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Abstract 

 

The demand for lightweight metal such as aluminium (Al) has substantially increased 

worldwide.  Alumina is extracted from bauxite ore through the Bayer process, which 

uses hot caustic soda, resulting in the production of highly alkaline, saline and sodic 

bauxite residue. Global bauxite residue production is estimated at 120 million tons per 

annum with the establishment of sustainable vegetation cover systems (e.g. dust 

emission control crops) in residue storage areas (RSAs) as the key objective in 

rehabilitation activities. In Western Australia, Alcoa of Australia employs the dry-

stacking method for managing bauxite processing residue at RSAs. In this method, 

residue is separated into mud (<150 μm) and sand (>150 μm) fractions with the latter 

being used for constructing the RSAs’ perimeter embankments. The sand fraction, 

referred to in this study as bauxite-processing residue sand (BRS), exhibits a low 

nutritional status [i.e. nitrogen (N) and phosphorus (P) < 1 mg kg
-1

] and poor water 

holding capacity, which can severely restrict the availability of key plant nutrients. 

 

The key objectives of this study were to a) assess analytic and diagnostic methods for 

determining N and P availability indices suitable for use in highly alkaline BRS for an 

improved and efficient fertilization strategies in the RSAs; b) determine the most 

suitable organic or inorganic amendment materials that would enhance the growth 

environment by improving N and P availability, plant N and P uptake by plants, and 

vegetation growth in BRS; c) assess the fate (including chemical and biological 

transformation) of applied 
15

N fertilizer, plant growth response and the role of the 

microbial community in the dynamics of N in BRS with and without greenwaste 

compost; and, d) determine which type of fertilizer is most suitable to improve the 

nutrient status and plant growth in BRS.  
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A series of pot trials were conducted that incorporated leaching and incubation studies 

of (a) freshly amended BRS, (b) organic (e.g. biosolids, biochar and greenwaste 

compost) and inorganic (e.g. zeolite) amended BRS,  and (c) BRS from rehabilitated 

areas of varying age (e.g. 5, 7 and 15 years old). Pot trials were carried out using 

specifically designed growth chambers, in which plants received various forms of N and 

P fertilizers, and were grown in a controlled-environment room with a daily temperature 

of 22 to 25 
0
C under a light intensity of 108-122 W m

-2
 (plant growth fluorescent, 

Sylvania Grolux). The experiments were arranged in a complete randomized design 

with three replicates. At the end of each experiment, N and P fractions in the residue 

and plant materials were quantified.   

 

A field survey at Alcoa’s Kwinana RSAs in south-west Western Australia was also 

undertaken to investigate the rehabilitation performance under field conditions. 

Vegetation samples of BRS and plants growing at the Kwinana RSA that exhibited a 

varying age of rehabilitation were collected and subjected to N and P analyses. 

 

Findings from this study consistently revealed that nitrate-N (NO3
-
-N) is a critical form 

of N in highly alkaline BRS. It provides better plant uptake and dry matter yield, thus it 

may address N deficiency issues of the vegetation in the RSAs. Results further revealed 

that the studied plant species (e.g. Hardenbergia violacea and Lolium rigidum) had 

better responses to NO3
-
-N fertilizer [e.g. potassium nitrate (KN)], compared with other 

N sources. The significant relationship between ammonia-oxidizing bacteria (AOB) and 

plant uptake of N together with the residual N, provides evidence that microbial 

colonization and development could occur within six months of rehabilitation when it is 

exposed to field-like conditions (i.e. growth of plants, simulated leaching to remove 
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excess salts). Meanwhile, P uptake by plants in BRS appeared to be controlled by pH 

(i.e. particularly in freshly amended or younger rehabilitated BRS) despite the greater 

concentration of plant available P measured by Colwell-P. In addition, the strong 

inverse relationship between pH and leaf P content of ryegrass suggests that P uptake in 

BRS remains restricted due to alkalinity. 

  

Overall, it was concluded that: (1) 2 M KCl extractable NO3
-
-N provided a very good 

measure of predicting N availability and plant uptake in BRS both in the pot trial and 

field survey; (2) an increasing trend of extractable NO3
-
-N with the age of rehabilitation 

(e.g. < 0, 5, 7 and 15 year old) indicated the presence of nitrifying microorganisms; (3) 

addition of organic amendments such as greenwaste compost and biochar improved the 

total N and P in BRS; (4) improved uptake of P by ryegrass in older rehabilitated BRS 

(5, 7 and 15 years) compared to organic amended BRS which revealed that time (> 5 

years) is important for an improved P uptake from the residue; (5) nitrate N was the 

most suitable fertilizer for plant N nutrition in BRS, and because of its stability or 

dominance in an alkaline environment; and, (6) AOB appeared to be responsible for the 

transformation of applied N in BRS and mediated plant N uptake and leaching loss of N 

as NO3
-
.  

 

It is recommended that the N functional genes composition (e.g. nitrifying and 

denitrifying genes), and their potential role in N dynamics in a highly alkaline BRS 

growth media  be examined further in detail. Also, rhizosphere studies focusing on plant 

and nutrient (e.g. N and P) interaction in the root zone of BRS are deemed necessary to 

better understand N and P dynamics. The results of the study will improve Alcoa’s 

current rehabilitation prescription for better nutrient and fertilization management in the 
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RSAs. This is crucial in developing fertilizer management strategies, and in assessing 

the ecological status of RSAs towards a sustainable ecosystem.  
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CHAPTER ONE 

Introduction 

 

1.1 Background 

In recent years, the economic boom experienced by China and India in particular has 

dramatically increased the production of bauxite in Australia, Brazil, Guinea, India and 

many other countries. In 2010, Australia maintained its ranking as the leading producer 

of bauxite extracting 70,000,000 metric tonnes, which was 33 % of the world total 

production as shown in Fig. 1.1.  

 

 

 

 

 

 

 

 

                      

 

 

 

 

Fig. 1.1 World bauxite production in 2010 (US Geological Survey, 2012). 

 

 

Bauxite contains one or more aluminium (Al) hydroxides with traces of other elements 

such as iron oxide (Fe2O3) and Aluminosilicates (clay) (Plunkert, 2005; Brown et al., 

2009). It mainly contains aluminium hydroxide and aluminium oxide, which occur in 
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three forms: gibbsite, boehmite and diasphore. Gibbsite is regarded as genuine 

aluminium hydroxide while boehmite and diasphore are a mixture of both aluminium 

oxide and hydroxides known as Al monohydrate (Phillips, 2006a). The Al-rich oxide 

ore is mined and processed in alumina refineries through the Bayer process to primarily 

produce a purified Al oxide known as alumina, which in turn is used for producing 

aluminium metal, which has wide-ranging uses in transport, construction and electrical 

products. The Bayer process involves: a) digestion of bauxite ore with hot caustic soda 

(sodium hydroxide- NaOH) at high temperature and pressure to produce a sodium 

aluminate solution (NaAl(OH)4) ; b.) clarification of such solution through settling and 

filtration; c.) precipitation of dissolved Al from the liquor; and d.) calcination of 

precipitate at 1100 
O
C to extract the chemically-combined water (Anderson et al., 2011; 

Jones and Haynes, 2011).   

 

At Alcoa’s alumina refineries in Western Australia, 3 tonnes of bauxite ore is required 

to produce 1 tonne of alumina; this process results in the production of 2 tonnes of 

bauxite residue which needs to be disposed of into the residue storage areas (RSAs) 

(Alcoa, 2004; Phillips and Chen, 2010).  This residue is divided into 2 fractions- the red 

mud (< 150 µm) and the sand (> 150 µm). The sand fraction or bauxite residue sand 

(BRS) is mainly used in the construction of embankments to contain the red mud and in 

the capping layers of the storage area, as shown in Fig. 1.2.  
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Fig. 1.2 An illustration of Alcoa’s bauxite residue storage areas (Phillips, personal 

communication, Alcoa of Australia Pty Ltd). 

The preference of BRS over the red mud fraction is attributed to its chemical 

characteristics such as lower reactive surface, less residual alkalinity and greater 

efficiency in pH reduction (Phillips, 2006a). It is currently proposed that the final layer 

of residue mud will be capped by 2-3 metres of BRS, and then subsequently vegetated 

with coastal plant species native to south-west Western Australia prior to RSA closure.  

However, vegetation establishment in BRS is challenging due to its physical and 

chemical characteristics (see below). One major measure for successful rehabilitation is 

that residue sand must contain nutrients at a level that can support vegetation growth in 

the long term (Phillips, 2006b).  
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1.2 Properties of bauxite residue sand 

1.2.1 Basic chemical properties 

The chemical characteristics of BRS can limit the establishment and growth of 

vegetation. Firstly, BRS can exhibit a pH >10 which is extremely alkaline (Chen et al., 

2010a; Phillips and Chen, 2010), as consequence of the Bayer process. The pH 

conditions of BRS are classified into two criterion: the actual alkalinity and potential 

alkalinity (Alcoa 2004). Actual alkalinity occurs due to the presence of NaOH, 

NaHCO3, NaAlO2 and Na2CO3 in the solution phase. The concentration of these 

chemicals in BRS is very dynamic and can be quickly reduced by leaching (e.g. 

Anderson 2009). Potential alkalinity is caused by the presence of desilication product 

(DSP) and tricalcium aluminate (TCA6) produced during the Bayer process. Both of 

these minerals exhibit gradual dissolution over time, and can be responsible for the 

sustained elevated pH observed in BRS. Fortunately, these mineral products comprise 

<1% of the mineral composition of residue sand (Phillips, personal communication), 

and the incorporation of materials such as gypsum (CaSO42H2O) could reduce 

alkalinity to produce pH values more tolerable for establishing vegetation covers. 

 

Secondly, BRS is highly saline and can exhibit a pore-water electrical conductivity of 

>30 dS m
-1

. Electrical conductivity (EC) is a measure of salinity in soils, and occurs 

when there is an excessive quantity of salts (e.g. NaCO3) present. Soils are considered 

saline when they have EC values for saturated extracts between 2.0 - 4.0 dS m
-1

, which 

is enough to limit plant growth (Maas, 1990). Gypsum amended BRS has a higher EC 

value (3.0 dS m
-1

) than untreated BRS (2.0 dS m
-1

) but is still lower than both untreated 

(9.6 dS m
-1

) and carbonated (5.6 dS m
-1

) residue mud (Anderson, 2009). Wilting is 

often a symptom of plants growing in a saline environment whereby they cannot take up 
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adequate amounts of water (Price, 2006). Thus, leaching by fresh water is beneficial to 

remove the salts from the root zone before vegetation.  

 

Thirdly, BRS is sodic due to high concentrations of sodium. Sodic soil contains 

excessive quantities of sodium and is classified by the exchangeable sodium percentage 

(ESP) or the sodium adsorption ratio (SAR) of the pore water as expressed in the 

following formula: 

(100 x Exchangeable Na) 

 ESP =         Equation 1.1 

∑ (Exchangeable Ca + Mg + K + Na + Al) 

 

[Na
+
] 

 SAR =         Equation 1.2

  

([Ca
2+

] + [Mg
2+

])
1/2

 

 

Both measurements quantify the relative availability of sodium in the soil.  Sodic soils 

have ESP > 15% and SAR > 13 (mol/L
-1

) (Jones and Haynes, 2011). In the case of 

unamended BRS, it can be considered highly sodic because it has an ESP value of 74% 

(Anderson, 2009). High Na content in the soil can adversely affect seed germination 

(Price, 2006) and the development of plant leaves (Keren, 2000). High levels of Na in 

the soil can lead to deficiencies in Ca (Qadir and Schubert, 2002; Kopittke and Menzies, 

2005), K, Zn, Cu and Mn (Levy, 2000), which are essential nutrients for plant growth 

and development.  
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Lastly, BRS is deficient in essential plant nutrients, including N, P, K, Ca, Mg, Cu, Mn, 

B and Zn (Meecham and Bell, 1977; Gherardi and Rengel, 2001; Thiyagarajan et al 

2009). It has been reported that in BRS available N and P are < 3 mg kg
-1

, organic C 

0.05-0.13%, EDTA extractable Mn < 0.8 mg kg
-1

, Cu < 0.4 mg kg
-1

, and Fe > 200g kg
-1

 

(Anderson, 2009; Chen et al., 2010a). Extremely low organic matter (organic C < 

0.07%) contributes to poor supply of N via mineralization and to the poor presence of 

microbial communities in RSAs (Banning et al., 2011). Low availability of P in BRS 

may be attributed to strong adsorption by Fe and Al oxides (Chen et al., 2010a). Such 

deficiencies in both macro and micronutrients pose a great challenge for establishing 

sustainable vegetation in Alcoa’s RSAs.   

 

1.2.2 Physical properties  

Particle size analysis of Alcoa’s BRS shows that it is made up of 98% sand, 1% silt and 

1 % clay, giving BRS an estimated pore volume of 96% macropores (Anderson, 2009). 

This characteristic of BRS has direct impacts on hydraulic properties such as soil-water 

retention, hydraulic conductivity and compaction. Poor soil-water retention in BRS is 

one of the key issues in the vegetation performance in residue sand. Anderson (2009) 

found that the addition of 20% residue mud fraction to BRS could increase the plant 

available water in its profile by 26 mm per m depth of growing media. Such an increase 

is still low compared to the performance of clays (e.g. 20% vertisol clay = 40 mm m
-1

; 

7% silt/bentonite clay = 50 mm m
-1

) added to sandy agricultural soils (De Lima and 

Hopmans, 2002; Jones and Haynes, 2011). Addition of fine residue mud may be 

beneficial in increasing plant available water in BRS, however, it may increase the 

osmotic potential due to high concentrations of salts contained in residue mud. This 

could lead to abnormal plant growth and development. Hence, other low cost 

organic/inorganic amendments for BRS need to be explored.  
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1.2.3 Microbial properties 

Microorganisms play a major role in various soil processes such as soil formation, 

structure, nutrient mobilization and cycling which are critical for a long term ecological 

stability (Paul, 2007; Schmalenberger et al, 2013). Understanding of the microbial 

properties in mine tailings or in many disturbed landscapes can provide a good 

assessment on the sustainability of the established vegetation cover (Schmalenberger et 

al, 2013). Hence, investigating the role of microbes in nutrient dynamics in BRS 

environment can provide vital information for establishing key rehabilitation 

performance indicators.  

 A freshly deposited BRS is not only known hostile to plant growth but also to 

microbial development. Jones and Haynes (2010) reported that BRS has poor or 

negligible microbial activity. Excessive salts (e.g. highly alkaline and sodic) and poor 

nutrient in BRS (Anderson 2009; Chen et al., 2010a) seemed to be the key factors 

limiting microbial colonization and development. Early work of Williams and Hamdy 

(1982) revealed an existence of metabolically injured bacteria due to poor nutrient 

content in bauxite residue. According to these workers, these injured bacteria can be 

metabolically active once the bauxite residue is supplied with nutrients (e.g. agar and 

hay). Recently, Schmalenberger et al. (2013) reported diverse bacterial communities in 

restored bauxite residue. These findings highlight that microbial communities are a 

crucial component in the rehabilitation prescriptions of bauxite residue along with soil 

physico-chemical properties.  

 

1.3 Bauxite residue sand rehabilitation strategies 

To date, much of the published literature on residue rehabilitation has focused on 

residue mud. This is because Alcoa’s WA operations are one of few refineries that 

separate the sand and mud fractions. The high sand content is a consequence of the 
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granite-rich bauxite from the Darling Ranges, Western Australia (Anand et al., 1991). 

Some studies have examined the impacts of amendments on red mud as well as the 

relationship between red mud and plants. Ippolito et al. (2005) revealed that the use of 

gypsum combined with wood wastes reduced the pH level and Na content, respectively. 

Krishna et al. (2005) also disclosed the significant role of Aspergillus tubingensis both 

in lowering alkalinity and in supporting plant growth in residue mud. Courtney and 

Timpson (2004) reported the reduction of essential plant nutrients such as N, P, K, Mn, 

Mg and Ca in the amended residue over a two-year period. In addition, gypsum 

combined with coarse fraction of bauxite residue (Courtney and Timpson, 2005) and a 

period of weathering (Courtney and Mullen, 2009) was found to improve both seed 

germination and plant growth performance. These results are parallel to the effects of 

gypsum and Spent Mushroom Compost on vegetation growth, which showed improved 

physical and chemical properties of bauxite residue mud following the additions of such 

amendments (Courtney et al., 2009).  

 

Interest in BRS has increased since it has been used to construct the embankments 

which contain and store the residue mud at Alcoa’s Western Australia operations.  BRS 

now represents the primary growth material used for rehabilitation activities by Alcoa. 

However, BRS also possesses characteristics which are sub-optimum for vegetation 

growth. Some studies revealed strategies to improve BRS properties prior to vegetation 

establishment, which include addition of gypsum (followed by leaching), organic 

amendments, and diammonium phosphate (DAP) fertilizer (see below). 

 

1.3.1 Gypsum and leaching 

The addition of gypsum to residue sand can reduce its alkalinity, hence a lower pH. The 

Ca
2+

 ions from gypsum react with carbonate (CO3
2-

) to form low-solubility calcium 
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carbonate (CaCO3). In this process CaCO3 is precipitated in, and Na2SO4 is leached 

from, the residue materials, respectively (Phillips, 2006b; Phillips, 1998). Jones et al. 

(2010) showed that the addition of gypsum with subsequent leaching can reduce pH of 

BRS by up to 2 units (11.1 down to 8.5-9.1). In addition, Menzies et al. (2009) reported 

that fresh water leaching effectively lowered the EC of the soil solution (≤ 0.3 dS m
-1

) 

and decreased exchangeable Na (71% to 62%), which produced conditions more 

favorable for plant growth. The pH of residue sand at Alcoa’s WA sites can be reduced 

from about pH 11.6 to pH 10.5 by adding 1.03% gypsum (Alcoa 2004). Researchers 

have explored various ways to improve the efficiency of gypsum application such as 

combination with BRS in a slurry, thus allowing the two to mix while being pumped 

into the disposal areas. This process was found to be less than satisfactory because of 

rapid dissolution and poor adsorption of gypsum in the residue materials, which resulted 

in a huge loss (95%) of Ca
2+

 and may eventually lead to plant Ca-deficiency when BRS 

is used as growing media (Kopittke et al., 2004). In addition, gypsum can prevent TCA6 

from dissolution and therefore minimizes the effect of residual alkalinity because of 

intense concentrations of Ca
+
 solution (Alcoa 2004). This suggests that gypsum addition 

should be combined with other pH reduction strategies to achieve better results.  

 

1.3.2 Organic amendments  

Soil organic matter (OM) can be effective in reducing the alkalinity of soil. 

Amendments can improve the physical, chemical and biological properties of the soil 

(Guidi et al., 1983), due to their positive influence on soil microbial activity and cation 

exchange capacity (responsible for up to 50% CEC) (McKenzie et al., 2004). Microbial 

activities speed up the oxidization process of nutrients such as sulphur (S), N, P and 

other elements in the soil. McCauley (2009) reported that microbes oxidize elemental 

sulphur (S
0
), which is responsible for producing sulfate (SO4

2-
) and H

+
, resulting in a 
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lower pH. Another case is the mineralization and nitrification of N organic material 

caused by microbes. These N processes facilitate the release of H
+
 ions into the soil, 

thus reducing the pH level of soil as illustrated in the equation (Singleton, 2006) below: 

 

   NH4
+
 + 2 O2 → NO3

-
 + H2O + 2H

+
    Equation 1.3 

 

These processes are crucial in BRS due to its very low organic matter content. In RSAs, 

organic materials could be mixed with residue sand (growing medium) in order to 

reduce the pH level to desirable values that can support plant growth. A field 

experiment at Alcoa’s Kwinana RSA showed a gradual decrease in pH from 8.7 to 8.2 

in over a 2-month period following the addition of organic amendments (Alcoa, 2004). 

It was further observed that pH reduction was not exclusively from added organic acids 

within the OM but also from plant root exudates, which is consistent with the previous 

findings reported by Fuller et al. (1982) and Wong (1990).  

In contrast, certain types of organic amendments can increase the soil pH. These are 

OM amendments that contain Ca oxides and hydroxides, soluble salts and exchangeable 

Ca
2+

 and Mg
2+

.  Sullivan (1998) revealed that Ca oxides and hydroxides can increase 

pH by converting soil acidity to CO2 and water. Also, the soluble salts in the soil 

solution have base-forming cations (Na
+
) that can be lost through leaching (Sullivan, 

1998). Meanwhile, Ca
2+

 and Mg
2+

 are common base-forming cations (McCauley, 2009) 

that can increase the pH in soil.  

Organic waste amendments (e.g. biosolid and poultry manure) can also be used to 

improve nutrient availability in BRS. They are generally used as a source of organic N 

and P for sustained growth and yield of plants in agriculture. Sommers (1977) reported 

that approximately 80% of the total N present in biosolids is in plant unavailable form 

(organic) while 20% is readily available for plants. Meanwhile, biosolids can also be an 
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excellent source of P nutrition (USEPA, 1995) because they can improve inorganic P 

concentration in soil and P plant uptake (Kelling et al., 1977; Kirkham, 1982), and 

stabilize P retention capacity in soils with low oxalate-extractable iron and aluminium 

content and low native P-sorbing capacity (Lu and O’Connor, 1999). The nutrient input 

from organic wastes is extremely beneficial to BRS due to the low concentration of 

essential nutrients in unamended BRS. However, there is a restriction in the use of 

organic waste (poultry manure) in RSAs due to health regulations in Western Australia 

by the Western Australia Health Department prohibiting the transport, storage and use 

of untreated poultry manure or organic waste (Eastham et al. 2006). Thus, this research 

also examines different types of organic matter, which can serve as good sources of 

nutrients for RSAs and comply with government health regulations and policies. 

 

1.3.3 Microbial amelioration 

As mentioned earlier, BRS alkalinity and poor nutrient content are inhibiting microbial 

colonization and development. Hence, previous works have given much emphasis on 

reducing alkalinity and improving nutrients in BRS. For instance, amending BRS with 

organic materials can improve microbial activities due to increased soluble organic C, 

microbial biomass C, basal respiration and other enzyme activities (e.g. b-glucosidase, 

L-asparaginase and alkali phosphatase) (Jones et al. 2010a). Microbial colonization and 

development was also reported at early stage (0.5 year) of BRS rehabilitation (Banning 

et al. 2011). This corresponds to early works that bacterial community can be activated 

in bauxite residue by sustained supply of nutrients (Williams and Hamdy 1982; Hamdy 

and Williams 2001). These workers indicated not only the presence of bacteria 

(alkaliphilic microbes) in unamended bauxite residue (no supply of nutrients) but also 

microbial response and functions which are dependent on the availability of nutrients. 

Similar observations have been reported in unrestored and restored bauxite residue 
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(Schmalenberger et al. 2013). These workers observed colonization and development of 

bacterial communities in both unrestored and restored bauxite residue. However, it was 

the restored residue that had diverse bacterial communities that resembled with the 

typical soil. Surprisingly, these reports are centered on the colonization, development, 

and activity of microbial communities in bauxite residue while the influence or role of 

the microorganisms in nutrient (e.g. N) dynamics remained unexplored. Further, the 

aforementioned reports have given emphasis on bacterial communities, while the 

archaeal communities have not received such attention. Although the archaeal 

communities are reported to be negatively affected by increasing pH (He et al., 2007; 

Taylor et al., 2011), other reports revealed that the relationship between archaeal 

abundance and pH in alkaline soils was not consistent or that suggesting their 

abundance remains unaffected (Jia and Condrad, 2009; Shen et al., 2008). Further, it has 

been suggested that ammonia oxidizing archaea (AOA) and bacteria (AOB) are may be 

active or are competing directly under the same conditions (Verhamme et al. 2011) and 

are linked to N transformation (Di et al. 2009; Offre et al. 2009). Hence, this research 

examines how AOA and AOB affect nutrient (N) dynamics particularly at freshly or 

younger rehabilitated BRS.   

   

1.3.4 Nitrogen and phosphorus fertilization  

The tendency of BRS to exhibit high pH (> 7) in the field even after being ameliorated 

with known amendments (i.e. gypsum) is a limiting factor to N nutrition. As part of  

Alcoa’s rehabilitation program, inorganic fertilizer such as di-ammonium phosphate 

(DAP) replaced the use of organic manure, following the restrictions in the use of 

poultry manure by the Western Australia Health Department. Approximately 2.7 t of 

DAP-based fertilizer ha
-1

 is applied to BRS during rehabilitation which represents the 

major source of N to plants. However, published information on N behavior and 
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dynamics in highly alkaline BRS is scarce. Studies in alkaline calcareous soils have 

shown that applied NH4
+
-N rapidly lost by volatilization as ammonia (NH3-N) at high 

pH values (8-9) (McLaren and Cameron, 1996). A similar finding was observed by He 

et al. (1999) with elevated volatilization of NH3-N in line with increasing soil pH. 

Overall, high soil pH is the key variable influencing such N loss pathways (Stevens et 

al., 1998; He et al., 1999; Chen et al., 2010a), particularly in a highly alkaline 

environment.  

 

Phillips and Chen (2010) reported that NH4
+
-N adsorption by BRS decreased at elevated 

pH even with an increase in CEC.  Also, the presence of Ca from added gypsum 

depresses the retention of NH4
+
-N on the exchange sites, resulting in more losses of N 

via volatilization (Phillips, 1998). It was found out that the major loss of N applied as 

fertilizer in BRS was due to high volatilization of NH3-N (up to 95.2%) that took place 

within a very short period of time (24hr to 7days) (Chen et al., 2010a).  These 

researchers concluded that there is no nitrification in BRS due to the very low 

concentrations of NO3
-_

N, thus highlighting the extreme characteristics of BRS as 

compared to calcareous soils. These findings highlighted the need to identify which 

forms of N fertilizer are most suitable for use in highly alkaline BRS, which is 

addressed in this research.   

Meanwhile, the elevated alkalinity of BRS as a growing media poses a number of 

challenges in terms of sustaining the solubility of inorganic P for plant nutrition.  

Diammonium phosphate based fertilizer was chosen for use in Alcoa’s RSAs 

rehabilitation operations as it served as an N supply as well as a source of available P to 

residue-grown plants (Eastham et al., 2006). When inorganic P fertilizer is applied to 

high pH soil, it will react with other nutrients to produce Ca bound phosphates or Al/Fe 

bound phosphates in alkaline and acidic soils, respectively. In red mud, reduced P 
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leaching and high P retention have been found due to reactions with other nutrients such 

as sesquioxides of Al and Fe, thus resulting in P deficiency in soil and plants (Vlahos et 

al., 1989; Summers et al., 2001; Snars et al., 2004). However, Chen et al. (2010) 

reported that the majority of P added to BRS as DAP was in an available form. There 

was a significant amount of P recovered in labile fractions measured by Colwell P 

(39—67%) and 0.1 M H2SO4 (22—57%) (Chen et al., 2010b). Phillips and Chen (2010) 

noted that with an increasing pH of BRS, P sorption is decreased indicating that there is 

a greater proportion of P available for plant uptake if not lost by leaching. These recent 

findings suggest the need to understand P dynamics in BRS such as P availability and 

plant P uptake of added P fertilizer, which encapsulates the objectives of this research. 

 

1.4 Analytical methods for determining nitrogen and phosphorus availability  

Soil nutrient (e.g. N and P) tests have become a routine analyses in agriculture due to 

the benefits it offers such as providing information on optimum fertilizer use, 

knowledge on enhancing soil nutrient status and instruction on diagnostic monitoring 

systems, and more importantly the ability of the test  to monitor the effects of applied 

fertilizer in environmentally sensitive areas (Price 2006). One of the important features 

of soil testing is its’ best ability to predict fertilizer types and rates of application for a 

specific soil condition. A range of soil testing methods exist, and each method gives 

variable results as they are developed for a particular type of soil. Potassium chloride (2 

M KCl) and calcium chloride (0.01 M CaCl2) extractions are considered as universal 

soil tests for N (Bremner and Keneey, 1966; Kou, 1996; Houba, 1997). In Australia, the 

soil tests routinely used for N in commercial agricultural analytical laboratories are 

Nitrate-N, ammonium-N and total N, while P tests include Colwell, Bray No. 1, Olsen, 

Lactate, BSES, and Phosphorus Buffer Index (Peverill et al., 1996). Methods optimized 

for calcareous soil include Olsen P, Mehlich 3 (Lucero et al., 1998; Wang et al., 2004) 
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and Bray I, II, and V (Hons et al., 1990; Ebeling, 2008) which are good P predictors. On 

the other hand, some soil test methods are developed for application across all ranges of 

soils. For instance, P tests such as water extractable and calcium chloride are commonly 

used for all types of soils (Kou, 1996; Houba, 1997).  

 

The use of specific techniques may be due to better and more targeted results provided 

by a particular method over other soil nutrient test methods. For example, Colwell P is 

widely used in Australia because it has significant correlation with other P 

measurements such as the isotopically exchangeable P (in 24 hr) and plant P uptake data 

in glasshouse experiments (Dalal and Hallsworth, 1977; Moody, 2007). Moreover, 

Colwell P has been found to be highly correlated with anion resin extractable P (Moody 

and Barry 1983). This is because the amount of sorbed P by Colwell P fits to the P 

sorption curves introduced by the Freundlich equation (Barrow 2000). The key message 

here is that choosing an accurate soil nutrient test is critical to soil fertility monitoring as 

it provides an opportunity for more precise and detailed management of the site, which 

will eventually result in reduction of fertilizer costs and other nutrient inputs.  

 

The use of soil nutrient extractants to determine bioavailable N and P in bauxite residue 

has been reported earlier. For instance, bicarbonate P is used to detect plant available P 

in sandy soil mixed with leached bauxite residue mud (Snars et al., 2004). Chen et al. 

(2010) used a modified P fractionation scheme to assess plant available P in BRS. 

Colwell P is used to extract plant available P (Eastham et al. 2006) and 2 M KCl 

extraction for plant available N (Jones et al. 2010) in organic matter amended BRS. 

Further, CaCl2, Morgans, Olsen and Colwell extractions have been used to assess plant 

available phosphorus in fine textured bauxite residue in Ireland (Courtney and 

Harrington, 2009). The use of various kinds of soil nutrient extractants suggests the lack 
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of standard procedures for predicting N and P status in bauxite residue particularly in 

residue sand. Further, most of these nutrient indices have been developed purposely for 

agricultural soils, and thus there is a need to evaluate their applicability specifically on 

mine waste residues (e.g. BRS).  A precise N and P availability index has to be 

established for BRS for development of an improved fertilization regime and better 

vegetation monitoring in Alcoa’s RSAs. 

 

1.5 Research Questions, Hypotheses and Objectives  

The general framework of the research program undertaken is depicted in Fig. 1.3, 

which covers the research questions, hypotheses, objectives and chapters of this 

research project. 

 

A critical review of the published literature highlighted important gaps, which limit our 

current understanding of residue sand rehabilitation. These include the following:  

i. establishing a suitable N and P availability index for BRS that would assist in 

the BRS-plant nutrient management and in the assessment of the RSAs’ 

rehabilitation performance; 

ii. information on the most efficient amendment materials (e.g. organic and 

inorganic) that would enhance plant growth, plant nutrient (e.g. N and P) uptake 

and nutrient availability in BRS under DAP fertilization, and; 

iii. understanding on how the applied N fertilizer is transformed chemically and 

biologically in BRS amended with organic materials and without amendment 

under field-like conditions (i.e. presence of growing plants and simulated 

leaching). 
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QUESTIONS HYPOTHESES EXPERIMENTS
THESIS 

CHAPTERS

What are the 

potential 

pathways for 

applied 
15

N 

fertiliser in BRS  

amended with 

greenwaste 

compost and 

without 

amendment  

during plant 

growth?

What type of 

amendment 

materials are 

most suitable for 

improving plant 

growth and N or 

P availability in 

highly alkaline 

BRS under DAP 

fertilisation? 

What are the 

appropriate N 

and P availability 

indices for plant 

growth in BRS?
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Fig. 1.3 Research framework. 

 

Both the above and below ground processes in BRS have to be examined as a key to 

understanding the dynamics of inorganic N and P in BRS, thus we hypothezise that: 

a) The current methods or techniques for measuring N and P index in soils may not 

be suitable for use in soil-like substrate (e.g. BRS) due to differing characteristics 

(e.g. physical, chemical and biological) between soils and BRS; 

b) Amendments of organic/inorganic materials can change or improve the chemical 

and growth enviroments for plants in BRS, as well as enhance the N and P 

supplying capacity of BRS as a growth media; 
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c) N fertilizers (e.g. NO3
-
 and NH4

+
) differ in their behavior and fate in 

organic/inorganic amended BRS; and, 

d) Microbial community [e.g. ammonia-oxidising bacteria (AOB) and ammonia-

oxidizing archaea] can colonize in BRS when subjected to appropriate 

rehabilitation regimes (e.g. reducing alkalinity and sodicity) or when resembles 

soil-like chemical properties. 

To achieve the research objectives field and pot experiments were carried out and 

results are presented in chapters 3 through 7 (Fig 1.3). 
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CHAPTER TWO 

Site Description and Methodologies 

 

2.0 Introduction 

This chapter provides details of the study sites, field sampling techniques and analytical 

procedures used throughout the research program.  It also provides a general description 

of routine methods whereas experimental and/or analytical techniques specific to a 

particular experiment are presented in the relevant chapter. Generally, all experiments 

were aimed at understanding the dynamics and fate of N and P added as fertilizer as 

well as their effects on vegetation growth in revegetated highly alkaline BRS. 

 

2.1 General site description 

The Kwinana and Pinjarra RSAs of Alcoa of Australia in Western Australia were the 

sites and sources of BRS (fresh and rehabilitated) and the plant samples for the 

experiments. The Kwinana RSA is located at latitude 32
o
11' 54.22'' South and longitude 

115
o
49'31.93'' East and the Pinjarra RSA is located at latitude 32

o
37'59.28'' South and 

longitude 115
 o

 55'35.08'' East (Fig. 2.1). These RSAs contain BRS embankments of 

varying ages depending on the year of deposition and rehabilitation or vegetation. 

Operational practice following the construction of BRS embankments includes 

incorporation of phosphogypsum and DAP fertilizer prior to the broadcasting of seeds 

of native plant species. 
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Fig. 2.1 Map of southwest Western Australia showing the location of Kwinana and 

Pinjarra RSAs. 

 

The native plant species used in the revegetation of RSAs are a mixture of ground 

covers such as shrubs and medium-sized tree species, which ideally create a diverse and 

complex structure of vegetation (Anderson, 2009).  Upon completion of broadcast 

seeding, the woodchip mulch is then applied as a ground cover to control dust emissions 

during the early stages of rehabilitation.  

 

2.2 Field sampling and measurements 

2.2.1 Soil and herbage sampling  

BRS samples were collected from 17 embankment locations, and ranged in age from 2-

24 years since deposition. Sampling of BRS and associated vegetation was undertaken 

in February 2011. At each sampling location, an area of 2 m
2
 was marked out, and BRS 

and plant leaves were collected as follows: BRS samples (5–6 cores) were taken 
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randomly with an auger (6 cm in diameter) beneath the sampled plant at a depth of 0–10 

cm from each plot and were bulked as a composite sample. Samples of freshly 

deposited BRS and carbonated BRS were also collected.  Leaf and litter of dominant 

plant species (e.g. Hardenbergia comptoniana, Acacia rostellifera and Eucalyptus 

gomphocephala) growing in the RSAs were collected.  Samples of wood mulch used for 

covering the BRS were collected and sieved (2 mm) to separate the coarse and fine 

fractions. All these samples were subjected to chemical analyses and data (i.e. field data 

results) which are presented in chapter 3. Further, samples of BRS were used for all pot 

experiments which  results are reported in chapters 4-7.  

 

2.2.2 Moisture content and bulk density measurements 

Sub-samples were taken from composite BRS samples, and were oven dried at 105 
0
C. 

The difference between BRS fresh weight and oven-dried weight was calculated to 

estimate the moisture content. Dry weight data of BRS were used in all calculations of 

nutrients (e.g. nitrogen and phosphorus) to obtain concentrations on a dry weight basis. 

The bulk density of collected BRS samples was estimated using a PVC pipe with 

dimensions of 7cm long and 5cm in diameter. The PVC pipe was carefully hammered 

into the BRS profile and extracted manually using a spade. Excess BRS was trimmed 

from the tube, and sealed to ensure no material was lost. BRS was then placed into a 

previously tin tray (tare-weight considered) and oven-dried at 105 
0
C for 24 hrs. to 

obtain the dry weight. Calculation was based on the volume of the cylinder and mass of 

BRS: 

 

Bulk density (g cm
-3

) = 

 

2.3 Pot experiment preparation 

Soil mass (g) 

Volume of cylinder (cm
-3

) 
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2.3.1 BRS growth media preparation 

Samples of unweathered and untreated deposited BRS that had been air-dried and 

sieved (< 2 mm) were used in pot experiments. This material was amended with 

gypsum (i.e. ground < 2 mm, and added at a rate 1% v/v), rewetted to 60 % water 

holding capacity, and incubated for 2 weeks to allow reaction. After incubation, samples 

of phosphogypsum amended fresh BRS were placed in a leaching container and leached 

with the equivalent amount of the average annual rainfall at Kwinana RSAs (758 mm). 

Leaching was done carefully to avoid foaming at the top or surface area of BRS.   

  

The leaching container used in this study was designed to accommodate sufficient BRS 

samples to achieve a depth of 30 cm inside the container. The leaching container  base 

had a diameter of 30 cm, the top measured 36 cm, and a height of 72cm. Holes (<5mm) 

were drilled into the bottom to allow good passage of the leachate. A doubled nylon 

mesh (<0.5 mm) was fastened internally at the base to ensure that there was no loss of 

material apart from the leachate. The gypsum amended BRS was leached slowly with 

distilled water using 15.5 litres per leaching event within 24-hr period for 5 days or 5 

leaching events.  The pH and EC were measured before and after leaching. Addition of 

gypsum and leaching were not done for older BRS samples as these had already 

received gypsum (i.e. as part of rehabilitation protocol), and had undergone natural 

leaching (i.e. natural leaching and weathering in the field) over a long period of time. 

 

2.3.2 Amendment materials 

Addition of organic materials (i.e. mulch or outer covering) such as wood chips in the 

RSAs has been effective as a dust control measure. It has been viewed that organic 

materials have potentials in providing a long term nutrient supply to growing plants in 

the RSA once decomposed. It is therefore necessary to explore the most suitable 
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amendment materials that can effectively support RSA vegetation’s long term nutrient 

demand. In this study, organic (e.g. greenwaste compost, biosolids, and biochar) and 

inorganic (e.g. zeolite) materials were used to amend BRS, and were added at a rate of 

10% v/v. These amendment materials were air-dried and sieved (< 2mm) before being 

added to the BRS. Selection of organic materials was not only based on their 

availability in Australia but also on their potentials to improve nutrient supply as 

revealed in previous studies  (e.g. Jones et al., 2010 and Eastham et al., 2006). Inorganic 

material such as zeolite was used due to its known capacity to hold ammonium, thus 

volatilization of ammonia is minimized (He et al., 2002), particularly in highly alkaline 

BRS. To assess the effectiveness of amendment materials in terms of their effects on 

plant growth and on nutrient availability in BRS, the older rehabilitated BRS samples 

(e.g. 5, 7 and 15-year old) were included in the study to provide a reference as to which 

amendment material provides comparable results with the older BRS samples.  

 

2.3.3 Nitrogen and phosphorus fertilizer treatments 

Alcoa’s DAP fertilization prescription at 2.7 t ha
-1

 was assessed by using various 

application rates (e.g. 1.5, 2.5, 3.0, and 4.0 t ha
-1

) as treatments. Further, fertilizer types 

at various rates were also assessed to determine N and P uptake efficiency for the dust 

control crops (e.g. ryegrass) in the RSAs. Addition of fertilizer treatments was in a 

solution form injected into the BRS growth media to ensure greater availability of added 

fertilizer to plants throughout the trial period as well as a controlled and accurate 

dosage. To achieve uniformity of N fertilizer distribution, the same amount of solution 

was injected into four corners of the growth chamber. In this study, N loss pathways 

such as volatilization and leaching in the presence of growing plants as well as the 

chemical and biological transformation of applied fertilizer (e.g. N) were assessed to 

understand the fate of added fertilizer in BRS. In particular, a growth chamber was 
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specifically designed to facilitate the measurement of N loss via volatilization and 

leaching and plant uptake. A more detailed description of the growth chamber is 

provided in chapter 5. 

 

2.4 Laboratory analytical procedures 

2.4.1 Exchangeable and effective cation exchange capacity (ECEC) 

Strontium chloride (SrCl2) has been used for extracting exchangeable cations in a wide 

range of soils (Woods, 2006; Edmeades and Clinton, 1981). The sum of the measured 

cations by SrCl2 such as Ca, K, Mg and Na was used to estimate soil effective cation 

exchange capacity (ECEC) (Abbott, 1985). A greater preference for the use of Sr as the 

displacing cation has been demonstrated in most soils and minerals compared with Ca, 

Mg and other monovalent cations (Edmeades and Clinton, 1981). Hence, while other 

cation extracting procedures such as Mehlich, Morgan, 1 M NH4OAc and BaCl2
 

compulsive exchange method suffer drawbacks from overestimation of cations (i.e. 

higher ionic strength and difference in pH in soil solution for Mehlich, Morgan, 1 M 

NH4OAc) and for being time consuming (i.e. complex procedures for BaCl2), SrCl2 

provides a simple and rapid measurement of cations as well as ECEC (Woods, 2006; 

Edmeades and Clinton, 1981). The use of 0.01 M SrCl2 has been shown to provide 

reliable estimates of ECEC for a wide range of soil types (e.g. non calcareous and 

calcareous soils) (Woods, 2006). Exchangeable cations in BRS were extracted using 

0.01 M SrCl2 at a soil-solution ratio of 1:10. The suspension was shaken for 5 minutes, 

and extracts were analyzed by ICP-OES (Varian Vista Pro Spectrophotometer). BRS 

samples used in the experiments have been leached (section 2.3.1) after amendment 

with finely ground gypsum and incubated for 2 weeks, prior to measurement of  

exchangeable cations such as Ca, K, Mg and Na by 0.01 M SrCl2. 
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2.4.2 Total nitrogen, total phosphorus and total carbon  

Measurement of total N and total P in BRS and plant samples were done using the 

Kjeldahl digestion method followed by simultaneous automated determination 

(Rayment and Lyons, 2010).  This method extracts total N from plant or soil samples 

(i.e. homogenous samples) using concentrated sulphuric acid (H2SO4), and raising the 

temperature to > 350 
0
C by adding K2SO4. As a result, organic N from digested samples 

is converted into an ammonium sulphate solution. During digestion, almost all organic 

P is converted into inorganic P, thus total N and total P can  then be determined from a 

single digest (Bowman and Delfino, 1982). Where the determination of elemental 

composition of particular samples is needed, the nitric perchloric acid digestion was 

used as it also facilitates measurement of total P, while the isotope ratio mass 

spectrometer with a Eurovector Elemental Analyzer was used for samples that needed 

measurement of both total C and total N.  

 

2.4.3 Plant available nitrogen and phosphorus 

This study used various methods for extracting plant available N in BRS such as 2 M 

KCl for extractable NH4
+
-N and NO3

-
-N, potentially mineralizable nitrogen, and 0.01 M 

Calcium chloride extractable NH4
+
-N. Detailed procedures of these techniques are 

discussed in chapter 3. Reasons for using these techniques in BRS were based on their 

applications in alkaline or calcareous soils (e.g. Akhtar et al., 2011; Quemada and Diez, 

200; Bushong et al., 2007) which revealed efficiency in predicting N availability. Thus, 

their use in BRS would be helpful in predicting N availability as an indicator of 

rehabilitation performance.  
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Plant available P in BRS was measured by Colwell P, Anion Exchange Membrane P, 

Mehlich 3 P and 0.01 M CaCl2. These extractants have been proposed to efficiently 

extract plant available P in a wide range of soils. Hence, testing these P extractants in 

alkaline BRS would help in determining the most suitable P index which in turn would 

assist in assessing P availability in the RSAs. Detailed procedures of these techniques 

are discussed in chapter 4.  

 

2.4.4 DNA extraction, qPCR and amoA quantification analyses 

The Power Soil DNA Isolation Kit (MO BIO Laboratories Inc., West Carlsbad, CA) 

was used for DNA extraction following the manufacturer's instructions. DNA quantity 

was determined using a Nanodrop Spectrophometer (Thermoscientific). Extracted DNA 

was stored at -80°C (see detail procedures in Chapter 6 and 7).  
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CHAPTER SIX 

Pathways of Different Forms of Nitrogen in Highly Alkaline Bauxite-

processing Residue Sand 

 

6.1 Introduction  

The growing demand for lightweight metals such as aluminium has substantially 

increased worldwide.  Alumina is extracted from bauxite ore through the Bayer process, 

which mainly uses hot caustic soda, resulting in the production of highly alkaline and 

sodic bauxite residue (Jones et al., 2010). Global bauxite residue production is estimated 

at 120 million tons per annum (Grafe and Klauber, 2011), and the establishment of 

sustainable vegetation cover systems (e.g. dust emission control crops) in residue 

storage areas (RSAs) has been a key objective in rehabilitation activities.  

 

Previous remediation works in improving the nutrient status, particularly N, in BRS 

revealed the significance of organic amendments (e.g. greenwaste compost and biochar) 

(Jones et al., 2010; Goloran et al., 2013) and inorganic fertilizer (e.g. diammonium 

phosphate) to provide both the immediate and long term supply of N to plants (Goloran 

et al., 2013; Eastham et al., 2006). Nitrogen is a key nutrient supporting the vegetative 

growth of dust control crops, shrubs and other native plant species in the RSAs. Organic 

N sources such as poultry manure was used in Alcoa RSAs until restrictions concerning 

the transport, storage and use of this material as soil amendment was imposed in 

Western Australia due to health related concerns (Western Australia Health Department, 

2001). Currently, Alcoa applies 2.7 t of di-ammonium phosphate (DAP) ha
-1

 as a major 

source of N in the RSAs, as it showed comparable results with poultry manure in terms 

of plant growth and uptake of N (Eastham et al., 2006). The behavior and influence of 

organic/inorganic N sources, water movement  in BRS and in plant growth including 
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the suitable N availability index have been studied in detail (e.g. Eastham et al., 2006; 

Chen et al 2010a; Gwenzi et al. 2011; Goloran et al., 2013).  It is still unknown, 

however, how different forms of N fertilizers are transformed chemically and 

biologically, and how plants respond to different N sources in BRS.  It has been found 

that in calcareous soils, NO3
-
 is the predominant form of inorganic N (Rochester et al. 

1992; Tagliavini et al. 1995), and ammonia oxidizing bacteria (AOB) and/or ammonia 

oxidizing archaea (AOA) play key roles in nitrification (Shen et al. 2008; Ai et al. 

2012). In this study, the pathways of applied N (e.g. NO3
-
, NH4

+
 and glycine) in BRS, 

the role of microbial community in the dynamics of N as well as plant growth and N 

uptake were examined.  

 

 

6.2 Materials and methods 

6.2.1 Materials used and preparation 

Samples of freshly deposited (unweathered and untreated) BRS were amended 

simulating Aloca’s current protocol for remediating BRS (see Chapter 3, section 3.2.1) 

Chemical analysis of freshly amended BRS for extractable NO3
-
-N and NH4

+
-N 

revealed negligible concentrations or below detection limit, while the total N was also 

very low (ca. 22 mg kg
-1

) (Table 6.1). Thus, N fertilizer treatments were the main 

source for plant N uptake. Seeds of ryegrass (Lolium rigidum) were obtained from a 

local seed company in Brisbane, Australia.  

 

6.2.2 Experimental design      

The growth chamber used for this experiment was specifically designed to 

simultaneously measure ryegrass N uptake, residual N availability and N loss via 

volatilization and leaching. The growth chamber was made from PVC pipe cut to 
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measurements specified in Fig. 6.1. The lid cover (a), included plant growing holes 

(PGH) (b), and an ammonia (NH3-N) sponge trap receptacle (c). The PGH enabled 

separation of plant above and below-ground biomass. The separation was done using 

modelling clay (Plastilina Jovi 350m-white) that also sealed off the PGH. These were 

further sealed using a silicone (The Original Super Glue Corporation) sealant to ensure 

that no NH3-N
 
could escape. The NH3-N sponge trap receptacle included a passage (for 

NH3-N) drilled from the lid cover and an NH3-N
 
sponge trap tube (d) attached to the lid 

of the receptacle. The sponge was sized to perfectly fit in the receptacle. The sponge 

was moistened with 200µl of NH3-N
 
trapping solution (i.e. sulphuric acid/glycerol 

solution) before placing below the rim of the receptacle for easy collection and 

replacement. Another sponge (sized to fit in the tube), moistened with 50µl of NH3-N
 

trapping solution, was placed inside the NH3-N
 
sponge trap tube to prevent external 

NH3
 
from coming into the growth chamber. The NH3-N

 
trapping receptacle was based 

on the method (i.e. sponge-trapping and KCl extraction method for measuring NH3-N 

volatilization) developed by He et al. (1999) and later modified by Chen et al. (2010) to 

capture NH3-N in incubation experiments. Pillars (g) were attached to the bottom of the 

growth chamber, and a leachate tube (e) was inserted with a leachate collector (f) placed 

underneath (Fig. 6.1). The leachate tube (1.0 cm) had a lid to be opened only during 

leaching sessions and until no more leachate was coming out of the growth chamber.   
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Table 6.1. Chemical properties of bauxite residue sand measured before and after the experiment (n=3). 

Parameters 
pH  

(1:5) 

EC 

(dS m
-1)

 

NH4
+
-N  

(mg kg
-1

) 

NO3
-
-N  

(mg kg
-1

) 

TP 

(mg kg
-1

) 

TN  

(mg kg
-1

) 

TC 

(%)  

Exchangeable cations (cmol kg
-1

) ESP 

(%)  Ca K Mg  Na ECEC 

Before  

 
8.36 0.23 ND ND 83.2 22.1 0.11 10.4 1.78 2.63 6.07 20.9 29.1 

After  

CK 8.34c 0.27a 0.04f 0.05f 76.0g 21.0g 0.15b 5.56e 0.09c 0.35c 1.55a 7.55d 20.5a 

AS1.5BRS
1
 8.32c 0.24b 0.28e 8.72b 200d 40.6e 0.15b 5.80d 0.09c 0.39b 1.50b 7.78c 19.2b 

AS2.7BRS
2
 8.31c 0.24b 5.03b 8.26c 295c 49.8d 0.14c 5.48f 0.08c 0.37b 1.41e 7.34e 19.2c 

KN1.5BRS 8.42ab 0.17f 0.17f 1.18g 173f 27.8f 0.15b 5.84c 0.12b 0.40ab 1.48c 7.83bc 18.8d 

KN2.7BRS 8.45a 0.23c 1.58d 16.9a 313b 56.8b 0.16a 6.08a 0.15a 0.41a 1.48c 8.11a 18.2f 

GL1.5BRS 8.35c 0.22d 2.63c 7.90d 181e 51.3c 0.16a 5.80d 0.09c 0.39c 1.50b 7.78c 19.2b 

GL2.7BRS 8.4ab 0.18e 23.57a 7.89e 328a 100a 0.16a 5.92b 0.09c 0.40ab 1.45d 7.85b 18.4e 

1 and 2 
N application rate t ha

-1
; AS = Ammonium Sulphate; KN = Potassium Nitrate; GL = Glycine; CK = Control;  

Means in columns (after experiment) followed by the same letter are not significantly different from one another at p ≤ 0.05.  

TP, total phosphorus; TN, total nitrogen; TC, total carbon; ND, not detectable. 
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Fig. 6.1. Schematic presentation of the growth chamber used in the study. 
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About 850 g of freshly amended BRS were placed into each growth chamber, leaving a 

distance of 2 cm between the surface of BRS and the rim. The growth chamber was then 

sealed. Ryegrass seeds were sown through the PGH, and grown for 4 weeks to attain the 

desirable height of ryegrass before separating its above and below-ground parts. After 

this period, only 20 ryegrass plants were retained from each PGH. The ryegrass above 

and below-ground parts were separated and the PGH were sealed as described.   

 

The types of N fertilizer used were ammonium sulphate (AS), potassium nitrate (KN) 

and glycine (GL). These were all added in a solution at a rate of 100.3 and 180.6 mg N 

growth per chamber, which was equivalent to field N application levels 1.5, and 2.7, 

tons ha
-1

, respectively. Specifically, N fertilizer treatments at different rates are referred 

throughout the text as CK (control), AS1.5, AS2.7, KN1.5, KN2.7, GL1.5 and GL2.7. 

The fertilizer solution was injected into BRS through the NH3-N trapping receptacle 

opening. After fertilizer addition, a sponge moistened with the NH3-N trapping solution 

was placed into position and the lid of the receptacle was immediately closed. The 

collection of NH3-N trapping sponges occurred after 1, 3, 7, 14, 21, 28, 42 and 56 days 

of adding N fertilizer treatments. The watering/leaching event was undertaken five 

times, and was synchronized with the collection of NH3-N trapping sponges at days 3, 7, 

14, 28, 42 and 56. Deionized water (for leaching/watering) was added into the growth 

chamber after every collection of the NH3-N trapping sponge. After the required volume 

of deionized water (equivalent to the annual rainfall at Kwinana RSAs divided into five 

leaching events) had been added, a new NH3-N trapping sponge was inserted. Leachate 

collected from every leaching event was filtered and analyzed for mineral N (e.g. NH4
+
 

and NO3
-
). Similarly, the NH3-N trapping sponges collected were immediately 

subjected to 2 M KCl extraction, and extracts were analyzed for NH3-N.      
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This study involved 7 treatments (3 types of N fertilizers, 2 N fertilizer rates, 1 control, 

and 3 replicates). Plants were grown in a controlled-environment room with a daily 

temperature of 22 to 25 
0
C at a light intensity of 108-122 W m

-2
 provided by plant 

growth fluorescent lights (Sylvania Grolux). After adding the fertilizer treatments, 

ryegrass was grown for 2 months and harvested. The above-ground parts were separated 

at the BRS surface of the growth chamber and the root systems were carefully retrieved 

and washed with deionized water. Both the roots and the leaves were dried at 60 
o
C and 

weighed as dry matter.  Total BRS from each growth chamber was collected and mixed 

well. The BRS was then separated into 2 portions, whereby one portion was taken for 

DNA extraction and quantification of the gene abundance and chemical extraction of 

plant available N (e.g. NH4
+
 and NO3

-
) and the other portion was air-dried and analyzed 

for total C, total N total P and extractable exchangeable cations.  

 

6.2.3 Soil and plant analyses 

The extraction methods and procedures for chemical properties of BRS and plant 

samples were described in detail in Chapter 3, section 3.2.3-4.  

 

6.2.4 DNA extraction and quantification of the amoA gene abundance  

The abundance of AOA and AOB was also measured using real-time PCR in order to 

understand the role of the microbial community in the N dynamics in BRS. DNA was 

extracted from 0.3 g of BRS samples using the MoBio Powersoil
TM

 DNA Isolation Kit 

(MO BIO Laboratories, Carlsbad, CA, USA) with modified manufacturer’s instruction 

which suitable for low-biomass samples. Briefly, just add 200ul of 

phenol:chloroform:isoamyl alcohol (pH 7-8) to the soil sample instead of bead solution 

while the other steps still follow the manufacturer’s instruction. Fragments of the 

bacterial amoA gene were amplified using primers amoA1F and amoA2R and thermal 
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conditions as follows: 40 cycles of 95℃ (15s) denaturing, 55℃ annealing (30s) and 

72℃ extension. Meanhwile, the PCR fragments of archaeal amoA gene was amplified 

using primers Arch-amoAF (STAATGGTCTGGCTTAGACG) and Arch-amoAR 

(GCGGCCATCCATCTGTATGT) with thermal conditions as following: 94°C for 2 

min followed by 40 cycles of 45 s at 94°C, 1 min at 53°C, 45 s at 68°C. For 

quantification of the gene, standards of known amounts of templates were created. A 

cloned fragment of gene using TOPOTA cloning vector (Invitrogen) from a soil sample 

was chosen to create the standard curve. Standard curves were obtained using 10-fold 

serial dilutions of plasmid DNA containing cloned amoA gene and spanning 7 orders of 

magnitude. Each standard curve was run in duplicate. Reactions were carried out in an 

Eppendorf Mastercycler® ep realplex real-time PCR system in triplicate. Quantification 

was based on the fluorescence intensity of the SYBR green dye, which binds to double-

stranded DNA. The 20µL PCR mixture contained 10µL of SYBR green PCR Master 

Mix, 0.4µL of each primer (10µM) and 12.5ng of DNA. A melting curve analysis was 

performed at the end of each quantitative real-time PCR to ensure a single product 

generated. No template controls gave null or negligible values. The presence of PCR 

inhibitors in DNA extracted from soil was estimated by diluting (1:10) soil DNA. No 

inhibition was detected.  

6.2.5 Statistical analyses 

The statistical significance of the data was analyzed using Analysis of Variance 

(ANOVA) procedures of the Statistix 8.0 software package, and the mean differences of 

the treatments were calculated at 5% level of significance using Tukey HSD All-

pairwise comparison test. 
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6.3 Results 

6.3.1 BRS chemical properties 

The pH of BRS before the start of experiment was 8.36, and had only very slight or 

non-significant change after the experiment (CK = 8.34) (Table 6.1). Those BRS treated 

with various fertilizer treatments however, revealed significant changes. For example, 

the AS treated BRS had lower pH values (8.31 – 8.32), while those treated with KN 

(8.42 – 8.45) and GL (8.35 – 8.40) had higher pH than the CK treatment. Further, 

concentrations of exchangeable cations decreased significantly, which resulted in 

reduction of ESP values from 31 to 37% after the experiment. 

 

6.3.2 Growth response and plant N uptake 

Growth of ryegrass across fertilizer treatments varied significantly (Table. 6.2). The 

KN treated ryegrass had the highest dry matter yield, in the following order: KN1.5 > 

KN2.7 > AS1.5 > AS2.7 > GL1.5 > GL2.7. The total percentage of applied N recovered 

in ryegrass biomass showed significant differences and  ranked as follows: KN1.5 > 

AS1.5 > GL1.5 > KN2.7 > AS2.7 > GL2.7 (Table 6.3). In addition, ryegrass shoot N 

was consistently higher compared to root N across fertilizer treatments (Table 6.3).  

 

6.3.3 Residual N availability in BRS 

Although the percentage of N recovered as residual N was very low (Table 6.2), the 

extractable N revealed significant differences among treatments. The extractable NO3
-
-

N appeared to be dominant over NH4
+
-N in most BRS growth media except in BRS 

treated with GL2.7, KN1.5 and CK. 
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Table 6.2 Mean and standard error of ryegrass dry matter and N concentrations in biomass, bauxite residue sand and N losses via leaching and 

volatilization (n=3). 

Parameter CK AS 1.5
1
 AS 2.7

2
 KN 1.5 KN 2.7 GL 1.5 GL 2.7 

Ryegrass 

       Dry matter
3
 (g pot

-1
) 1.51e ± 0.08 2.12b ± 0.10 1.85c ± 0.09 2.30a ± 0.06 2.16b ± 0.09 1.81c ± 0.06 1.73d ± 0.08 

Shoot N        

     mg N pot
-1

 8.24f ± 1.81 31.2c ± 0.72 26.2d ± 0.95 44.9a ± 2.50 41.7b ± 2.39 25.2d ± 1.69 16.2e ± 2.70 

N concentration (%) 1.18g ± 0.11 3.70c ± 0.07 3.54d ± 0.09 3.93b ± 0.22 4.32a ± 0.16 3.38 e± 0.16 3.13f ± 0.32 

Root N        

  mg N pot
-1

 3.59g ± 0.43 10.3a ± 2.54 9.89b ± 1.41 5.63f ± 1.68 8.52c ± 1.96 6.64e ± 1.78 7.36d ± 0.46 

  N concentration (%) 0.49g ± 0.07 1.38b ±0.34 1.53a ± 0.16 0.97f ± 0.17 1.21d ± 0.20 1.24c ± 0.21 1.15e ± 0.05 

 

BRS        

Total N (%) 0.002 ± 0.00 0.004 ± 0.00 0.004 ± 0.00 0.002 ± 0.00 0.005 ± 0.00 0.005.3 ± 0.00 0.01 ± 0.00 

Extractable NH4
+
-N (mg kg

-1
) 0.94e ± 0.43 0.28f ± 0.12 5.03b ± 2.88 0.17f ± 0.06 1.58d ± 0.40 2.63c ± 1.03 23.6a ± 7.81 

Extractable NO3
-
-N (mg kg

-1
) 1.93e ± 0.56 8.72b ± 0.23 8.26c ± 0.21 1.18f ± 0.22 17.0a ± 2.25 7.90d ± 0.17 7.89d ± 0.39 

 

Volatilization Loss        

NH3-N (g kg
-1

) 

 ND 10.8c ± 2.05 56.0a ± 9.80 ND ND 16.8b ± 3.04 56.2a ± 14.5 

Leaching Loss        

NH4
+
-N (g kg

-1
) ND 20.6c ± 2.34 40.2a ± 3.62 ND ND 12.5d ± 1.96 36.1b ± 3.20 

NO3
-
-N (g kg

-1
) ND 10.0e ± 2.34 13.8c ± 2.39 43.5b ± 2.14 116a ± 2.94 10.9d ± 0.97 4.43f ± 2.04 

1 and 2 
N application rate ton ha

-1
; 

3
 Shoot and root; ND, not detectable; AS = Ammonium Sulphate; KN = Potassium Nitrate; GL = Glycine; CK = Control;  

Means in rows followed by the same letter are not significantly different from one another at p ≤ 0.05. 
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Table 6.3 Mean and standard error of the percentage recovery of N fertilizers in ryegrass biomass, bauxite residue sand, and N losses via leaching and 

volatilization (n=3).  

Parameter 
AS 1.5

1
 AS 2.7 KN 1.5 KN 2.7 GL 1.5 GL 2.7 

--------------------------------------------------------% Recovery--------------------------------------------------- 

 Ryegrass 

      Shoot N 36.4b ± 0.72 17.3e ± 0.52 49.9a ± 2.35 25.9d ± 1.32 30.3c ± 1.68 11.8f ± 1.50 

Root N 11.4a ± 2.52 6.12c ± 0.78 6.75c ± 1.67 5.35d ± 1.08 7.77b ± 1.77 4.71e ± 0.27 

  Total % recovery in plant 47.8 23.42 56.35 31.25 38.07 16.42 

BRS 

      Total N  0.04ab ± 0.00 0.03b±0.01 0.03b ± 0.00 0.03b ± 0.00 0.05a ± 0.01 0.05a ± 0.00 

Extractable NH4
+
-N 0.00 0.00 0.00 0.00 0.00 0.01 

Extractable NO3
-
-N 0.01 0.00 0.00 0.01 0.01 0.00 

Volatilization Loss 

      NH3-N 10.8b ± 2.05 30.9a ± 5.43 -0.18 -0.09 16.7ab ± 3.04 31.1a ± 8.06 

Leaching Loss 

      NH4
+
-N  20.5a ± 2.33 22.2a ± 2.01 0.01 0.01 12.4b ± 1.95 19.9a ± 1.75 

NO3
-
-N 10.0c ± 2.33 7.63cd ± 1.33 43.3b ± 2.13 64.8a ± 1.63 10.8c ± 0.97 2.50de ± 1.13 

Total % N loss 40.8 60.73 43.3 64.8 39.9 53.5 

Total (%) 89.37 84.31 99.67 97.05 78.53 70.16 

Unaccounted 10.63 15.69 0.33 2.95 21.47 29.84 
1 

N application rate ton ha
-1

; AS = Ammonium Sulphate; KN = Potassium Nitrate; GL = Glycine;  

Means in rows followed by the same letter are not significantly different from one another at p ≤ 0.05 
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6.3.4. Abundance of AOB gene, mineralization and nitrification in BRS 

AOA and AOB were below detection limit in freshly amended BRS measured before 

the experiment (data not shown). However, it was found that the AOB was the 

dominant gene species that colonized the BRS regardless of N fertilizer treatments 

measured after the experiment. Meanwhile, the AOA was found to consistently below 

detection limit across N fertilizer treatments (data not shown). Both the AS and GL 

fertilizers treated BRS had significant populations of AOB (p < 0.05) compared to the 

CK and KN fertilizer treated BRS (Fig. 6.2). Specifically, the AS treated BRS had the 

highest population of AOB followed by the GL treated BRS, which were significantly 

different (p < 0.05) from each other.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2 Log numbers of bacterial amoA copy in bauxite-processing residue sand as 

influenced by various types and application rates of N fertilizers. Means (n =3) with the 

same letter are not significantly different from one another at p ≤ 0.05. 
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Fig. 6.3 Relationships between amoA with total N in ryegrass leaves and roots, and 

extractable NO3
-
-N in bauxite-processing residue sand. 

 

6.3.5 N loss pathways in BRS 

This study revealed that volatilization and leaching were the main loss pathways for N 

fertilizer applied to BRS. Results showed that AS and GL had comparable total 

percentage of N loss with the KN fertilizer treatments at application rate 1.5 t ha
-1

 as 

both fertilizers had lost N via both pathways. Results also showed that N losses 

increased with increasing fertilizer application rate (2.7 t ha
-1

).  

 

6.4. Discussion 

6.4.1 BRS chemical properties 

The pH levels in BRS growth media treated with various N treatments varied 

significantly before and after the experiment. In comparison with the control treatment, 

increasing pH values were observed in BRS treated with KN fertilizer and declining pH 

values were observed in BRS treated with AS fertilizer. There was no clear trend 

observed for the pH of BRS treated with GL fertilizer. Previous studies revealed 

significant effects of cation to anion ratio (Haynes, 1990) and the light intensity (i.e. 

influence the uptake of ions) on the rhizosphere pH (Rao et al., 2002), which may have 
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occurred in BRS growth media, Plant uptake of N in the form of NH4
+
-N

 
can result in 

soil acidification (due to oxidation of NH4
+
-N

  
to nitrate and the release of H

+
), while the 

opposite effect can be observed when plants are taking up NO3
-
-N (Smith, 2011).The 

acidifying effect of NH4
+
-N

 
from AS1.5 and AS2.7 fertilizers in BRS was notable but 

differences compared to CK were not significant (Table 6.1). This suggests that this 

mechanism had little impact on reducing BRS alkalinity, possibly because of the 

buffering capacity of BRS. Conversely, the pH values in BRS treated with KN1.5 and 

KN2.7 fertilizers increased significantly (p ≤ 0.05) compared to the CK, AS and GL 

fertilizers. This result was consistent with reports that plant uptake of NO3
-
-N

 
in 

agricultural soils can increase soil pH due to the concomitant release of hydroxyl ions 

(Haynes and Goh, 1978). The concentration of exchangeable Na significantly decreased 

by 74-76% after the experiment, leading to a reduction of ESP measured at the end of 

the experiment. The decreased levels of exchangeable Na across treatments can be 

attributed to the combined effects of added gypsum and leaching (i.e. Ca from gypsum 

replaces Na forming a soluble Na2SO4) (Courtney and Timpson, 2005; Menzies et al., 

2009).  

 

6.4.2 Plant growth and N uptake 

The KN fertilizer produced a better growth response and more N uptake by ryegrass 

compared to the AS and GL fertilizer treatments (Table 6.2). A similar trend was 

observed for shoot N concentrations where the KN2.7 (4.32%) and KN1.5 (3.93%) 

treatments exhibited the highest shoot N concentration values (Table 6.2). Results 

revealed that ryegrass tended to take up more NO3
-
-N with increasing KN rate as 

indicated by increased shoot N concentration. An opposite trend was observed for N 

uptake response by ryegrass in both AS and GL treatments, where shoot N 

concentrations declined as N application rates increased from 1.5 to 2.7 t ha
-1

.  
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The percentage of shoot N recovered from added N fertilizer was higher compared to 

root N in AS (2-3 times), KN (4-7 times), and GL (2-4 times) fertilizer treatments 

(Table 6.3). A greater percentage of plant biomass (shoot + root) N was recovered in 

fertilizer treatments with an application rate of 1.5 t ha
-1

 than 2.7 t ha
-1

, suggesting that 

sufficiency of N for ryegrass in BRS can be achieved at 1.5 t ha
-1

. This was also 

revealed in the concentrations of shoot N in all fertilizer treatments, which were all 

above adequate levels for ryegrass growth (Robinson and Reuter, 1997) with the 

exception of the control treatments. Specifically, the KN1.5 (49.9%) treatment had the 

highest N uptake efficiency in the shoots followed by AS1.5 (36%) and GL1.5 (30.3%). 

Such values were comparable to the shoot N percentage recovery of ryegrass growing in 

a cropping system (seed field) that received nitrate (42%) and ammonium (39%) 

fertilizer (Davis et al., 2006). Ryegrass is known to have a preference for NH4
+
-N over 

NO3
-
-N in both solution culture studies (Clarkson et al., 1979) and pot experiments 

(Watson, 1987). This preference can be altered, however, in alkaline environments 

(Goloran et al., 2013) where the stability of NH4
+
-N is weak due to rapid conversion 

either into NH3-N or NO3
-
-N forms. The dominance of NO3

-
-N

 
has been reported in 

alkaline soils (Tagliavini et al., 1995) and in BRS despite the addition of ammonium-

based fertilizer, resulting in a significant relationship between extractable NO3
-
-N with 

plant biomass N (Goloran et al., 2013). This suggests better suitability of the KN 

fertilizer compared to AS and GL fertilizers for N nutrition in BRS.  

 

In contrast, the highest N uptake efficiency in the roots was observed for AS1.5 (11.4%) 

compared to KN1.5 (6.75%) and GL1.5 (7.77%) fertilizer treatments. This demonstrates 

how ryegrass responds to different N sources for uptake, translocation and assimilation. 

In general, plants that have tolerance or preference for NH4
+
-N can be expected to 
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accumulate NH4
+
-N in the roots (Mattsson et al., 1998; Belastegui-Macadam, 2007). In 

this study, it is likely that NH4
+
-N from AS fertilizer treatments accumulated in the 

roots prior to its translocation to the shoots, resulting in higher N derived from roots 

compared to other N fertilizer treatments. Further, the high amounts of NH4
+
-N from the 

AS fertilizer treatments appeared to have a negative effect on ryegrass growth arising 

from disturbances in intracellular pH/osmoregulation, and the acidifying effect in the 

rooting medium (Gerendás et al., 1997; Belastegui-Macadam, 2007) resulting in a lower 

dry matter yield compared to the KN treatments. The consistently lower N uptake 

efficiency both in ryegrass shoots and roots for the GL fertilizer compared to the AS 

and KN fertilizer treatments is in agreement with reports that uptake of organic N by 

plants is not superior to inorganic N (Gioseffi et al., 2012) Despite this, the GL fertilizer 

treatments had significantly improved leaf N concentrations, which were above 

adequate levels required for ryegrass. Previous studies reported that plants can directly 

take up significant amounts of organic N, particularly the amino acids (e.g. glycine) 

(Turnbull et al., 1996; Thornton, 2001; Persson and Nasholm, 2001), as opposed to the 

prior assumption that organic N must be converted into inorganic form for plant 

utilization. Further evidence have been reported that uptake of organic N such as 

glycine can occur at varied environments such as agricultural soils (Xu et al., 2008), 

grasslands (Harrison et al., 2007), tundra (McKane et al., 2002), the arctic (Clemmensen 

et al., 2008) and at differing land use types (Kahmen et al., 2009). However, in this 

study there was no direct evidence which proved that ryegrass plants took up the 

glycine directly. On the other hand, the presence of large quantities of NO3
-
-N and loss 

of N via NH3-N in the glycine treatment (see below for Section 3.3 and 3.4) might have 

shown that majority of glycine was taken up by ryegrass plants after mineralization and 

nitrification.  
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6.4.3 Residual N availability in BRS 

The percentage of applied N recovered from the BRS at the end of the study from AS, 

KN, and GL treated BRS was very low (<1%) (Fig. 6.4). Significant differences (p ≤ 

0.05), however, can be found for the concentrations of both extractable NH4
+
-N and 

NO3
-
-N among N fertilizer treatments. The extractable NO3

-
-N was dominant over 

NH4
+
-N in most BRS growth media treated with fertilizer namely: AS1.5, AS2.7, 

KN1.5, KN2.7 and GL1.5 (Table 6.2). This result was consistent with a previous report 

that NO3
-
-N predominates in BRS and, thus, is a suitable index for assessing N 

availability in BRS (Goloran et al., 2013). The concentration values of extractable NO3
-
-

N in BRS for all treatments however, are all classified as low for residual soil NO3
-
-N 

(<10 mg kg
-1

) (Marx, 1996) except in the KN2.7 (17.0 mg kg
-1

), where the 

concentration of extractable NO3
-
-N was within the range (10-20 mg kg

-1
) for ryegrass 

to attain an optimum yield for the next cropping period (Hagemann, 1984).  

 

On the other hand, the extractable NH4
+
-N concentration was only dominant over 

extractable NO3
-
-N in GL2.7 (23.6 mg kg

-1
). It was suggested that NH4

+
-N 

concentrations ranging from 2 -10 mg kg
-1

 are typical values for most soils and >10 mg 

kg
-1

 occurs in fertilized soils (Marx, 1996). The amounts of NH4
+
-N in the GL fertilizer 

treated BRS suggests mineralization of organic N has occurred throughout the period of 

ryegrass growth. In addition, the concentrations of extractable NO3
-
-N in GL treated 

BRS at rates of 1.5 and 2.7 t ha
-1

 were significantly higher (p < 0.05) than the control 

treatment.  
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Fig. 6.4 The fate of ammonium sulphate, potassium nitrate and glycine, and ryegrass N 

uptake  in bauxite-processing residue sand. The first values in the range (i.e. percentage 

derived from each pathway) indicate the N fertilizer rate at 1.5 t ha
-1

 and the second 

values at 2.7 t ha
-1
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This suggests that after mineralization of GL fertilizer, it then underwent nitrification. 

Chen et al. (2010a) observed a negligible amount of extractable NO3
-
-N

 
from freshly 

deposited BRS, demonstrating the absence of nitrification in BRS in the absence of 

plant growth.  

 

This study has shown that nitrification can occur when BRS is exposed to field-like 

conditions (i.e. growth of plants, simulated leaching to remove excess salts) and when 

the supply of NH4
+
-N is non-limiting, thus, providing an environment more suitable for 

nitrifying bacteria (e.g. Nitrobacter). During rehabilitation, BRS receives relatively high 

rates of ammonium-based fertilizer (e.g. DAP 2.7 t ha
-1

). However, extractable NO3
-
-N 

was found to be the predominant source of N in the 5, 7 and 15 year old rehabilitated 

BRS (Goloran, et al., 2013), suggesting significant transformation of NH4
+
-N into

 
NO3

-
-

N via nitrification. The high permeability of BRS however, can be a major constraint 

(e.g. loss via leaching) for the stability of NO3
-
-N (Bell et al., 2003) to provide long 

term N nutrition in the RSAs. Strategies and mechanisms that would improve NO3
-
-N

 

retention in the plant root zone of rehabilitated BRS warrant further attention. 

 

6.4.4. Abundance of AOB gene, mineralization and nitrification in BRS 

The combined effects of mineralization and nitrification in the AS and GL fertilizer 

treatments was confirmed by the presence of bacterial amoA gene copy numbers 

(AOB). Both the AS and GL fertilizers treated BRS had significant populations of AOB 

(p < 0.05) compared to the CK and KN fertilizer treated BRS (Fig. 6.2). Specifically, 

the AS treated BRS had the highest population of AOB followed by the GL treated 

BRS, which were significantly different (p < 0.05) from each other. The data showed 

that the likelihood of AOB to inhabit BRS was dependent on the availability or supply 

of NH4
+
-N. Among the fertilizer treatments, the AS fertilizer had the most available 
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source of NH4
+
-N, thus, it can provide a favorable environment for AOB resulting in the 

highest populations observed in this treatment. The AOB population in the KN treated 

BRS was in a similar range with the CK treatment due to non-availability or scarcity of 

NH4
+
-N supply in these treatments. Interestingly, the CK treatment had shown a 

presence of AOB despite the deficiency of N in this treatment, which is consistent with 

the previous findings that <1.0 year old rehabilitated BRS can support microbial 

development and colonization (Banning et al., 2011). Conversely, the presence of 

ammonia oxidising archaea (AOA) was not detected in this study, suggesting that AOB 

was mainly responsible for the observed nitrification particularly in the AS and GL 

treated BRS. These results are also consistent with previous reports that AOB was 

responsible for nitrification in alkaline sandy loam with pH values of around 8 (Shen et 

al., 2008), which were comparable to the pH values (<8.5) of BRS across N fertilizer 

treatments (Table 6.1).  

 

A significant relationship between AOB and extractable NO3
-
-N in BRS, along with 

biomass (leaves and roots) N, was observed for the AS and GL fertilizer treatments 

(Fig. 6.3). These results were consistent with the findings of Li et al. (2008) who 

observed a highly significant relationship between AOB and biomass N (r = 0.87**) 

and nitrification activity (r = 0.79**) in rice plants. The works of Hynes and Germida 

(2012) also indicated the potentials of AOB as a soil nutrient indicator due to its 

significant relationship with N bioavailability.  Results from this study therefore, 

provide crucial information for establishing indices for soil quality and rehabilitation 

performance in BRS. Although the presence of microorganisms (e.g. AOB) was 

observed in this study, immobilization of N across treatments was not evident as 

indicated by a very low percentage of N recovery in BRS (Table 6.3).  

 



Chapter 6 – Pathways of N in BRS 

_____________________________________________________________________________ 

116 

 

6.4.5 N loss pathways: volatilization and leaching 

The GL and AS fertilizers had the highest percentage of N lost via volatilization (Fig. 

6.4). Specifically, both AS2.7 and GL2.7 treatments lost >30% of the added N, while 

around 10.8% and 16.7% loss for the AS1.5 and GL1.5, respectively were also observed 

(Table 6.3). The higher volatilization loss from the GL fertilizer compared to the AS 

fertilizer treatments indicates the mineralization of organic N (e.g. NH2CH2COOH) 

contributed a significant amount of N as NH4
+
-N. Ammonia loss from organic N 

sources such as cattle and poultry manure (Meisinger and Jokela, 2000) and plant 

residue (O’Deen and Follet, 1992) has been associated with high alkalinity (e.g. pH >8) 

and mineralization (that potentially contributes to N emission loss), which may explain 

the case of the GL fertilizer treatment. Moreover, it was observed that on the 14
th

 day, 

the cumulative NH3-N volatilization was at its peak for GL fertilizer at rates of 1.5 and 

2.7 t ha
-1

 (Fig. 6.5). This suggests that net mineralization of GL fertilizer in BRS 

occurred within this period, which was also consistent with a field study for organic N 

(e.g. urea) fertilizer applied in silty clay loam soil that completely mineralized within 

two weeks (Nair, 1979). While both AS and GL fertilizers had significant loss of N via 

volatilization, a negligible loss of N through this pathway was observed for the KN1.5 

and KN2.7 fertilizer treatments.  

Nitrogen loss via leaching revealed that GL and AS fertilizers also had lost substantial 

amounts of both forms of N; i.e. NH4
+
-N and NO3

-
-N

 
(Table 6.3). As expected, a greater 

percentage loss in N from the AS and GL fertilizer treatments occurred in the form of  

NH4
+
-N  relative to the control and KN treatments (Fig. 6.6). The mobility of NH4 in 

BRS is consistent with previous reports study (Summers et al., 2001).  
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Fig. 6.5 Cummulative NH3-N loss via volatization from applied  N fertilizers in bauxite-

processing residue sand. 

 

Both the AS and GL fertilizer treatments lost N as NO3
-
-N by leaching at rates of 

around 10-13% and 4-10% of the added N, respectively (Fig. 6.4a-b; Table 6.3), 

providing further evidence that nitrification occurred in these treatments. While the 

significant populations of AOB (Fig. 6.2), and its strong correlations with extractable 

NO3
-
-N in the AS and GL treated BRS may provide support for nitrification, however, 

results also showed that a significant amount of leaching had occurred only at 4
th

 

leaching event particularly for AS fertilizer. It can be speculated that a lag nitrification 

may be present in BRS or it is simply because much of NH4
+
-N was also lost via 2

nd
 

leaching event (Fig. 6.6). Thus, there was lesser amount of N lost as NH3 via 

volatilization despite the alkalinity of BRS. 
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Results showed that the extractable NO3
-
-N

 
was correlated with AOB (Fig. 6.3), 

suggesting that bacterial activity contributed to leaching loss of N in BRS.  

 

These results were consistent to those of Di et al. (2010) who reported significant 

relationships between AOB and nitrification (r
2
 = 0.56) and NO3

-
-N

 
leaching loss (r

2
 = 

0.51) in grassland soils. Unlike the AS and GL fertilizers, the KN fertilizer mainly lost 

N in NO3
-
-N form equivalent to around 43.3% (KN1.5) and 64.8% (KN2.7) of the 

added N fertilizer, suggesting that leaching was the major loss pathway for this type of 

fertilizer.  

 

Fig. 6.6 Cummulative NO3
-
-N and NH4

+
-N loss via leaching from applied  N fertilizers 

in bauxite-processing residue sand. 

 

A relatively high percentage of applied N in the GL and AS treatments could not be 

accounted for (Table 6.3). This may be a consequence of microbial immobilization of N 

and other loss mechanisms such as secondary volatilization and denitrification. The 

leachate pH was alkaline (pH >8) which may have allowed some NH3-N volatilization 

and loss to the atmosphere before the container could be sealed. Also, the loss of N via 
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denitrification may have been present at some stage in this experiment; however, this 

loss pathway generally occurs in a chemically-reducing environment (e.g. waterlogged 

conditions), and such conditions were not considered likely in the porous BRS. On the 

other hand, this study also recognized potential loss of N via aerobic denitrification, 

which may be responsible for the unaccounted N in AS and GL treatments. Hence, 

future studies on microbial composition of N functional genes (e.g. nitrifying and 

denitrifying genes) and their potential roles in N dynamics in BRS growth media may 

be warranted.   

 

6.5 Conclusion 

Overall, pathways of N (e.g. plant N uptake, volatilization, leaching and retention in 

BRS), plant growth response and AOB populations in BRS varied significantly among 

N treatments. Ryegrass growth and uptake of N were superior in KN fertilizer compared 

to AS and GL fertilizer treatments due to greater stability of this type of N (NO3
-
) 

fertilizer in alkaline BRS. The residual N revealed that extractable NO3
-
-N

 
was 

dominant over NH4
+
-N in BRS treated with AS and GL fertilizers, suggesting that N 

supply from these fertilizers undergo various chemical and biological transformations.  

Significant populations of AOB in BRS treated with AS and GL fertilizers compared 

with the CK and KN treated BRS indicate that nitrification and mineralization occurred, 

respectively..  

This suggests that development and colonization of AOB in BRS could take place 

within 3 months from receiving gypsum and subsequent leaching (thereby reducing 

salinity, sodicity and alkalinity). The AOB showed strong positive correlations with 

biomass N and extractable NO3
- 

in BRS,
 
suggesting that while bacterial activities 

enhanced plant N uptake, it also significantly contributed to loss of N via leaching. 

While it is suggested that the KN fertilizer would be the most suitable for plant N 
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nutrition in BRS due to its high efficiency uptake by ryegrass, and stability or 

dominance in an alkaline environment. Future studies on (1) the chemical and biological 

transformations (e.g. immobilization) of N sources in the rhizosphere of BRS growth 

media and (2) strategies and mechanisms that would minimize NO3
-
 leaching in BRS 

are critical for improved plant-nutrient interactions in the RSAs dust control vegetation 

cover. 
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CHAPTER SEVEN 

The Fate of Different 
15

N-labeled Fertilizers and the Role of Microbial 

Community in the N Dynamics in Highly Alkaline Bauxite-processing 

Residue Sand 

 

7.1 Introduction 

Establishment of sustainable vegetation cover systems is a key objective in mine closure 

rehabilitation programs. This is particularly so for tailings storage facilities where the 

primary growth media may not exhibit properties conducive to optimising plant growth 

and survival. Extraction of alumina from bauxite results in one such growth media, and 

this material typically exhibits limited N content, and has poor presence of microbial 

communities (Chen et al., 2010a; Phillips and Chen, 2010; Anderson et al., 2011; Jones 

and Haynes, 2011).   

 

Remediation of highly alkaline BRS to achieve soil-like qualities, and thus, improve 

vegetation growth, has been centred on the use of organic and inorganic amendment 

materials. Poultry manure, biosolids and greenwaste composts were organic materials 

known to improve the physical, chemical and microbial properties of BRS as growth 

media (Jones et al., 2010, 2012; Goloran et al., 2013). In addition, the residue mud 

fractions (Anderson et al., 2011; Jones et al., 2012), and zeolite (Goloran et al., 2013) 

were known as effective inorganic amendment materials to reduce nutrient leaching and 

enhance N availability in BRS, respectively. Nitrogen availability in BRS, however, has 

been problematic due to its alkalinity. Chen et al (2010) reported that 95% of added N 

as di-ammonium phosphate (DAP) was lost as NH3-N in a short-term incubation study; 

indicating NH3-N volatilization can be a potential N loss pathway in BRS.  
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Improving N availability is crucial for sustaining vegetation growth and microbial 

colonization or development in the RSAs. Banning et al. (2011) reported that 

nitrification potential is dependent on the availability of N (e.g. NH4
+
-N) and tends to be 

substantial at the early stage of rehabilitation. This is supported by recent findings of 

Goloran et al. (2013) that extractable NO3
-
-N was significantly associated with plant 

biomass N, and the dominant form of N in both pot trial and field survey, despite the 

application of DAP fertilizer. Alcoa currently applies 2.7 t DAP ha
-1

 as a major source 

of N in the RSAs. The behavior of applied N as DAP in highly alkaline BRS under 

field-like conditions (i.e. presence of plants, addition of organic amendments, simulated 

leaching to remove excess salts), however, is still unknown. Thus, this study examined 

the fate of 
15

N-labeled fertilizer and the role of the microbial community in the N 

dynamics in highly alkaline bauxite-processing residue sand with greenwaste (BRSGC) 

and without amendment (BRSNA). The abundance of ammonia-oxidising bacteria 

(AOB) and ammonia-oxidising archaea (AOA) was determined using quantitative 

polymerase chain reaction (q-PCR) to assess the role of the microbial community in the 

transformation of 
15

N-labeled fertilizers in BRS.  

 

7.2 Materials and methods 

7.2.1 Materials used and preparation 

BRS growth media preparation prior to addition of greenwaste compost was described 

in detail in Chapter 3, section 3.2.1. Samples of freshly amended BRS (i.e. gypsum 

added and leached) were then air dried, and sub-samples were taken for BRSNA growth 

medium treatment. Other sub-samples of freshly amended BRS were mixed with 

greenwaste compost (e.g. BRSGC) as another growth medium treatment.   
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Seeds of Lolium rigidum were obtained from a local seed company in Brisbane, 

Australia. Due to slow growth of germinated native species (i.e. 5-6 cm height in 3 

months, a size not suitable for the growth chamber), 7-8 month old seedlings of 

Hardenbergia violacea, an Australian native species, were obtained from the Greening 

Australia Nursery at The Gap, Queensland, Australia. Seedlings with a similar stem 

diameter (6mm) were used in the experiment. Transplanting was done by separating the 

roots of H. violacea from the soil. Lateral roots were removed, and only the tap root was 

retained, which was cut 6 cm below the root collar (this would allow for the 

measurement of new roots developed). After cutting, this was soaked immediately in 

rooting hormones (Clonex Rooting Hormone Gel, Yates), and transplanted into BRS 

growth media. Also, the stem was cut 10 cm above the base or root collar leaving only 

one leaf, which was cut in half to reduce transpiration. Transplanted H. violacea plants 

were grown and allowed to recover for one month prior to the addition of fertilizer 

treatments. Only those that fully recovered (e.g. 2-3 new buds with at least 3-4 fully 

open leaves) were included in the experiment.  

 

 

 

7.2.2 Experimental design       

The details of the growth chamber shown in Fig. 7.1 were discussed in Chapter 6 

(section 6.2.2).  
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Fig. 7.1 Schematic presentation of the growth chamber used in the study. 

 

The H. violacea was grown for 4 weeks after transplanting, and the L. rigidum seeds 

were sown through the PGH, and grown for the same period to attain the desirable 

height of L. rigidum to separate its above and below-ground parts. After this period, 

only 25 L. rigidum plants were retained within each PGH. Prior to addition of N 
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fertilizer treatments both the H. violacea and L. rigidum’s above and below-ground 

parts were separated and sealed through PGH as described Chapter 6.   

 

7.2.3 Nitrogen-15 labelling in growth chambers and preparations 

The 
15

N-labeled fertilizers used were ammonium sulphate (AS = 10.3 atom %), 

potassium nitrate (KN = 10.6 atom %) and glycine (GL = 10.0 atom %). These were all 

added in a solution at a rate of 100.3 mg N growth chamber
-1

, which was equivalent to 

field N application rate of 177 N kg ha
-1

. The fertilizer treatment was applied by 

injecting the solution into the BRS growth media through the NH3-N trapping receptacle 

opening. Then, the sponge moistened with NH3-N trapping solution was placed in the 

receptacle and the lid was closed tightly. The NH3-N trapping sponges were collected 1, 

3, 7, 14, 21, 28, 42 and 56, 84, 112 and 140 days after application of N fertilizer 

treatments. The leaching/watering session was performed 6 times, and was 

synchronized with the collection of NH3-N trapping sponges at days 3, 28, 42 56, 84, 

112 and 140. Deionized water (for leaching/watering) was added into the growth 

chamber after every collection of the NH3-N trapping sponge and before placement of 

new NH3-N trapping sponge. The amount of deionized water used for leaching was 

equivalent to 18 months rainfall (1,137 mm) at Kwinana RSAs (i.e. sufficient water was 

added in order to attain enough leachate samples for analysis) divided into 6 leaching 

events. The NH3-N trapping sponges collected were immediately subjected to 2 M KCl 

extraction, and extracts were analyzed for NH3-N. Similarly, leachate samples collected 

from every leaching event were centrifuged and analyzed for mineral N (e.g. NH4
+
-N 

and NO3
-
-N).  

 

Altogether, there were 48 treatments [4 types of N fertilizers (CK, AS, KN and GL), 1 

N fertilizer rate (equivalent to 1.5 t N ha
-1

 field application rate), 2 BRS growth media 
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(BRSNA and BRSGC), 2 plant species (H. violacea and L. rigidum) and 3 replicates]in 

this study. After adding the fertilizer treatments, plants were grown for 5 months and 

then harvested. The above-ground parts were cut at the BRS surface of the growth 

chamber and the root systems were carefully retrieved and washed with deionized 

water. The above and below-ground parts were dried at 60 
o
C and weighed as dry 

matter. BRS growth media from each growth chamber was collected as one composite 

sample and mixed well. One portion was taken for chemical extraction of plant 

available N (e.g. NH4
+
-N and NO3

-
-N), DNA extraction and quantification of gene 

abundance. The other portion was air-dried and analyzed for pH, EC, extractable 

exchangeable cations, total C, total N and total P.   

 

7.2.4 Soil and plant analyses 

The pH, EC, exchangeable cations, ECEC, ESP and total P and total C were measured 

by methods and procedures describe in Chapter 3, section 3.2.3. Meanwhile, the total 

15
N was determined by isotope ratio mass spectrometer using a Eurovector Elemental 

Analyser (Isoprime-EuroEA 3000).The shoots and roots of L. rigidum and H. violacea 

were finely ground using a mill, and analyzed for 
15

N by the same instrument used for 

determining 
15

N in BRS.  

 

7.2.5 NH3-N trapping sponge and leachate analyses 

Ammonia captured by the trapping sponges were extracted using the 2 M KCl 

extraction method for measuring NH3-N volatilization modified by Chen et al. (2010). 

Ammonia in 2 M KCl extracts was determined on a discrete chemical analyser (DCA) 

and 
15

N enrichment in NH4
+
-N was measured by a modified diffusion method (Brooks 

et al., 1989) followed by isotope ratio mass spectrometer using a Eurovector Elemental 

Analyser (Isoprime-EuroEA 3000). Concentrations of NH4
+
-N and NO3

-
-N in leachate 
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samples collected were determined by DCA and the 
15

N enrichment in NH4
+
-N and 

NO3
-
-N by sequential diffusions (Brooks et al. 1989) followed by isotope ratio mass 

spectrometer as above. Percentage recovery of applied 
15

N was estimated using isotopic 

dilution methods described by Hauck and Bremner (1976) as shown below: 

15
N Recovery (%) = 100P (c-b) / f (a-b)                             

Where: 

P = total N in sample (soil, and plant etc.) in kg ha
-1 

 

f = rate of 
15

N fertilizer applied  

a = atom % 
15

N in the labelled fertilizer  

b = atom % 
15

N in a sample receiving no 
15

N  

c = atom % 
15

N in a sample that did receive 
15

N 

 

7.2.6 DNA extraction and quantification of the amoA gene abundance  

The details of this method and procedure were discussed in Chapter 6 section 6.2.4. 

 

7.2.7 Statistical analyses 

Three-way ANOVA was carried out to examine the interactions of fertilizer type, 

amendment and plant species using the Statistix 8.0. There were no significant plant 

species x amendment, plant species x fertilizer and plant species x amendment x 

fertilizer type interactions on all data collected (P > 0.05). Therefore, two way ANOVA 

were carried out to examine the interaction of fertilizer x amendment within each 

species, which was significant (P < 0.05) for all soil/plant parameters measured.  Then 

the mean differences of the treatments were calculated at 5% level of significance using 

Tukey HSD All-pairwise comparison test.  
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7.3 Results  

7.3.1 BRS growth media chemical properties 

BRS growth media (i.e. after amended using Alcoa’s remediation protocol shown in 

section 2.1) had a pH of 8.5 and electrical conductivity (EC) of 2.2 dS m
-1

 (Table 7.1). 

The concentrations of extractable N (e.g. NH4
+
 and NO3

-
) were not detectable. Total P, 

total N, and total C in BRS were also very low, with high ESP values (29.1%). 

Improved values on pH, EC, extractable N and ESP for BRS growth media that had 

been amended with greenwaste compost (e.g. BRSGC) were observed. These positive 

effects of greenwaste compost on BRS chemical parameters were consistent with 

previous reports by Goloran et al. (2013) and Jones et al. (2012a).  

 

7.3.2 
15

N abundance and recovery in plants 

The percentage of plant biomass N derived from applied 
15

N was found to be greater 

in the shoots than in the roots of H. violacea and L. rigidum. The 
15

N abundance in 

shoots of both species was 4 to 20 times higher than for roots of L. rigidum and up to 3 

times higher for roots of H. violacea (Table 7.2). Moreover, the 
15

N abundance in 

shoots varied significantly depending on the type of 
15

N-labeled fertilizer and the 

growth medium. For example, 
15

N abundance in shoots across fertilizer treatments 

ranked as follows: KN > AS > GL irrespective of plant species particularly within the 

BRSNA (Table 7.2). The 
15

N enrichment in the shoot of both H. violacea and L. 

rigidum was consistently lower in BRSGC than in BRSNA across fertilizer treatments. 

In contrast, both the H. violacea and L. rigidum had the highest dry matter in BRSGC 

compared to those grown in the BRSNA growth medium (Fig. 7.2), and the response of 

both species to 
15

N fertilizer treatments ranked as follows: KN > AS > GL. 
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Table 7.1 Chemical properties of bauxite residue growth media used in the study (n=3). 

Parameters 
pH  

(1:5) 

EC 

(dS m
-1)

 

NH4
+
-N 

(mg kg
-1

) 

NO3
-
-N  

(mg kg
-1

) 

TP 

(g kg
-1

) 

TN  

(g kg
-1

) 

TC 

(%)  

Exchangeable cations (cmol kg
-1

) ESP 

(%)  Ca K Mg  Na ECEC 

BRS  8.5  2.2 ND ND 0.08 0.02 0.11 10.4 1.78 2.63 6.07 20.9 29.1 

BRSGC 8.3 1.9 9.7 1.7 0.09 0.05 0.75 3.9 0.17 0.5 0.4 4.97 8.1 

GC 4.3 1.2 45.3 3.6 4.30 1.80 37.0 4.5 2.1 0.9 0.8 8.3 9.63 

BRS, bauxite residue sand; GC, greenwaste compost; BRSGC, BRS with 10% GC; TP, total phosphorus; TN, total nitrogen; TC, total carbon; ND, not 

detectable.  
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Table 7.2 Mean and standard error of the percentage recovery of N fertilizers in ryegrass biomass, bauxite residue sand, and N losses via leaching and 

volatilization (n=3).  

Parame

ter 

Biomass N   Residual N  Volatilization  Leaching  
Total Unaccounted 

Shoot 
15

N Stem 
15

N Root 
15

N  BRS 
15

N 
 15

 NH3-N loss 
 15

 NH4
+
-N loss 

15
 NO3

-
-N loss 

 

 ---------------------------------------------------------------------% Recovery---------------------------------------------------------------  

   Hardenbergia violacea       

CK 0.0 0.0 0.0  0.0  0.0  0.0 0.0    

CKGC 0.0 0.0 0.0  0.0  0.0  0.0 0.0    

AS 32.3b ± 2.6 2.94b ± 0.4 11.3a ± 0.7  1.40d ± 0.1  8.70c ± 1.9  10.3b ± 0.8 24.8c ± 0.9  91.74 8.26 

ASGC 12.1e ± 1.9 1.10d ± 0.2 3.70e ± 0.2  55.7a ± 3.1  12.7a ± 3.7  8.63c ± 0.5 7.10e ± 2.3  101.0 0.00 

KN 44.0a ± 1.2 4.12a ± 0.5 5.83c ± 1.5  1.30d ± 0.2  0.35e ± 0.0  0.23e ± 0.0 44.2a ± 3.7  100.0 0.00 

KNGC 9.50f ± 1.8 1.49c ± 0.2 2.41f ± 0.7  46.0c ± 1.5  0.35e ± 0.0  0.83e ± 0.0 32.0b ± 2.2  92.58 7.42 

GL 25.0c ± 7.3 2.82b ± 0.3 4.39d ± 0.9  1.50d ± 0.4  8.23d ± 1.0  11.8a ± 1.5 22.6d ± 2.4  76.34      23.66 

GLGC 20.4d ± 12 1.20d ± 0.6 6.30b ± 2.4  51.5b ± 3.6  11.7b ± 1.2  1.80d ± 0.1 2.90f ± 1.0  95.80 4.20 

   Lolium rigidum       

CK 0.0 ---------- 0.0  0.0  0.0  0.0 0.0    

CKGC 0.0 ---------- 0.0  0.0  0.0  0.0 0.0    

AS 44.6b ± 1.8 ---------- 1.13c ± 0.2   1.25d ± 0.3  9.84b ± 0.7  12.5a ± 0.7 26.8b ± 1.1  96.12 3.88 

ASGC 12.5e ± 0.8 ---------- 2.56a ± 0.6  57.2a ± 2.3  3.29c ± 0.5  10.1c ± 0.6 10.9d ± 1.0  96.55 3.45 

KN 52.0a ± 2.6 ---------- 0.60e ± 0.2  0.48d ± 0.0  0.34d ± 0.0  0.36e ± 0.0 38.3a ± 1.2  92.07 7.93 

KNGC 35.0d ± 2.3 ---------- 2.03b ± 0.6  34.1c ± 2.3  0.34d ± 0.0  0.35e ± 0.0 21.9c ± 2.0  93.72 6.28 

GL 37.0c ± 4.0 ---------- 0.80d ± 0.2  1.87d ± 0.1  9.00b ± 1.9  11.2b ± 0.2 27.6b ± 0.2  87.47       12.53 

GLGC 8.74f ± 0.9 ---------- 2.01b ± 0.5  55.0b ± 1.7  14.8a ±1.8  8.20d ± 1.2 11.0d ± 0.4  99.75 0.25 

AS = Ammonium Sulphate; ASGC Ammonium Sulphate with Greenwaste Compost; KN = Potassium Nitrate; KNGC = Potassium Nitrate with Greenwaste 

Compost; GL = Glycine; GLGC = Glycine with Greenwaste Compost; CK = Control; CKGC = Control with Greenwaste Compost; Means in columns 

followed by the same letter are not significantly different from one another at p ≤ 0.05. 
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7.3.3 Residual 
15

N in BRS   

 There was a major difference in percentage of 
15

N remaining as residual N between 

BRSNA and BRSGC growth media across plant species (Table 7.2). Specifically, the 

15
N in BRSNA (H. violacea and L. rigidum = < 2 %) recovered from applied fertilizer 

was very low across fertilizer treatments and plant species.  Meanwhile, regardless of N 

fertilizer treatments a significantly higher percentage of 
15

N was recovered as residual N 

in BRSGC (H. violacea = 46.0 -55.7 %; L. rigidum = 34.1 – 57.2 %) compared with 

BRSNA (H. violacea = <2.0%; L. rigidum = <2.0%).  The total percentage of residual 

15
N derived from the AS fertilizer was consistently higher compared with the GL and 

KN fertilizer treatments across plant species and fertilizer treatments. Further, the 

extractable NO3
-
-N across BRS growth media was dominant compared with extractable 

NH4
+
-N (Fig. 7.3).  

 

Fig. 7.2 Dry matter yield of Hardenbergia violacea and Lolium rigidum (n =3). 

CK=control, CKGC=control with greenwaste compost, AS=ammonium sulphate, 

ASGC= ammonium sulphate with greenwaste compost, KN=potassium 

nitrate,KNGC=potassium nitrate with greenwaste compost, GL=glycine, 

GLGC=glycine with greenwaste compost. 
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7.3.4 
15

N loss as NH3-N volatilization  

The percentage of 
15

NH3-N recovered by trapping sponges was the highest in AS and 

GL fertilizer treatments across the growth media and plant species examined (Table 

7.2). Specifically, loss of 
15

N as NH3 in AS treated BRS growth media either in BRSNA 

or BRSGC varied significantly (P<0.01). Whereas, the GL treated BRS consistently 

revealed higher losses in BRSGC compared with BRSNA. Ammonia losses from both 

AS and GL fertilizer reached at peak within a week of N application (Fig. 7.4) and 

ranged from 3.29 – 15.4% and 8.23 – 14.8% of applied N, respectively (Table 7.2). The 

KN fertilizer and the CK had negligible loss of N via volatilization across growth 

media.  
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Fig. 7.3 Concentrations of total 
15

N, and extractable NO3
-
-N

 
and NH4

+
-N in BRS growth 

media where Hardenbergia violacea and Lolium rigidum were grown. CK=control, 

CKGC=control with greenwaste compost, AS=ammonium sulphate, ASGC= 

ammonium sulphate with greenwaste compost, KN=potassium 

nitrate,KNGC=potassium nitrate with greenwaste compost, GL=glycine, 

GLGC=glycine with greenwaste compost. 

 

7.3.5 
15

N loss via leaching 

N losses via leaching consistently revealed higher percentage loss of applied 
15

N in 

BRSNA compared with BRSGC across fertilizer types and plant species (Table 7.2). 

The KN fertilizer had the highest loss of N as NO3
-
-N that ranged from 32 to 44% for H. 

violacea and 21 to 38% for L. rigidum across BRS growth media treatments. 

Meanwhile, the AS and GL fertilizers also lost N significantly in both forms (NH4
+
-N 

and NO3
-
-N) with a combined total of up to 38% of applied 

15
N fertilizer (Fig. 7.5). The 

leaching of NH4
+
-N

 
from both AS and GL fertilizer treatments reached its peak in the 

2
nd

 leaching event, while leaching of NO3
-
-N showed sustained increases up to the 4

th
 

leaching event across plant species with exceptions of the greenwaste compost amended 

BRS (e.g. BRSGC).  

 

The GL fertilizer had the highest unaccounted percentage of applied N fertilizer ranging 

from 12 to 23% across growth media and plant species (Table 7.2).     
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Fig. 7.4 Cummulative NH3-N loss via volatization from applied  
15

N-labeled fertilizers 

in BRS with greenwaste compost (BRSGC) and without amendment (BRSNA) grown 

with Hardenbergia violacea and Lolium rigidum. 

 

7.3.6 Abundance of amoA gene in BRS 

Results for AOA were consistent in Chapter 6 (e.g. below detection limit) but for AOB 

a certain level of abundance (Fig.7.6) in BRSNA and BRSGC prior to its use as growth 

media. At the end of experiment, the bacterial amoA (AOB) gene copy numbers varied 

significantly depending on the plant species grown and type of N fertilizer. The AOB 

gene copy number was less responsive to treatment in H. violacea compared with L. 

rigidum (Fig. 7.6) Both the AS and GL had higher AOB gene copy numbers versus the 

KN and CK treatments across plant species, with more observed in BRSNA compared 

with BRSGC in AS and GL treatments (Fig. 7.6). The AOB gene copy numbers in 

BRSGC treated with AS and GL across plant species were not significantly different to 

those found in the CK. In contrast, the BRS growth media treated with KN fertilizer 

grown with L. rigidum revealed the lowest AOB gene copy numbers, which were 

significantly lower than the control.  Moreover, the AOB gene copy numbers showed 

positive relationships with extractable NO3
-
-N across growth media and plant species 

with the exceptions of H. violacea grown in BRSGC (Fig. 7.7).  
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Fig. 7.5 Cummulative NO3
-
-N and NH4

+
-N loss via leaching from applied 

15
N-labeled 

fertilizers in BRS with greenwaste compost (BRSGC) and without amendment 

(BRSNA) grown with Hardenbergia violacea and Lolium rigidum. 

 

Further, the AOB showed significant relationship with N uptake by both plant species 

(Fig. 7.8). In contrast, presence of AOA was not detected in this study, indicating that 

AOB was mainly responsible for nitrification of applied 
15

NH4
+
-N fertilizer, particularly 

in the AS and GL treated BRS.   
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Fig. 7.6 Log numbers of bacterial amoA copy in bauxite-processing residue sand with 

greenwaste compost (BRSGC) and without amendment (BRSNA) as influenced by 

different types of  
15

N-labeled fertilizers. Means (n =3) with the same letter are not 

significantly different from one another at p ≤ 0.05. CK=control, CKGC=control with 

greenwaste compost, AS=ammonium sulphate, ASGC= ammonium sulphate with 

greenwaste compost, KN=potassium nitrate,KNGC=potassium nitrate with greenwaste 

compost, GL=glycine, GLGC=glycine with greenwaste compost. 

 

 

7.4. Discussion 

7.4.1 Plant uptake of 
15

N in highly alkaline BRS: effects of fertilizer type and organic 

amendment 

The dominance of extractable NO3
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+
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that most applied 
15
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-N

 
form, and rapidly translocated 
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-N 

(Bowman  and Paul 1998).Previous studies indicated that uptake of NO3
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can result in accumulation in the shoots for its subsequent reduction and assimilation 

(Andrews, 1986; Black et al., 2002; Bloom et al. 2012), which explains the highest N 

recovery in the shoots of both plant species. This study however, cannot directly 

confirm the assimilation of applied N in the shoots due to lack of nitrate reductase 

activity (NRA) data. The lesser toxicity of NO3
-
-N

 
compared with NH4

+
-N can also be a 

contributing factor of NO3
-
-N

 
accumulation in the leaves (Haynes and, Goh 1978).  

 

  

Fig. 7.7 Relationships between bacterial amoA with extractable NO3
-
-N in BRS with 

greenwaste compost or without amendment grown with Hardenbergia violacea and 

Lolium rigidum. 
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Further, it is known that plants grown in calcareous and high pH soil mainly take up 

NO3
-
 (Marschner, 1986), which is supported by the highest N derived from the KN 

fertilizer due to higher NO3
-
-N

 
availability (Fig. 7.3). Moreover, the KN fertilizer had a 

potassium component that assists the rapid translocation of NO3
-
-N into the shoots 

(Ruiz and Romero, 2002). This resulted in higher 
15

N enrichment in the shoots of H. 

violacea and L. rigidum treated with KN compared with the AS and GL fertilizers 

particularly in the BRSNA growth media (Table 7.2). Generally, 
15

N enrichment in 

shoots and roots of both species treated with AS and GL fertilizers showed a similar 

trend (i.e. 
15

N% shoots > 
15

N% roots) to the KN fertilizer treatment. This could be due 

to nitrification of 
15

N from AS, and mineralization and nitrification from GL fertilizer 

treatments (as described Section 4.2). These N processes likely facilitated the greater 

uptake of N as NO3
-
-N

 
by H. violacea and L. rigidum, and explained the higher 

15
N 

enrichment in the shoots of both species treated with AS and GL fertilizers. 

  

Fig. 7.8 Relationships between bacterial amoA with N uptake by Hardenbergia violacea 

and Lolium rigidum. 
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The growth and N uptake results are confounded by the concurrent influence of the N 

loss and transformation processes and form of N.  It was observed however, that the 
15

N 

enrichment in the shoot of H. violacea (e.g. AS = 35%, KN = 48%, GL = 27%) grown 

in BRSNA had consistently lower percentage recovery compared with L. rigidum (e.g. 

AS = 44%, KN = 52%, GL = 37%) across N fertilizer treatments (Table 7.2). This can 

be attributed to low-nutrient uptake mechanisms of H. violacea, as this species is well 

adapted to environments with limited nutrients (Thomson and Leisman, 2004). 

Moreover, N2 fixation by H. violacea may be contributing to a lower uptake of applied 

N treatments (Section 7.4.4). In contrast, H. violacea grown in BRSGC treated with GL 

showed the highest shoot N recovery compared with the AS and KN fertilizer 

treatments (Table 7.2). This however, did not translate to a greater biomass than the KN 

and AS fertilizers (Fig. 7.2). Uptake of organic N (e.g. Glycine) by plants in a wide 

range of environments is well established in the literature (Persson et al., 2001; 

Thornton, 2002; Clemmensen et al., 2008; Kahmen et al., 2009). It is also known that 

organic N has inferior performance in plant uptake and assimilation when compared 

with inorganic N (Gioseffi et al., 2012), which agrees with the results for plants grown 

in BRSNA (Table 7.2). In contrast, H. violacea tended to have a preference for organic 

N than inorganic N when greenwaste compost (e.g. BRSGC) is present. It is reported 

that organic N, including those organic N compounds fixed in the root nodules of 

legume plants are transported into the above-ground parts where they are assimilated, 

and or stored (Rentsch et al., 2007). It is difficult however, to determine whether the 

total 
15

N recovered from plants was a result of a direct uptake of organic N (e.g. GL) 

due to mineralization and nitrification of N, which were also observed in GL treatment 

(Section 7.4.2). 
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Previous studies on Australian native species (e.g. Hardenbergia violacea) revealed a 

declining survival rate with increasing nutrient concentrations, and other species tended 

to increase growth at low nutrient concentrations (Thomson and Leisman, 2004; 

Grundon, 1972). The latter growth response of native species, may explain why H. 

violacea grown in BRSGC had a lower 
15

N enrichment in shoots than those grown in 

BRSNA, but it produced significantly higher dry matter yield compared with those 

grown in BRSNA under inorganic N fertilizer treatments (Table 7.2 and Fig. 7.2). 

Irrespective of N fertilizer treatments, N uptake by H. violacea in BRSGC was 2 to 3 

times lower than BRSNA possibly due to lower plant N availability during plant growth 

period as a result of increased sorption and immobilization due to added greenwaste 

compost (Section 4.2).  In contrast, L. rigidum plant revealed better growth and uptake 

of N both in BRSNA and BRSGC, which could be attributed to its root morphology 

(e.g. fibrous) that is efficient in utilising available nutrients in soils (Rhoden et al., 

2001). It also showed that L. rigidum has a greater preference for KN over AS and GL 

fertilizer treatments. This is because NO3
-
-N supplied by KN treatments was more 

stable than the NH4
+
-N or organic N supplied by other N fertilizer treatments in the 

alkaline environment. These results agree with the recent report that NO3
-
-N

 

significantly predicts uptake of N by plants in BRS both in pot trial and field survey 

(Goloran et al 2013).  

 

7.4.2 
15

N residual in BRS  

The consistently high percentage of 
15

N present as residual N in BRSGC compared with 

BRSNA across plant species showed the efficiency of greenwaste as a BRS amendment. 

Despite the volume of water used (i.e. 1.5 times the annual rainfall) for leaching 

(Section 7.2.3), around 37 to 57 % of applied 
15

N fertilizer was retained in BRSGC after 

6 leaching events. This is because organic materials can increase N sorption capacities 
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thus reducing N loss from the soil system (Remya et al., 2011; Liu et al., 2012). 

Specifically, greenwaste compost has significant influence on soil microbial diversity 

(Ros et al., 2006) that may increase retention (e.g. immobilization) of N in BRS. This 

may also explain why 
15

N enrichment in both plant species under BRSGC was 

consistently lower across fertilizer treatments compared with BRSNA growth media 

(Table 7.2).   

The total 
15

N concentrations in BRSGC grown with H. violacea treated with AS (4.0%), 

KN (3.3%) and GL (3.4%) fertilizers were significantly higher than in BRSNA [AS 

(0.37 %), KN (0.67 %) and GL (0.56 %)]. These total soil N values were significantly 

higher compared to values (0.13 – 0.57%) reported by Leishman et al. (2010) where H. 

violacea plants were grown naturally. In this study, N fertilization and greenwaste 

addition to BRS were shown to have significant potential in providing a long-term 

supply of N particularly for plants with low N demand at field conditions. In addition, 

the dominance of extractable NO3
-
-N

 
over NH4

+
-N in BRSGC compared with BRSNA 

provides further evidence that greenwaste enhanced the retention of NO3
-
-N

 
in BRS 

either via adsorption or microbial immobilization. In alkaline environment, NO3
- 
ion can 

be adsorbed by CaCO3 as it tends to create a positively charge in the soil surface (Singh 

and Taneja, 1978). This could be the potential mechanism that retains NO3
-
-N in BRS. 

The concentrations of extractable NO3
-
-N

 
in the AS and GL fertilizers in both BRSNA 

and BRSGC were significantly higher than NH4
+
-N (Fig. 7.3). Also, nitrification of AS, 

and mineralization and nitrification of GL fertilizer treatments across BRS growth 

media resulted in dominance of extractable NO3
-
-N concentrations over NH4

+
-N (Fig. 

7.3). Specifically, the values of extractable NO3
-
-N

 
in BRSNA grown with L. rigidum 

ranged from 7-8 mg kg
-1

, while in BRSGC ranged from 15-16 mg kg
-1

 (Fig. 7.3), a 

range considered for L. rigidum to produce optimum yield for the next cropping period 

(Hagemann et al., 1984). Conversely, the values of extractable NO3
-
-N

 
across BRS 
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growth media grown with H. violacea ranged from 10-16 mg kg
-1

, but it is not known 

whether these values are sufficient since critical soil N levels for H. violacea are not yet 

established. However, results demonstrated that H. violacea had a better growth 

response to KN treatment, suggesting that NO3
-
-N

 
is critical to N nutrition in BRS. 

 

7.4.3 
15

N loss pathways: volatilization and leaching  

Ammonia volatilization was the main pathway for N loss in the AS and GL fertilizer 

treatments, while there was a negligible amount observed for the KN fertilizer 

treatment. Volatilization accounted for up to 15.0 % of applied 
15

N lost from AS and 

GL fertilizers throughout the study period. This result was unexpected as the high 

alkalinity of soil was reported to be the major factor affecting N loss via volatilization. 

Chen et al. (2010) reported loss of applied N up to 95 % within 7 days in BRS at pH of 

9 -11 in an incubation study. Volatilization loss in this study however, was 6 times 

lower than that of Chen et al. (2010), which may be due to effects of other N pathways 

such as uptake of N by plants, adsorption of N by greenwaste, and N loss by leaching 

(Fig. 7.9). Moreover, BRS growth media had pH values of 8.3 - 8.5, which corresponds 

to findings that NH3-N volatilization was reduced in BRS at pH 8 under biochar 

amendment (e.g. Chen et al., 2013). Results showed that NH3-N loss via volatilization 

from both AS and GL treatments either in BRSGC or BRSNA had dramatic increases 

within 7 days (Fig. 4), which corresponds to previous results revealing the net loss of N 

in BRS via volatilization occurs within 7 days (Chen et al., 2010). For the GL 

treatments, this indicates that net mineralization also likely occurred within 7 days, 

which agrees with the recent reports on mineralization of organic N in both flooded and 

dry soils (e.g. Anggria et al., 2012). Surprisingly, the total percentage of N lost via 

volatilization revealed contrasting results between the AS and GL fertilizers. The AS 

fertilizer consistently revealed lower NH3-N loss in BRSGC compared with BRSNA 
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across both plant species, demonstrating the positive effect of greenwaste compost in 

reducing volatilization loss that is consistent with the previous reports that revealed the 

benefits of organic materials on reducing NH3-N emissions (Kirchmann and Witter, 

1989; Wang et al., 2012). While the exact mechanisms are not clear, the reduced NH3-N 

loss in AS with greenwaste compost is likely due to the combined effects of buffering 

alkalinity by greenwaste compost and enhanced adsorption of NH4
+
-N/NH3-N by 

greenwaste compost. Another contributing factor could be microbial immobilization 

due to increased total C (i.e. hence high soluble C and microbial activities) into BRS by 

amended greenwaste compost (Table 7.1) On the other hand, the GL fertilizer 

consistently revealed higher NH3-N loss in BRSGC than BRSNA across plants species 

(Table 7.2). This could be attributed to the improved aeration levels in BRSGC. 

Greenwaste compost or other organic materials are known to improve soil aeration 

levels (Angin et al., 2013) thereby enhancing N mineralization (Khajuria and Kanae, 

2013). Thus, NH3-N may have been produced rapidly during mineralization of GL 

fertilizer in BRSGC, and due to alkalinity, NH3-N loss from this growth media tended to 

be higher than those in BRSNA. Increased NH3-N loss from applied organic N (e.g. 

urea) due to high alkalinity and elevated aeration levels in soil have been indicated in 

previous studies (e.g. Overrein and Moe, 1967; Kirchmann and Witter, 1989; Eklind 

and Kirchmann, 2000). However, the further study on the exact mechanisms for the 

involvement of greenwaste compost in the NH4
+
-N /NH3–N dynamics in an alkaline 

environment is warranted. 
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Fig. 7.9 The percentage recovery of
  15

N-labeled nitrogen fertilizers (e.g. ammonium 

sulphate, potassium nitrate and glycine), and plant N uptake in BRS with greenwaste 

compost (BRSGC) and without amendment (BRSNA) grown with Hardenbergia 

violacea and Lolium rigidum. 

 

On the other hand, leaching of N from applied N fertilizer was also shown to be 

substantial not only for nitrate based fertilizer (e.g. KN) but also for the AS and GL 

fertilizers. This is because both AS and GL fertilizers lost N via leaching as both NH4
+
-

N and NO3
-
-N. A significant leaching of NH4

+
-N from these N fertilizers only occurred 

from the 1
st
 to 2

nd
 leaching events, while NO3

-
-N loss continued up to the 2

nd
 (BRSGC) 

or 4
th

 (BRSNA) leaching events (Fig. 7.5). Results also revealed that leaching of applied 

15
N fertilizer from the AS and GL treatments were influenced by AOB. This is 

supported by significant associations of AOB with the extractable NO3
-
-N either in 

BRSNA or BRSGC grown with both H. violacea and L. rigidum (Fig. 7.7). The total 

percentage loss of N via both pathways (e.g. volatilization and leaching) revealed that 

BRS grown with L. rigidum treated with KN fertilizer (BRSNA = 39%, BRSGC = 

22.6%) had the lowest percentage values compared with AS (BRSNA = 49.1%, BRSGC 
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= 24.3%), and GL (BRSNA = 47.8%, BRSGC = 34.0%). In contrast, the BRS grown 

with H. violacea, showed the highest percentage loss for KN fertilizer (BRSNA = 

44.8%, BRSGC = 33.2%) compared with AS (BRSNA = 43.8%, BRSGC = 28.4%), and 

GL (BRSNA = 42.6%, BRSGC = 16.4%). This could be attributed to less uptake of N 

by H. violacea compared with L. rigidum (Table 7.2), and could be due to differences in 

root morphology of both species that influence uptake of nutrients (Section 4.1). Hence, 

studies that would assess the interaction (e.g. intercropping) between native legumes 

and dust control crops (e.g. L. rigidum) on nutrient utilization in BRS are warranted. 

Further, these results highlight the efficiency of greenwaste compost in reducing N 

leaching due to consistently lower percentage of N loss in BRSGC across plant species. 

 

Both the AS and GL fertilizers exhibited the highest percentage of applied N fertilizer 

that could not be accounted for (Table 7.2). Other loss mechanisms such as secondary 

denitrification and volatilization may be responsible for this discrepancy. Denitrification 

may have been present at some stage in this experiment; however, this loss mechanism 

mostly occurs in waterlogged conditions, which were considered unlikely in the porous 

BRS. As discussed in Chapter 6.4.5, aerobic denitrification may be responsible for the 

unaccounted 
15

N in AS and GL treatments. Whilts utmost care was taken, some NH3-N 

volatilization may have occurred during the replacement of NH3-N trapping sponges 

(i.e. before the container could be sealed) and collection of leachate which was alkaline 

(pH > 8).     

   

7.4.4 Role of AOB genes in 
15

N transformation 

In Chapter 6 both AOA and AOB were below the detection limit in BRS measured prior 

to experiment. In this chapter, AOA was consistently not detectable; however, AOB 

abundance has been detected in BRSNA and BRSGC prior to its use as growth media 
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(Fig.7.6). This could be due to that the difference in age of BRS used in the experiment. 

In Chapter 6, the freshly deposited or unweathered BRS was amended with gypsum and 

leached and immediately (1-week old gypsum amended and leached BRS) used in the 

pot trial experiment. In chapter 7, the same batch of   gypsum amended and leached 

BRS was used (3-month old gypsum amended and leached BRS).  This suggests that 

not long after the pH is reduced and excess salts are removed (to some extent) in BRS, 

it can become favorable for AOB’s activity. This corresponds to reports that microbial 

colonization and development can take place rapidly in 0.5 year rehabilitated BRS 

(Banning et al. 2010). 

 

Meanwhile, the dominance of NO3
-
-N in the AS and GL fertilizer treatments either in 

BRSNA or BRSGC can be explained by the presence of AOB. Results showed that 

AOB population was dependent on the availability of NH4
+
-N. The AOB population in 

BRS growth media grown with H. violacea and L. rigidum clearly showed that BRSNA 

treated with AS and GL fertilizers were the highest compared with BRSGC, which 

could be due to the limited supply of NH4
+
-N

 
in BRSGC via adsorption or possible 

immobilization by microorganisms present in greenwaste compost as discussed in 

Section 4.2. This is also evident in Fig. 7.6 which showed no significant difference in 

AOB gene copy numbers between BRSGC and CK (no N fertilizer BRS) across plant 

species. However, a significant difference in AOB gene copy numbers between H. 

violacea and L. rigidum across BRS growth media treated with KN fertilizer was 

observed. For example, an inhibition of AOB was found for the KN treated BRS grown 

with L. rigidum (e.g. CK > KN) compared with those grown with H. violacea (e.g. CK 

≥ KN) that received the same N fertilizer (Fig. 7.6). This agrees with the reports that 

revealed adverse effect of high levels of nitrate on AOB community (Garcia-Gonzalez 

et al., 2003; Zhou et al., 2013). The inhibitory effect of nitrate however, was not 
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apparent in BRS grown with H. violacea. This is probably due to supply of NH4
+
-N to 

AOB via N fixation by H. violacea (i.e. root nodules were observed during harvest at 

termination of the study). Interestingly, AOB gene copy numbers were significantly 

associated with plant N uptake and extractable NO3
-
-N

 
across growth media and plant 

species under the AS and GL fertilizer treatments (Figs. 7.7 and 7.8). These results were 

consistent with those of Li et al. (2008) who observed significant correlations between 

AOB and plant biomass N and nitrification activities in soils planted with rice plants. 

These findings also complement those of Di et al. (2010) who observed associations of 

AOB with extractable NO3
-
-N and nitrification in grassland soils.  Results of this study 

provide further evidence that NO3
-
-N is significant for N nutrition in highly alkaline 

BRS, and AOB was responsible for mediating N uptake and transformation of applied 

15
N in highly alkaline BRS. Given this, AOB can be used as a potential soil nutrient 

indicator in assessing rehabilitation performance, which is also indicated in the works of 

Hynes and Germida (2012) due to its significant relationship with N bioavailability.   

 

7.5 Conclusion  

Overall findings of this study revealed that uptake of N by plant species (e.g. H. 

violacea and L. rigidum), residual N, N loss pathways (e.g. volatilization and leaching), 

and AOB community varied significantly depending on the types or forms of N 

fertilizer sources applied to BRS. It also showed that KN fertilizer would be the most 

suitable N fertilizer for enhancing vegetation growth, and addition of greenwaste 

compost would provide greater stability of applied N in highly alkaline and porous 

BRS. Results highlight the significance of NO3
-
-N, and the influence of AOB in plant 

nutrition and dynamics of N in better understanding of the biochemical processes in 

BRS. Such findings have implications for improved nutrient N management strategies 

that need to be established in the rehabilitation protocols of the RSAs. 
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CHAPTER EIGHT 

General Discussion, Conclusions and Future Research 

 

8.1 General Discussion and Conclusions 

 

Sustainable vegetation growth in materials such as BRS will in part be dependent on 

improving the physical, chemical and microbial characteristics such that it has the 

capacity to provide a long term source of nutrients (e.g. N and P). This study has 

identified significant information gaps, which this research has addressed. These 

include (1) the most-appropriate N and P availability indices that would provide critical 

guides for evaluating ecological or rehabilitation performance in the RSAs; (2) the 

most-suitable organic/inorganic amendment that would optimize N and P availability in 

BRS to improve its status as a growth media; and, (3) the fate (i.e. chemical and 

biological transformation in BRS) of applied 
15

N-labelled fertilizer in BRS with or 

without addition of organic amendment (e.g. greenwaste compost). In general, this 

thesis has been an exploration of the dynamics of applied N and P fertilizer added as 

DAP to BRS after being subjected to current remediation protocols in the presence of 

plants. A greater understanding of the dynamics of N and P in BRS would be crucial in 

developing fertilizer management strategies and in assessing the ecological status of 

RSAs towards a sustainable ecosystem. 

 

The current practice of high inputs of DAP at Alcoa’s RSAs has been questioned in 

terms of the N and P use efficiency by the vegetation cover because of the potential 

substantial loss of applied N (e.g. volatilization)  and P (high adsorption capacity). The 

present study has provided clear answers to these issues (Chapters 3 and 4). Firstly, in 

chapter 3, the most suitable N availability indicator in BRS (both in the field and in pot 
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experiments) was determined. The strong associations of 2 M KCl extractable NO3
-
-N 

with plant N uptake, total N in BRS, and total N in mulch compared with the other N 

availability indices both in pot trial and field survey, suggested the utilization of N from 

DAP as NO3
-
-N in BRS. This result was unexpected given the fact that the added N 

(e.g. DAP) was in ammonium form. This suggested that N applied as DAP was 

subjected to either chemical or biological N transformation.  

  

The recent study observed an increasing amount of NO3
-
-N with the rehabilitation age 

of BRS which could be due to increased microbial activities (e.g. nitrifying activity) as 

a result of microbial colonization and development in the older rehabilitated BRS. 

Extractable NO3
-
-N can be a suitable soil N index for BRS, as it revealed significant 

relationships with ryegrass leaf N and BRS total N. The findings of this study suggested 

that 2 M KCl extractable NO3
−
-N can be used as a soil quality indicator in assessing the 

ecological status of rehabilitated residue sand embankments, and in developing fertilizer 

management strategies, which also has implications on the type of N fertilizer to be 

used in vegetating the RSAs.  

 

Secondly, this study has determined the most suitable P availability index in a pot trial 

using BRS amended with organic/inorganic materials and older rehabilitated BRS 

(Chapter 4.). This study further revealed the most accurate status of plant available P in 

BRS is obtained by the AEM-P test. Although the AEM-P test extracted lower P than 

the Colwell-P across BRS growth media, it showed a significant association with uptake 

of P by ryegrass compared to other P indices tested (e.g. CaCl2-P, Colwell-P and 

Mehlich 3-P) in the study. Hence, this thesis revealed a new tool for evaluating P status 

that will lead to better understanding of P dynamics and P nutrient management in BRS.  
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One of the current issues in sustaining vegetation growth in the RSAs is the availability 

of N and P to include their long term supply. This study proposed the use of zeolite and 

biochar due to their positive effects on plant nutrient uptake, plant growth response and 

availability of N and P in BRS. Zeolite showed a great potential to alleviate N 

deficiency in the BRS by improving N availability for plants through retaining more 

NH4
+
-N from the exchange sites, leading to a higher N uptake and dry matter yield. 

Moreover, uptake of N and dry matter yield of ryegrass in zeolite amended BRS was 

comparable to 15 year old rehabilitated BRS, highlighting the beneficial effect of zeolite 

in enhancing N availability in BRS from added N fertilizer. Zeolite is not however, a 

source of N by itself, compared with organic amendments such as biochar that can 

provide an immediate and long term source of N and P in BRS. Biochar significantly 

elevated the P content in BRS measured before and after growth of ryegrass.  

 

Another significant aspect of this thesis was the more detailed assessment of different 

forms of N fertilizers [e.g. ammonium sulfate (AS), potassium nitrate (KN) and glycine 

(GL)] in BRS. This study extended the more conventional method for evaluating 

fertilizer suitability (e.g. measurement of plant N uptake, residual N and leaching loss) 

to include N loss via volatilization. This provided a much more definitive assessment of 

the efficiency of N fertilizers in alkaline soil (i.e. BRS). This study revealed that N 

uptake was greatest in BRS treated with KN was compared to AS and GL, despite its 

substantial loss (as NO3
-
-N) by leaching. Both AS and GL fertilizers lost N via 

volatilization and leaching, indicating that nitrification in AS and mineralization and 

nitrification in GL treatments occurred, which was supported by the presence of AOB. 

Also, AOB was significantly related to plant biomass N and extractable NO3
-
-N in BRS. 

This suggests that AOB contributed to nitrification and enhanced plant N uptake, as 

well as to N leaching.  
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Results shown in Chapter 6 were confirmed in Chapter 7, where 
15

N labelled fertilizers 

(e.g. AS, KN and GL) were used in the greenwaste compost amended BRS. The uptake 

of applied 
15

N under KN fertilizer treatments reached 48% for H. violacea and 52% for 

L. rigidum, which were considered the highest compared to AS and GL across BRS 

growth media. Further, across BRS growth media, the KN lost the least amount of 

applied 
15

N fertilizer (44%) mainly by leaching, while AS and GL lost up to 50% and 

47%, respectively through both volatilization and leaching. Moreover, the total residual 

15
N remaining in BRS was the highest (34% – 57 %) in BRSGC compared with 

BRSNA (< 2 %) grown with both plant species. This demonstrates the significance of 

greenwaste in reducing N loss in BRS. Also, AOB was responsible for the 

transformation of applied 
15

N fertilizers (e.g. AS and GL), and it appeared to have 

mediated the plant N uptake, and loss of N as NO3
-
-N through leaching. This is 

supported by the significant relationships between AOB with plant N uptake and the 

extractable NO3
-
-N

 
in BRS growth media across plant species.  Consequently, it is 

suggested that KN is the most suitable fertilizer, and the addition of greenwaste would 

improve the fertilizer’s retention in BRS. However, this findings has to be evaluated 

under field conditions before it is integrated into rehabilitation protocol.  

 

From this study it can be concluded that the current prescription used for rehabilitating 

residue sand embankments can be improved and/or better understood in the way that the 

vegetation cover develops based on the following outcomes: 

 Both N (2 M KCl NO3
-
-N) and P (AEM-P) availability indices determined in 

this study, as well as the presence of AOB in BRS were useful rehabilitation 

performance indicators as they reflect the current ecological status of the RSAs 

due to the influence of nutrients on plant growth performance; 
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 The use of zeolite or biochar as amendments and nitrate-N fertilizer (e.g. KN) in 

the RSAs offers great potential for sustaining vegetation growth as these 

amendment materials would provide stability of applied N fertilizer and addition 

of the N and P nutrients as long-term supply to plants, and; 

 Field application rate equivalent to 1.5 t ha
-1

 of N fertilizer is sufficient for 

growth of dust control crops and native legumes especially when loss of N 

through volatilization and leaching is minimized. 

 

Integration of the above findings into the remediation and rehabilitation protocols for 

residue sand may not only lead to economic and resource savings but also to the 

enhancement of the overall environmental rehabilitation performance related to the 

development of  a sustainable ecosystem.  

  

8.2 Future Research 

Findings of this study have provided crucial information on the fate and dynamics of 

applied N and P fertilizers in BRS with and without the influence of amendment 

materials. It also unveiled the most suitable N and P indices in developing fertilizer 

management strategies and assessing ecological conditions crucial for achieving a 

sustainable ecosystem in the RSAs. This study has identified several gaps for the future 

investigation of: 

(1) the interaction of sorbed P and plant root extraction of P in the rhizosphere, 

considering that BRS has strong adsorption capacity. Also, there is a need to 

determine the best strategy to optimize P uptake by plants at the early stage of 

rehabilitation; 
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(2) the potentials of acidic biochar in reducing alkalinity, plant N and P uptake and 

N and P availability in acidic biochar amended BRS particularly at field 

conditions; 

(3) the chemical and biological transformations of N sources in the rhizosphere of 

BRS growth media and to determine the most efficient strategies and 

mechanisms that would optimize N availability in BRS critical for improved 

plant-nutrient interactions;  

(4) various N functional genes (e.g. nitrifying and denitrifying genes) and their roles 

in N dynamics; and, 

(5) the interaction between native legumes and dust controls crops (e.g. 

intercropping) in utilization of nutrients in BRS be warranted.   
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