concentrations of minerals (% weight) present in bauxite residue 

samples from the Sherwin storage area, as determined by Rietveld-based quantitative 

mineral analysis of XRD patterns.  
Mineral Formula Average concentration (% wt) 
Hematite Fe2O3 22 
Goethite FeOOH 21 
Quartz SiO2 12 
Calcite CaCO3 11 
Gibbsite Al(OH)3 5.3 
Nordstrandite Al(OH)3 2.1 
Ilmenite FeTiO3 2.1 
Sodalite Na8(AlSiO4)6Cl2 1.1 
Boehmite AlOOH 1.1 
Rutile TiO2 1.1 
Muscovite KAl2Si3AlO10(OH)2 0.6 
Anatase TiO2 0.2 
Amorphous/ 
unidentified 

- 21 

 

The low concentrations of goethite, hematite, and sodalite, and high concentrations of 

gibbsite and quartz in residue from the dredge spoil site compared with residue from 

other sites (Figure 7.16) corresponds well with the total element data, which indicated 

relatively low Fe and Ti and high Al and Si concentrations in the DS site. The difference 

in mineralogical composition between residue within the DS site and the residue within 

other sites provides additional evidence for the residue within the DS site being from a 

different ore or subjected to a different set of Bayer process conditions.  
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Figure 7.16 Mineral concentrations (% weight) in bauxite residue from six field sites 

within the Sherwin 200 storage area, as determined by Rietveld-based quantitative 

mineral analysis of XRD patterns. Treatments are denoted by the abbreviations ‘UT’ 

(untreated), ‘DS’ (dredge spoil), ‘TS+B’ (shale rich topsoil and ground bauxite), ‘SS’ 

(sewage sludge), ‘SS+CS’ (sewage sludge and clay soil and tillage), and ‘SS+YW’ 

(sewage sludge and yard waste and topsoil). Plotted values are the mean of three 

replicate pits; error bars indicate ± standard error of the mean. Note that the values 

plotted at 55 cm depth are from the samples at water table level, which had an average 

depth across sites of 55 cm but varied in depth between individual sites. Treatments 

marked with the same lower case letter in the legend, and depths marked with the same 

uppercase letter, are not significantly different according to two-way ANOVA (depth x 

treatment) at α=0.05. Tukey’s HSD was used to separate means. 
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Quantitative analysis of mineral concentrations by Rietveld refinement of XRD patterns 

indicated that, in all but the dredge spoil treated site, hematite, goethite and sodalite were 

relatively depleted near to the treatment-residue interface compared with at depth 

(Figure 7.16). As leaching continues and pH falls, both calcite and sodalite are likely to 

dissolve and contribute to pH buffering reactions (Khaitan et al., 2009; Snars and 

Gilkes, 2009). Depletion of sodalite is likely to have occurred as a result of extended 

weathering and rainfall leaching causing dissolution of this sparingly soluble alkaline 

mineral and export of salts from the profiles, as suggested by Menzies et al. (2009). 

Dissolution may have been encouraged by exudation of organic acids from plant roots, 

although this would be expected to also affect calcite dissolution. Snars and Gilkes 

(2009) found that sodalite and calcite dissolution do not buffer pH at distinctly different 

values; this was in opposition to results of Khaitan et al.’s (2009) study, which found 

that sodalite buffers at pH 6.7 to 8.7 and calcite buffers at pH 4.5 to 6. Menzies et al. 

(2009) found sodalite dissolution to be responsible for buffering bauxite residue leachate 

pH at values of 8-10 during leaching. Quantitative mineralogy results from the Sherwin 

residue storage area support the results of Khaitan et al. (2009) and Menzies et al. 

(2009) because dissolution of sodalite at a higher pH than calcite would account for the 

observed depletion of sodalite in the presence of calcite. Alternatively, the quantitative 

mineral analysis technique may not have been sufficiently sensitive to detect changes in 

calcite concentrations, because inorganic C analyses indicated depletion of carbonate in 

the upper residue layers (Figure 7.8), and exchangeable Ca2+, which is likely to have 

accumulated as a result of calcite dissolution and exchange of Ca2+ for Na+, was highest 

in the upper residue layer (Figure 7.15). 

 

Hematite and goethite are less likely than sodalite or calcite to have undergone 

significant chemical transformations in the limited time since deposition, and the 

increase in concentrations of these minerals with depth in the bauxite residue component 

of profiles (Figure 7.16) is more likely due to physical weathering; that is, translocation 

of the nanoparticulate hematite and goethite down the profile during extended leaching. 

Conversely, quartz is relatively concentrated nearer to the surface. Enrichment of quartz 
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near the surface may be part of the same translocation process causing enrichment of 

hematite at depth. Quartz is associated with the coarser grained residue fraction, and 

when nanoparticulate hematite and goethite (and perhaps other fine particulates) are 

removed from surface layers by eluviation, sand sized quartz would remain in its initial 

position within the profile and thus be relatively enriched. 

 

Variations in mineral concentration down profiles are consistent with chemical 

(dissolution) and physical (translocation) weathering mechanisms and are evidence of 

pedogenesis occurring within the Sherwin residue. Formation of a hard, sometimes 

porous gravel from the initially soft, massive, and clay textured residue is further 

evidence of soil formation in the residue. Two gravel samples were analysed by 

synchrotron XRD for mineral concentrations; their mineral concentrations are compared 

with mineral concentrations in the bulk residue surrounding them in Table 7.3. From this 

preliminary analysis, the gravels appear to be rich in hematite, calcite, and sodalite and 

poor in quartz relative to the bulk residue. This implies that some form of calcrete, 

ferricrete or aluminosilicate cementation is responsible for stabilizing residue as 

aggregates which then progressively harden to form gravel.  
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Table 7.3 Mineral concentrations (% weight) of two gravel samples from the Sherwin 

200 residue storage area and the bulk bauxite residue surrounding them, as determined 

by Rietveld-based quantitative mineral analysis of XRD patterns. 
Mineral Formula Sample 

Site SS+CS, 2-10 cm Site SS+YW, 40-50 cm 
Bulk 

residue 
Gravel Bulk 

residue 
Gravel 

Hematite Fe2O3 21 36 30 35 
Goethite FeOOH 18 33 29 29 
Quartz SiO2 1.8 0.22 2.5 0.14 
Calcite CaCO3 11 17 9.7 13 
Gibbsite Al(OH)3 4.9 0.15 0.54 0.72 
Nordstrandite Al(OH)3 2.0 0.34 1.9 3.3 
Ilmenite FeTiO3 2.2 4.0 3.2 3.9 
Sodalite Na8(AlSiO4)6Cl2 0.83 2.7 1.8 2.4 
Boehmite AlOOH 0.61 - 0.51 0.74 
Rutile TiO2 0.96 2.1 1.5 1.8 
Muscovite KAl2Si3AlO10(OH)2 0.37 0.96 0.69 0.66 
Anatase TiO2 0.32 0.15 0.16 0.14 
Amorphous/ 
unidentified 

- 36 3.3 19 9.2 

-: not detected. 

 

7.3.2.2 Scanning electron microscopy and energy dispersive X-ray 

spectrometry 

Gravel sized (mostly 2-5 cm diameter) fragments of bauxite residue, with white coatings 

covering part or all of their exterior, were found throughout profiles in the Texas residue 

storage area. These gravels were difficult to break into smaller pieces by hand; and 

occasionally contained small (10-100 μm diameter) pores, also with white coatings. The 

pores were generally vesicular and there was poor connectivity between pores. Increases 

in aggregation both at micro- and macroscopic scales have been observed in other 

Technosols during weathering and pedogenesis (Sere et al., 2010; Uzarowicz and Skiba, 

2011), but not to the extent that gravel is formed. The saline-sodic nature of fresh 

bauxite residue renders it susceptible to hardsetting which can cause formation of 

gravelly material (Harris, 2009), which is particularly likely to occur given the 

imbalance between rainfall and pan evaporation in the local environment. The 

distribution, morphology, and composition of the white coatings were investigated by 
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scanning electron microscopy and energy-dispersive X-ray spectroscopy to elucidate the 

mechanism of gravel formation.  

On the exterior of gravel fragments, the white coatings were aluminosilicate-based 

(Figure 7.17); on the interior of pores, the white coatings were calcium and/or 

aluminium-rich (Figure 7.18; Figure 7.19). White exterior coatings are likely to be 

sodalite, based on the enrichment of Al and Si observed in element maps, and the 

increased concentration of sodalite found in gravel samples compared to the bulk residue 

surrounding them (Table 7.3). Aggregation and cementation of bauxite residue by 

sodalite has been observed previously at another site (Newson et al., 2006). Pores 

contained infillings of acicular-fibrous Al-rich (and occasionally Ca-rich) crystals 

(Figure 7.18); and in some samples, an indistinct Ca-rich coating in immediate contact 

with the pore surface, as well as acicular-fibrous Al-rich infillings (Figure 7.19). The Ca 

and Al layering in some pores suggests a precipitation sequence in which a Ca-bearing 

mineral precipitates first from pore water drawn in through pore walls, followed by an 

Al-rich mineral that continues to fill in the void.  

 

Based on morphology, the acicular-fibrous Ca-bearing crystals and the indistinct Ca-rich 

pore coatings are likely to be calcite, which exhibits both habits in saline-sodic soils 

(Sehgal and Stoops, 1972) and, more specifically, in bauxite residue (Thompson et al., 

1991). Both gravel samples examined in Section 7.3.2.1 were enriched in calcite relative 

to the bulk residue surrounding them. The Al-bearing mineral is likely to be 

nordstrandite, which can form tabular to prismatic, bladed, or acicular crystals through 

precipitation from aluminous alkaline solutions, especially in the presence of limestone 

(Wall et al., 1962; Hathaway and Schlanger, 1965; Schoen and Roberson, 1970; 

Rodgers et al., 1991; Kovacs-Palffy et al., 2008), and/or bayerite, which has previously 

been observed as a fibrous precipitate formed during aging of alkaline aluminium gels in 

rock veins and pores (Gross, 1977). Both polymorphs can co-occur with calcite in nature 

(Hathaway and Schlanger, 1965; Goldbery and Loughnan, 1970; Gross, 1977). Bayerite 

was not observed in the XRD patterns of the two gravel samples examined in Section 

7.3.2.1, whereas nordstrandite was observed, and was relatively concentrated in one 

gravel sample compared to the bulk residue surrounding it. A similar layering of calcite 
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on the exterior of voids and nordstrandite on the interior was observed in Guam 

limestone (Hathaway and Schlanger, 1965) and Australian dolomite (Goldbery and 

Loughnan, 1970). Nordstrandite is thermodynamically more stable under field 

conditions than bayerite (Schoen and Roberson, 1970), so although the two polymorphs 

may have co-existed at an earlier stage during weathering, all bayerite may have now 

transformed to nordstrandite. Analysis of additional gravel samples is required to 

confirm this. 

 

 
Figure 7.17 Scanning electron micrographs and element maps of gravel samples from 

the Sherwin field site, showing Al and Si-rich coatings on the exterior of gravel 

fragments. Coatings were patchy in some samples; in others, coatings were chipped 

away in sections to reveal the Fe-rich matrix underneath. Secondary electron 

micrographs are denoted by ‘SE’; element maps are labeled with element names. 
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Figure 7.18 Scanning electron micrographs and element maps of gravel samples from 

the Sherwin field site, showing accumulations of Al and/or Ca crystals in pores. 

Secondary electron micrographs are denoted by ‘SE’; element maps are labeled with 

element names. 

 

 
Figure 7.19 Scanning electron micrographs and element maps of gravel samples from 

the Sherwin field site, showing Ca and Al zonation within pores. Secondary electron 

micrographs are denoted by ‘SE’; element maps are labeled with element names.  
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The presence of Si in coatings on the exterior of gravels suggests that the exterior 

coatings formed prior to interior efflorescences, because silicate inhibits crystallization 

of aluminium hydroxides from solution (Schoen and Roberson, 1970). A possible 

mechanism of gravel formation is suggested as follows: 

(a) pore water at high pH, containing both dissolved Al and Si, was drawn by 

capillary action to surfaces of desiccation cracks in the residue mud, where 

aluminosilicate minerals such as sodalite or allophane precipitated and formed 

coatings on exposed residue mud faces; 

(b) further desiccation cracking and evaporation of pore water allowed continuous 

sodalite coatings to form on discrete gravel sized aggregates of residue mud; 

(c) once Si concentration of pore water was sufficiently lowered by sodalite 

precipitation, prolonged drying caused precipitation of calcite, then nordstrandite 

and/or bayerite inside gravel pores. 

 

The mechanism by which gravel pores were formed remains unclear. The low pore 

connectivity excludes plant roots or other biota from significantly influencing pore 

development, because these generally require a high degree of pore connectivity. Their 

small size suggests dissolution of a rounded euhedral residue mud matrix mineral during 

extended leaching. This would create a void into which pore water could precipitate 

during drying cycles. None of the minerals identified in Table 7.3 would be likely to be 

responsible for pore formation. Amorphous and unidentified mineral concentration was 

higher in the bulk residue than the gravel, which suggests that an (as yet) unidentified 

mineral may be responsible, or that dissolution of a poorly crystalline phase may be 

responsible. A final possibility is that the gravel material was not formed in situ, but was 

scale from the refinery which was discarded with residue. The deposition of scale in 

residue areas could not be conclusively confirmed or rejected by refinery staff. 

However, the mineralogical similarity of gravels to the bulk residue, and the absence of 

laminar structure or patterns of mineral deposition both seem to indicate that this 

material is not refinery scale.  
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7.3.3 Physical analyses 

Particle size analysis confirmed that the texture of bauxite residue was uniformly loamy 

sand across the various sites included in this study (Alcoa, 2002; Figure 7.20). The 

exception was the dredge spoil site, which showed increased clay and silt at depth, and 

higher fine sand and lower coarse sand concentration than other sites throughout the 

profile. Combined with total elements and mineralogy data, this provides further support 

for the residue in the DS site having a different initial composition to that of residue in 

other sites. The SS site had higher gravel content than the TS+B treatment; there were 

no other differences in gravel content between sites (Figure 7.21). Moisture content 

increased with depth but did not vary in response to applied treatments (Figure 7.21). 

This indicates adequate vertical drainage of leachates to prevent waterlogging and 

ponding at the surface of residue storage areas, and that applied treatments have had 

little influence on formation of cemented aggregates or drainage within the residues.  
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Figure 7.20 Particle size distribution of applied treatments and bauxite residue from six 

field sites within the Sherwin 200 storage area. Treatments are denoted by the 

abbreviations ‘UT’ (untreated), ‘DS’ (dredge spoil), ‘TS+B’ (shale rich topsoil and 

ground bauxite), ‘SS’ (sewage sludge), ‘SS+CS’ (sewage sludge and clay soil and 

tillage), and ‘SS+YW’ (sewage sludge and yard waste and topsoil). Plotted values are 

observed values from one profile in each treatment.  
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Figure 7.21 Moisture content and <2 mm fraction of applied treatments and bauxite 

residue from six field sites within the Sherwin 200 storage area. Treatments are denoted 

by the abbreviations ‘UT’ (untreated), ‘DS’ (dredge spoil), ‘TS+B’ (shale rich topsoil 

and ground bauxite), ‘SS’ (sewage sludge), ‘SS+CS’ (sewage sludge and clay soil and 

tillage), and ‘SS+YW’ (sewage sludge and yard waste and topsoil). Plotted values are 

the mean of three replicate pits; error bars indicate ± standard error of the mean. Note 

that the values plotted at 55 cm depth are from the samples at water table level, which 

had an average depth across sites of 55 cm but varied in depth between individual sites. 

Treatments marked with the same lower case letter in the legend, and depths marked 

with the same uppercase letter, are not significantly different according to two-way 

ANOVA (depth x treatment) at α=0.05. Tukey’s HSD was used to separate means. 

 

7.3.4 Soil classification under the WRB, and future trajectory 

The soil currently present in the Sherwin 200 bauxite residue storage area is best 

classified as a spolic Technosol (calcaric, arenic). Applied treatments have contributed 

to horizonation and modification of the bulk bauxite residue, causing classification 

within individual treatment sites to vary, and necessitating use of the garbic prefix 

qualifier and alcalic, humic, salic, and sodic suffix qualifiers/horizon descriptors in 

some sites. The untreated site met the criteria for alcalic, salic, and sodic throughout the 

entirety of the profile. All treatments contained calcaric material throughout their 

profiles; calcite appeared to be at least partially secondary due to the presence of Ca-rich 

(calcitic) infillings in gravel pores. Average calcite concentration was 10 % weight, 
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which falls short of the 15 % calcium carbonate equivalent required for classification of 

calcic horizons (IUSS, 2006). Treatment depth in the SS+YW site was 10 cm, which 

allows this site to acquire the garbic prefix qualifier. Treatment depths in the SS and 

SS+CS sites (2 cm) were too shallow to meet the garbic criteria.  

 

High exchangeable Mg2+ near the surface of profiles and high exchangeable Na+ at 

depth meant that entire profiles within the TS+B treatment were classified as sodic. This 

observation highlights a potential problem with the application of the sodic qualifier to 

bauxite residues. In natural saline-sodic soils, Na and Mg carbonates often occur in 

association with one another and are both responsible for creating soil management 

problems such as dispersion and hardsetting. In bauxite residues, exchange of Na+ for 

Mg2+ on soil surfaces can be beneficial in addressing the high exchangeable sodium 

percentage of residue, as well as building plant nutrient stores; and it is therefore 

desirable that Mg2+ comprise a larger part of ECEC. To say that the TS+B treatment is 

sodic in the top 0-10 cm is misleading, because Na+ concentrations in the 0-10 cm 

fraction were lower than in the 70-80 cm fraction, and high Mg2+ concentrations in the 

0-10 cm fraction were probably from applied treatments which displaced Na+, to the 

benefit of plants attempting to grow in the residue. Changing the requirement of ‘15 

percent or more exchangeable Na+ plus Mg2+ on the exchange complex’ to only consider 

exchangeable Na+ would be more appropriate in the case of bauxite residue. 

 

Technosols are defined as having properties and pedogenesis that are dominated by their 

technical origin, and must contain no less than 20 % (v/v) artefacts (material that has 

been substantially modified by humans as part of an industrial manufacturing process, 

and has substantially the same properties as when first produced) within the upper 

100 cm of soil (IUSS, 2006). The artefact in the present case is bauxite residue, the 

parent material of this soil. As mentioned in the thesis Introduction (see Section 1.1.3.1), 

the high pH, alkalinity, and salt concentration as sodium and calcium carbonate are 

arguably what makes bauxite residue immediately recognizable as the parent material of 

these soils. The soil developing at the Sherwin 200 bauxite residue storage area has pH 

6-10, EC 0.25-1.75 dS m-1, total alkalinity 0-4 mol H+ kg-1, 2-20% CaO, and 0-6% 
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Na2O. Within some treatment sites, the soil is developing hyposodic, (epi- and endo-) 

hyposalic horizons, accompanied by depletion of sodalite. Calcite dissolution is 

expected to commence once sodalite is sufficiently depleted. The lower ranges of pH, 

EC, alkalinity, and calcium and sodium concentration (towards which it appears most 

sites will progress during weathering) observed at Sherwin would not necessarily imply 

bauxite residue as the parent material. Once the soil developing in the bauxite residue 

storage area resembles local soils in terms of chemical, physical, and biological 

properties, and is therefore substantially different to the parent bauxite residue, it will no 

longer be classified as containing artefacts and thus will not fit the Technosol category.  

 

At this point, the soil could make the transition to another Reference Soil Group such as 

Regosols (weakly developed mineral soils in unconsolidated materials) or Cambisols 

(soils with at least the beginnings of horizon differentiation in the subsoil evident from 

changes in structure, colour, clay concentration, or carbonate concentration), depending 

on the extent of horizonation. Given the observations of structure development (gravel 

aggregates), plant growth on residue surfaces, calcite depletion, and textural 

differentiation by illuviation, it seems likely that the soil will change from a spolic 

Technosol (arenic) to technic Cambisol (arenic), with hyposalic or hyposodic and siltic 

or clayic horizons at depth. If clay illuviation continues, if AAO extractable Al, Fe, Si, 

and Ti decrease with extended weathering, and if the organic matter which contributes 

substantially to cation exchange capacity is depleted during weathering, then the soil 

may develop towards a Ferralsol; if organic matter cycling reaches a stable state in 

which a moderate cation exchange capacity is maintained, then soil may develop 

towards a Luvisol. As noted for soil developing within the Linden bauxite residue 

storage area (see Section 6.3.4), relative rates of weathering processes and changes in 

soil properties will influence the pedogenic trajectory of the soil. It has been 

demonstrated at the Sherwin 200 bauxite residue storage area that relative rates of 

weathering processes can be influenced by applied treatments, and may alter the 

trajectory of the soil in ways described above. This information could be used to create a 

soil with specific properties that meets the requirements of industry, government 
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regulatory bodies, and local communities, and should be considered in future 

management plans for such sites. 

 

7.4 Conclusions 

The Sherwin site demonstrates that applied treatments can influence soil formation and 

in situ remediation within bauxite residue deposits, and provides useful information on 

the efficacy of applied treatments in achieving the goals of a suitable medium for plant 

cover. Analysis of the whole profiles within the various applied treatments indicated that 

the salinity of these profiles was unlikely to limit plant growth; however, the pH within 

some treatments was high enough to severely inhibit plant growth. Residue within all 

treatments was exposed to > 25 years rainfall leaching prior to amendment; this appears 

sufficient to remove excess soluble salts, but not to remove all residual sodalite and 

calcite which slowly dissolve and buffer pH at values > 8. 

 

Within the profiles (applied treatment layers and bauxite residue) as a whole, treatments 

containing sewage sludge had lower pH, and higher total N and extractable ammonium 

than untreated, dredge spoil, or shale rich soil and bauxite treatments. The effects of 

applied treatments on the bauxite residue below them were the same as observed within 

the full profiles. Treatments containing sewage sludge generally outperformed other 

treatments in terms of generating a suitable medium for plant cover in bauxite residue, 

and remediating some of the undesirable properties of bauxite residue such as high pH 

and lack of plant nutrients.  

 

Amorphous oxide concentrations generally increased with depth, which was attributed to 

crystallization in the drier surface residue layers, or eluviation of poorly crystalline or 

finely divided material from surface residue layers. Eluviation of finely divided material 

is likely given the accumulation of goethite and hematite at depth, which are known to 

exist as nanoparticulates in bauxite residue, and could have accumulated at depth 

through illuviation. Substantial replacement of Na+ with Ca2+ has occurred on soil cation 

exchange sites, particularly in surface layers. Calcite dissolution may provide the 
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required Ca2+ for this exchange reaction. Total Ca was depleted in all treatments except 

the untreated site, suggesting CaCO3 dissolution under all other treatments. However, no 

depletion of calcite was observed in surface residue layers as would be expected if 

rainfall leaching were driving calcite dissolution. Sodalite was depleted in the upper 

layers of bauxite residue which suggests that sodalite must be exhausted before calcite 

dissolution can occur to any appreciable extent.  

 

Formation of gravel in the Sherwin 200 residue storage area was attributed to 

precipitation of aluminosilicate coatings on surfaces exposed to the atmosphere during 

drying and cracking of residue. Internal gravel pores, which are proposed to have formed 

by dissolution of (sparingly) soluble salts and minerals such as tricalcium aluminate and 

calcite, were then coated with calcite and nordstrandite precipitates during further 

drying.  

 

Soil within the Sherwin 200 residue storage area is currently classified as a spolic 

Technosol (calcaric, arenic) under the WRB system (IUSS, 2006), and is likely to move 

towards a spolic Technosol (arenic) and then technic Cambisol (arenic) as weathering 

continues. Relative rates of pedogenic processes such as clay illuviation, humification, 

and mineral precipitation and dissolution will determine the final character of the soil, 

and may be influenced by future treatments applied at this site. 
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7.7 Appendix 1 – TOPAS format macro for correction of XRD 

patterns for flat plate, transmission diffractometer geometry 

This macro is intended for use with the sample in transmission mode using a curved 

position sensitive detector, such as those employed by the Inel CPS120 and the Mythen 

detectors at the Australian Synchrotron and the Swiss Light Source. The macro corrects 

for both intensity and sample displacement for a fixed incident beam angle in flat plate 

transmission geometry, based on the formula given by Egami and Billinge (2003), and 

coded by Ian Madsen (CSIRO). 

 

macro TRANS_GENERAL(alpha, alpha_v, delta, delta_v, mut, mut_v) 

mut = mu*thickness, where mu = linear absorption coefficient (cm-1) and t = sample 

thickness (cm) 

alpha = angle between incident beam and sample surface. If alpha = 90, beam is normal 

to sample. 

beta  = angle between diffracted beam and sample surface. 

2Theta = 180 - (alpha + beta) 

delta = specimen displacement (in same units as secondary radius, Rs). 

{ 

   #m_argu alpha 

   #m_argu delta 

   #m_argu mut 

    

 If_Prm_Eqn_Rpt(alpha, alpha_v, min  0.5   max 90.0 ) 

   If_Prm_Eqn_Rpt(delta, delta_v, min -0.5   max 0.5  ) 

   If_Prm_Eqn_Rpt(mut  , mut_v  , min  0.0   max 5.0  ) 

    

   prm beta = Pi - 2 Th - alpha Deg ; 

 

 scale_pks =  

               IF (2 Th) > (180 - CeV(alpha, alpha_v)) Deg THEN  
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                0   

               ELSE 

                (Sin(beta)/(Sin(beta) - Sin(alpha * Deg)))*(Exp(-mut/(Sin(beta)))-Exp(-

mut/Sin(alpha * Deg))) 

               ENDIF; 

                

   th2_offset = -Rad ( delta * Sin(2 Th) / (Rs * Sin (alpha * Deg))); 

} 
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8 Conclusions 
 

This thesis has investigated soil formation in bauxite residue, a necessary part of in situ 

remediation of bauxite residue deposits to establish a stable vegetation cover. The 

weathering trajectory of bauxite residue was investigated by laboratory simulation, using 

elevated temperatures and pressures to rapidly bring the bauxite residue to chemical 

equilibrium, and by sampling and analysis of field weathered residues that had been 

exposed to various management strategies and climates. Methods for analysis of bauxite 

residue as a novel soil material were also investigated and developed where required. 

Summaries of outcomes from each stage of investigation are given below, along with 

recommendations for future research. 

 

8.1 Laboratory simulation of weathering 

Laboratory simulation of weathering was conducted using pressure vessels rather than 

the more commonly used Soxhlet extractors because the fine texture of bauxite residue 

mud inhibited leaching, despite several attempts to modify the apparatus. Hydrothermal 

treatment of bauxite residue slurry in pressure vessels resulted in a decrease in pH, EC, 

and total alkalinity, as well as decreases in concentrations of Al, K, Na, and S, in the 

liquid component of the slurry. The magnitude of these decreases increased at higher 

treatment temperatures and longer treatment times. Conversion of gibbsite to boehmite, 

and the dilution resulting from water released to solution during this reaction, appeared 

to be the main mechanism responsible for decreases in pH, EC, total alkalinity, and 

element concentrations. Dissolution and precipitation kinetics were adequately described 

by first-order kinetics. Extrapolation of reaction rates and activation energies from 

hydrothermal conditions imposed in this study to standard temperature and pressure 

indicated that calcite, goethite, hematite, and boehmite precipitation could be expected 

to occur within a few centuries; but that dissolution of gibbsite and precipitation of 

sodalite would take substantially longer. ‘Auto-attenuation’ of alkalinity and salinity in 
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bauxite residue deposits is theoretically possible according to the reaction kinetics 

determined in this study, although it would occur over geological timescales. 

 

Under field conditions, leaching of residue is a major soil forming process, and the 

trajectory predicted by using pressure vessels may therefore be invalid. Further 

modification of the Soxhlet apparatus to improve leaching through the bauxite residue is 

recommended. Leaching could be simulated in pressure vessels by periodically 

removing and centrifuging the treated slurry, decanting the supernatant, and replacing 

the supernatant with fresh deionised water. Furthermore, the effects of carbonation from 

plant roots or atmospheric CO2 and neutralization of alkalinity by organic acids were 

also not included in simulated weathering. Using different solutions, such as acetic acid 

(to mimic the chelating effect of organic acids) or carbonated water, to weather bauxite 

residue in pressure vessels or Soxhlet extractors may provide information on the effect 

of acids and CO2 on weathering trajectories of bauxite residue.  

 

In addition to the leaching problem, the thermodynamics of various chemical reactions 

may result in a different mineral assemblage being stable under different temperature 

and pressure conditions. The transformations observed at higher temperatures and 

pressures may therefore not occur under standard temperature and pressure conditions of 

bauxite residue deposits. None of the mineral transformations observed in the pressure 

vessel experiments were observed in field weathered deposits. Conducting pressure 

vessel experiments at lower temperatures and pressures to minimize extrapolation may 

also provide more reliable information about mineral transformations under standard 

temperature and pressure conditions.  

 

8.2 Evaluation of soil analytical methods 

The evaluation of methods for the analysis of bauxite residue as a soil material identified 

several problems which caused bias and imprecision in results. Methods investigated 

included general (drying, pH, EC) as well as more specific (acid ammonium oxalate 

extraction, carbonate concentration) analyses for soil classification. Modifications to 
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standard methods to address these problems were suggested. This work highlights the 

need to consider the applicability of analytical methods developed for natural soils to the 

analysis of novel soil materials such as bauxite residue. Rietveld-based quantitative 

mineral analysis of X-ray diffraction patterns was tested as a tool for the investigation of 

changes in mineral concentrations in bauxite residue in response to weathering and 

applied treatments; this allowed the dissolution of sodalite, and translocation of goethite 

and hematite to be quantified in the Texas field site. Element concentrations alone 

cannot be used for determining changes in mineral concentration, because the major 

elements are present in multiple minerals. The further application of Rietveld-based 

quantitative mineral analysis to investigate changes in mineralogy during weathering is 

recommended based on the additional information that it generated about weathering 

behaviour in the Texas bauxite residue deposit. 

 

8.3 Pedogenesis in field weathered residue deposits 

Sampling and analysis of field weathered residue deposits provided substantial 

information about weathering trajectories of bauxite residue, as well as evidence of soil 

formation. Of particular note was the discovery of vegetation growing in unamended 

bauxite residue. This indicates the capacity for soil forming processes to modify bauxite 

residue to the extent that vegetation can establish itself and then contribute to further soil 

development. Leaching appeared to be a major soil forming process within bauxite 

residue deposits. No evidence of soil formation was observed in the Arkansas sintered 

residue deposits, which were capped with an impermeable layer of clay, and which also 

had a technic hard rock structure that inhibited water infiltration or interaction with 

vegetation. The more permeable fly ash cap at the Sao Luis site allowed for substantial 

rainfall infiltration and development of hyposodic and hyposalic horizons. Development 

of hyposodic and hyposalic horizons also occurred in the uncapped Guyana and Texas 

residues. Depletion of sodalite and calcite was identified in the uppermost layers of 

bauxite residue, due to leaching and perhaps interaction with organic acids and CO2 

from plant roots. Calcite dissolution may have a positive impact upon the dominance of 

exchangeable cations by sodium, because dissolution of calcite releases Ca2+ to solution 
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which may then replace Na+ on soil cation exchange sites. Leaching also appeared to 

cause translocation of nanoparticulate iron oxides and may generate duplex, sand-over-

clay, soil profiles over time.  

 

Substantial development of structure was observed in bauxite residue, in both capped 

and amended sites. Desiccation cracking is a major driver of structure development. The 

formation of gravel in the Texas site is likely to have formed as a result of the overall 

deficit in water balance between precipitation and evaporation at this site causing 

dessication cracking and precipitation of cementing minerals such as sodalite and 

nordstrandite. Numerous wetting and drying cycles may occur as the balance between 

rainfall and evaporation varies through the year. Structure development and leaching 

could interact in a positive feedback loop which accelerates soil formation as depicted in 

Figure 1.2. Vegetation is also likely to benefit from, and contribute to, enhanced 

drainage as a result of structure development. Vegetation was responsible for 

accumulation of organic matter in unamended sites; this organic matter provides raw 

material for humification and may act as an energy source for microbially driven 

nutrient cycling. Evaluation of microbial community activity and structure is 

recommended as part of the assessment of soil formation in future studies, to determine 

how quickly microbial communities in bauxite residue develop functional diversity and 

biomass approaching those of natural soils with similar physicochemical properties.  

 

Based on results from the field sites investigated in this study, the causal relationship 

between abiotic and biotic drivers of residue remediation could not be identified; that is, 

the extent to which abiotic weathering processes (leaching, mineral precipitation and 

dissolution) and biotic weathering processes (exudation of organic acids and CO2(g) from 

plant roots, enhancement of drainage along root channels) interacted to modify bauxite 

residue. Did leaching alone cause sufficient decreases in pH, EC, and alkalinity of the 

residue to allow successful vegetation establishment; or did leaching lower pH, EC, and 

alkalinity to the extent that vegetation could then modify the residue further to guarantee 

successful establishment? The behaviour of vegetation at the Guyana site exemplifies 

this problem: the bauxite residue in vegetated sites had lower pH, EC, and alkalinity 
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than the residue in unvegetated sites, but these differences could have been present 

before vegetation establishment. Given that leaching allows export of alkaline, saline 

leachates from the developing soil profiles, and that vegetation is known to exude CO2(g) 

and organic acids which can contribute to soil acidification, it seems likely that both 

abiotic and biotic weathering processes contribute to in situ remediation of, and soil 

formation in, bauxite residue. Laboratory and glasshouse trials which investigate 

rhizosphere acidification in bauxite residue under various leaching conditions are 

required to investigate this interaction.  

 

8.4 Classification of soils formed from bauxite residue 

The World Reference Base for Soil Resources (IUSS, 2006) provided an adequate 

framework for classification of the soils forming in bauxite residue deposits. Several 

areas for improvement were identified and changes to the standard nomenclature and 

qualifiers were suggested. The Technosol Reference Soil Group is the newest of the 

RSGs and application of the Technosol RSG in practice, to a wide variety of soil 

materials, is likely to aid in identifying shortcomings and developing a more 

comprehensive classification system. In particular, the addition of an ‘ordic’ prefix 

qualifier is recommended to allow for the description of multilayered soil profiles. 

Suffix qualifiers relating to each discrete layer (as identified by knowledge of their 

origin or distinct chemical, physical, or biological properties) are then proposed to 

follow the RSG name in separate sets of parentheses. For example, the Alcoa sintered 

residue site in Arkansas (see Section 4.3.3) was classified as a Regosol (Transportic, 

Arenic) (Thapto-clayic) (Thapto-Technosolic), which does not provide any information 

about the nature of the Technosolic material. One of the reasons for the position of the 

Technosol RSG early in the WRB Key is so that potentially toxic or problematic soils 

may be identified quickly. Inclusion of some detail about the Technosol component(s) of 

a layered profile is therefore essential to identify potential hazards. The use of the ordic 

qualifier and grouped suffix qualifiers allows the properties of soil materials in each 

layer to be described, rather than just the aggregate properties. The Alcoa sintered 

residue site would then be reclassified as an ordic spolic Technosol (transportic, arenic) 
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(transportic, clayic) (petrocalcic, salic), which immediately allows the site to be 

identified as containing a saline waste material cemented predominantly by calcium 

carbonate, capped by a clay and then a sand layer. 

 

Most bauxite residues were identified as spolic Technosols (calcaric, arenic), and 

predicted weathering trajectories based on observed chemical, mineralogical, and 

physical properties of the bauxite residue in response to applied treatments and 

weathering included Cambisols and Arenosols/Regosols in the first stages of weathering, 

with Ferralsols and Lixisols expected to develop after further weathering. The highly 

weathered nature of bauxite results in Bayer process residue that consists mostly of 

highly weathered minerals such as quartz, goethite, hematite, gibbsite, boehmite, 

anatase, and rutile. Precipitates from the Bayer process, such as sodalite, calcite and 

TCA, can be expected to dissolve in the early stages of soil formation. Accumulation 

and maintenance of plant nutrients and organic matter within the developing soil profiles 

is essential for long term vegetation success on bauxite residue deposits, given that they 

are likely to develop into nutrient poor soils such as Arenosols and Ferralsols. Addition 

of amendments such as sewage sludge and yard waste may be particularly helpful in 

establishing a base from which a stable supply of plant nutrients can be maintained.  

 

Overall, this thesis has demonstrated that vegetation can be established in bauxite 

residue without applied treatments. Natural pedogenic processes can sufficiently 

transform bauxite residue such that a vegetation cover can survive, and applied 

treatments or capping materials influence the impact of pedogenic processes on the 

bauxite residue, which may retard or expedite soil development. Leaching and structure 

development were identified as key soil forming processes that are likely to have caused 

substantial changes in the chemical and mineralogical properties of the residue. These 

processes should be targeted by future remediation strategies, by including irrigation and 

tillage, for example, as part of the remediation strategy, to accelerate soil formation and 

in situ remediation of bauxite residue. This work improves current understanding of 

chemical and mineralogical aspects of soil formation in bauxite residue deposits, and is 
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also likely to be relevant to soil formation in other alkaline tailings deposits, such as 

cyanide leach tailings from gold extraction and some uranium, copper, and lead tailings.  
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