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Abstract 

Evaluating the role of iron (Fe) and aluminium (Al) oxides in the preservation of soil organic 

carbon (SOC) and phosphate sorption is important for better management of soils and 

enhancing our knowledge on global soil C cycling and phosphate sorption in agricultural soils. 

Thirty-seven surface (0 – 20cm) and 37 subsurface (20 – 40cm) soil samples from 37 sites 

across different agricultural regions of New South Wales, Australia. Soil samples were 

subjected to three separate extractions, i.e., sodium pyrophosphate (PP) to extract organo-metal 

complexes, ammonium oxalate (OX) to extract poorly crystalline and short-range order (SRO) 

minerals and dithionite citrate bicarbonate (DCB) to extract total metal oxides and associated 

OC. X-ray absorption spectroscopy (XAS) was used to identify and quantify Fe in different 

minerals using 18 surface and subsurface bulk soil samples. Soil clay minerals and Fe oxides 

were examined by X-ray diffraction (XRD). Surface and subsurface soils with substantial Fe 

oxides contents from two sites i.e., Wagga Wagga and Tumbarumba were used to evaluate the 

adsorption of phosphate and DOC behaviour. Adsorption data were fitted into linear initial 

mass isotherms. Results showed that SOC was extracted in the sequence: CPP > CDCB > COX, 

with mean of 62 %, 41 % and 28 % C, respectively, of the TC in soils. CPP and CDCB were 

significantly greater in the surface than the subsurface soils. The extraction sequence for Fe 

was: FeDCB > FeOX > FePP, with mean of 49 %, 9 % and 3 %, respectively, of the total Fe. The 

sequence for Al was: AlDCB > AlOX > AlPP, with mean of 4 %, 3.9 % and 2 %, respectively, of 

the total Al. All extractable forms of Fe and Al showed significant positive correlations with 

extractable C, which suggested their role in the preservation of SOC. Linear combination fitting 

(LCF) analysis of the X-ray absorption near edge spectroscopy (XANES) and extended X-ray 

absorption fine structure (EXAFS) at the Fe-K edge revealed that crystalline Fe oxides (i.e. 

hematite and goethite) accounted for 60 % and 40 % respectively, of the proportion of total Fe 

present in the bulk soil samples. The predictions for ferrihydrite were reasonable from both 
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XANES and EXAFS. XAS predicted Fe content in various Fe phases was well correlated with 

the DCB extractable Fe. EXAFS predicted Fe contents in different phases better than XANES 

in bulk soils. The isotherm showed that both surface and subsurface soils from Tumbarumba 

had a greater phosphate adsorption capacity than the soils from Wagga Wagga. Phosphate 

adsorption was greater for the subsurface (m = 0.72) than the surface (m = 0.82) soil from 

Tumbarumba. The trend for surface and subsurface was opposite for Wagga Wagga soils, where 

phosphate adsorption capacity was greater for surface (m = 0.55) than the subsurface (m = 

0.37) soils. The greatest capacity for DOC adsorption in both studied soils occurred in the 

subsurface soils. In the mixed solution of P and DOC, phosphate adsorption promoted DOC 

desorption in the surface and subsurface soils from Wagga Wagga and Tumbarumba. The 

findings from these studies are important in providing valuable insights for farmers, climate 

modelers, land managers and researchers in soil science in making informed decisions on the 

prediction of SOC and phosphate sorption. 
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Chapter One  

Introduction 

Soils contain approximately 75 % organic carbon (OC) pool in the terrestrial biosphere (Paul 

et al., 2008). Globally, soil stores approximately 2340 petagram of OC in 0 - 30 cm topsoils, 

of this about 64 % of the OC is present in 0 - 10 cm topsoils (Jobbágy and Jackson, 2000; 

López-Ulloa et al., 2005). Soil organic carbon (SOC) is dynamic in nature, and it is a significant 

component of biogeochemical C cycle (Lal et al., 1999; Yu et al., 2025). Soil OC plays 

important role in several physical, chemical and biological properties of soils (Watanabe, 

2017). The preservation of SOC is pivotal in maintaining soil structure, increasing soil quality, 

soil fertility, agricultural productivity, mitigating global environmental challenges and 

maintaining ecosystem services (Milne et al., 2015; Lal, 2016; Fujisaki et al., 2018; Georgiou, 

2025; Sabetizadeh et al., 2025). The association of OC with minerals, termed as mineral-

associated organic carbon (MAOC), has received significant attention in recent years, because 

it is recognised as a major mechanism in the long-term stabilisation and preservation of OC in 

soils (Sollins et al., 1996; Torn et al., 1997; Lützow et al., 2006; Rasmussen et al., 2006; 

Lehmann and Kleber, 2015; Hall and Thompson, 2022). Iron (Fe) and aluminium (Al) are 

considered the most important mineral components in the preservation of OC in MAOC 

(Wilson et al., 2013; Watanabe, 2017; Wagai et al., 2020; Jia et al., 2024). A number of 

mechanisms, such as, co-precipitation, surface complexation, weak chemical interactions and 

cation bridging has been postulated in the formation of  MAOC involving Fe/Al oxides in soils 

(Kögel‐Knabner et al., 2008; von Lützow et al., 2008; Kleber et al., 2015; Kang et al., 2024). 

However, the nature of association and stability of OC with Fe/Al oxides in different soil types 

are not well understood. 

Iron and Al are among the most abundant elements in soils (Cornell and Schwertmann, 2003). 

The formation of Fe and Al oxides including hydroxides, oxyhydroxides and oxides in soils is 
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primarily through weathering and dissolution of primary minerals (Chadwick and Chorover, 

2001). These minerals possess higher specific surface area (SSA) and reactive hydroxyl sites 

which makes the minerals effective sorbents for dissolved OC (Kaiser and Guggenberger, 

2000; Mikutta et al., 2007). Iron bound OC contributes about 15 to 38 % of the total OC in 

sediments and soils (Cornell and Schwertmann, 2003; Wagai and Mayer, 2007; Zhao et al., 

2016). Surface hydroxyl groups of Fe oxides preferentially react with carboxylic functional 

groups of OC via ligand exchange in stabilising and preserving OC in soils (Gu et al., 1994; 

Mikutta et al., 2007; Kleber et al., 2015; Chen et al., 2020). The concentrations of Fe and Al 

oxides is commonly high in tropical and subtropical soils, which are highly leached and highly 

weathered (Singh and Gilkes, 1992; Mikutta et al., 2009). Despite the prevalent occurrence of 

Fe oxides in Australia soils, the association of OC with Fe oxides has remained poorly 

understood in these soils (Davey et al., 1975; Singh and Gilkes, 1992; Viscarra Rossel et al., 

2010). The relationship between SOC and extractable metals may provide insight into the role 

of different metal species in the formation of MAOC and preservation of OC in soils (Coward 

et al., 2017). This perspective has been asserted by significant positive relationships between 

SOC and ammonium oxalate extractable Fe and Al, which suggested the significant role of 

poorly crystalline Fe/Al oxides or short range order (SRO) Fe/Al oxides in the formation of 

MAOC in soils (Kaiser and Guggenberger, 2000; Kleber et al., 2005; Rasmussen et al., 2006; 

von Fromm et al., 2025). In addition, the abundance of crystalline Fe oxides has been reported 

to be the key driver of MAOC abundance in soils, with significant relationships between 

dithionite-citrate-bicarbonate extractable Fe/Al and SOC found in soils from different regions  

of world (Mu et al., 2016; Zhao et al., 2016; Yu et al., 2019; Zhao et al., 2023). The 

relationships between extractable forms of metals had been studied mostly using limited 

surface soils. More so, there is a lack of information on the role of different species of Fe and 
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Al in the SOC stabilisation and preservation in phosphorus (P) deficient soils, which occupy 

much of the tropic and subtropics regions and southern hemisphere including Australia.  

The preservation of OC is significant in the context of P dynamics in soils. Phosphorus is an 

essential nutrient required by plants in large amounts in several important functions including 

photosynthesis, respiration and regulation of several enzymes (Hawkesford et al., 2023). 

Phosphorus is released into soils from the weathering of primary P containing minerals such as 

apatite (Stewart et al., 2005). The concentration of total P in soils ranges from 1.4 to 9639 

mg/kg, with an average concentration of 584 mg/kg in surface (0 – 30 cm) soils (He et al., 

2021). The average total P concentration in slightly weathered, intermediately, and highly 

weathered soils, based on global and regional databases, is 719, 481 and 472 mg/kg, 

respectively (He et al., 2021). Despite the substantial amount of total P present in most soils, 

crop productivity is often limited by P availability, because a small fraction (< 1 % ) of the total 

P is present in soluble forms (Bünemann et al., 2011; Balemi and Negisho, 2012). Plant roots 

absorb P from soil solution primarily as monobasic phosphate (H2PO4
-) and dibasic phosphate 

(HPO4
2-) ions (Tiessen, 2005).  

The concentration of phosphate in soil solution is controlled by various reactions that have 

been considered under three categories, which include (i) adsorption-desorption, (ii) 

dissolution-precipitation, and (iii) mineralisation-immobilisation (Sims and Pierzynski, 2005; 

Bünemann, 2015; Roberts and Johnston, 2015). In highly weathered soils of tropical and 

subtropical regions, P is the generally the most limiting plant nutrient because of their high P 

sorption capacity and low P use efficiency (Singh and Gilkes, 1991; Tiessen, 2005; De Campos 

et al., 2016). In soils of the tropical and subtropical regions, phosphate sorption occurs on Fe 

and Al oxides surfaces through phosphate exchange with hydroxyl (OH-) groups otherwise 

known as ligand exchange reactions (Parfitt et al., 1975; Borggaard et al., 1990; Torrent et al., 

1992; Torrent, 1997; Agbenin, 2003). Herndon et al. (2019) reported that almost half of soil 
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phosphate was sequestered by Fe oxides in shallow organic soils of low-lying areas from Artic 

and Boreal regions. Some studies have related chemically extractable forms of Fe and Al with 

phosphate sorption capacity of soils (Walker and Syers, 1976; Borggaard et al., 1990; Singh 

and Gilkes, 1991). 

There is a complex interaction among Fe/Al oxides, organic matter (OM), and P in soils. 

Phosphorus is an important component of SOC, because a large amount of P, necessary for the 

formation of organo-mineral complexes, is stored with SOC (Spohn, 2020). The presence of 

OM on surfaces of Fe and Al oxides can block P adsorption sites, thereby improving P 

availability in soils (Hunt et al., 2007). Furthermore, they can also prevent the crystallisation 

of Fe and Al oxides (Schwertmann, 1966). Therefore, it is important to evaluate the role of Fe 

and Al oxides in P deficient soils that occupy much of the tropic and subtropics regions and 

southern hemisphere including Australia. This will enhance our understating of global soil C 

cycling, phosphate adsorption behaviour and assist in better management of agricultural soils 

of New South Wales (NSW), Australia. In addition, the identification and quantification of Fe 

oxides in soils is still a challenge, consequently, there is a need for a simple procedure in this 

regard. Considering all the above, the specific objectives of this study were to: 

 examine relationships among the different fractions of extractable Fe and Al with SOC 

concentration and P adsorption capacity and the relationship between P adsorption 

capacity and SOC concentration from published literature 

 determine the role of different fractions of metal(loid)s in preserving OC in both top 

and sub-soils of agricultural regions of New South Wales, Australia 

 evaluate the use of X-ray absorption spectroscopy to quantify Fe in different minerals 

and organic phase in selected surface and subsurface soils 

 examine the competitive adsorption behaviour of phosphate and dissolved organic 

carbon (DOC) in surface and subsurface soils rich in Fe oxides. 
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This thesis is organised into 6 chapters. Chapter 1 introduces the research topic and outlines 

the structure of the thesis.  

Chapter 2 presents a review of literature evaluating the relationship between extractable Fe and 

Al and SOC concentration and P sorption capacity. Two key research questions were asked: (1) 

do extractable Fe and Al have any relationships with P sorption capacity and SOC 

concentration? and, (2) do P sorption capacity and SOC concentration have any relationship? 

To address these questions, data from 77 published article were systematically synthesised and 

analysed, research gap identified, and the chapter set the foundation for subsequent chapters. 

The chapter has been published in Soil Research Journal as; Amenkhienan, B.E., Dijkstra, F., 

Warren, C. and Singh, B., 2024. Understanding extractable metal species relationships with 

phosphorus sorption and organic carbon in soils. Soil Research, 62(8). 

Chapter 3 investigated extensively the role of different fractions of Fe, Al, Mn and Si in the 

preservation of OC in both top and sub-soils. The study hypothesised that SRO minerals of Fe, 

Al, Mn and Si contribute more to the preservation of OC in both top- and sub-soils. The study 

further hypothesised that concentration of Fe will be the most prominent amongst the metals 

in all extractions in both top- and sub-soils. The manuscript is prepared for submission to 

Geoderma Journal. 

Chapter 4 focused on the use of X-ray absorption near edge and extended X-ray absorption fine 

structure spectroscopy at the Fe-K edge to identify and quantify Fe-containing minerals and Fe 

complexed with OM in bulk soils. The manuscript is prepared for submission to Clay and Clay 

Minerals Journal. 

Chapter Five examined adsorption of phosphate, DOC, and competitive adsorption of both 

phosphate and DOC from mixed solutions of P and DOC on surface and subsurface soils with 

substantial Fe oxides. The study hypothesised that phosphate or DOC adsorption will be greater 

in the subsurface soils than the surface soils. The study further hypothesised that DOC would 



6 
 

inhibit phosphate adsorption in both surface and subsurface soils. The manuscript is prepared 

for submission to Frontiers in Soil Science Journal. 

Chapter 6 provides the summary conclusions of this thesis and suggest areas where future 

research is needed. 
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Chapter Two  

Understanding extractable metal species relationships with phosphorus 
sorption and organic carbon in soils. 

 

This chapter is published as: 

Amenkhienan Bright E., Dijkstra Feike, Warren Charles and Singh Balwant (2024). 

Understanding extractable metal species relationships with phosphorus sorption and organic 

carbon in soils. Soil Research 62, SR24118. https://doi.org/10.1071/SR24118. 

 

2.0 Abstract 
 

Context 

Iron (Fe) and aluminium (Al) oxides are important in phosphate sorption capacity of soils and 

preservation of soil organic carbon (SOC). However, there is a complex interplay between 

among Fe/Al oxides, SOC, and phosphorus (P) in soils.  

Aims 

Our objective was to further evaluate the relationships between extractable Fe and Al and SOC 

concentration and P sorption capacity using generalized additive mixed models (GAMMs).  

Methods 

We compiled and analysed data from 77 published articles from Scopus and Web of Science.  

Key results  

Ammonium oxalate extractable aluminium (Alox) and dithionite-citrate-bicarbonate extractable 

aluminium (Ald) had a strong statistically significant relationship with P sorption capacity (R2 

= 0.92 Alox, p<0.0001, and R2 = Ald 0.93, p<0.0001), but Ald had a stronger statistically 

significant relationship with P sorption capacity (R2 = Ald 0.93, AIC = 508). Further, a positive 

1:1 relationship between Alox and Ald (slope = 0.96, R2 = 0.94), suggests that the pool of Al 

dissolved by ammonium oxalate and dithionite citrate bicarbonate (DCB) was nearly similar. 

A strong statistically significant relationship was found between ammonium oxalate extractable 

https://doi.org/10.1071/SR24118
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iron (Feox) and Alox, and SOC concentration (R2 = 0.57 Feox, 0.58 Alox, p<0.0001), but Alox had 

a stronger statistically significant relationship with SOC concentration (R2 = Ald 0.58, AIC = 

645). This may be due to various interactions of SOC with Al oxides, which can directly or 

indirectly influence P sorption capacity in soils.  

Conclusions 

Extractable Fe and Al have significant relationships with P sorption capacity and SOC 

concentration. The DCB forms of extractable Al and ammonium oxalate extractable Al have 

stronger relationships with SOC concentration and P sorption capacity than extractable Fe. The 

concentration of ammonium oxalate extractable Al in the soil samples was significantly 

(p<0.001) greater than the concentration of ammonium oxalate extractable Fe. In this study, P 

sorption capacity had no relationship with SOC concentration. 

Implications 

DCB and ammonium oxalate extractable Fe (and Al) that represent Fe in crystalline and poorly 

crystalline, or amorphous form of Fe/Al may be used as a routine soil test and may be able to 

predict P sorption capacity and SOC preservation potential, particularly in acid soils. 

 

Keywords: Iron, aluminium, soil organic carbon, relationship, phosphorus sorption capacity, 

ammonium oxalate, dithionite citrate bicarbonate, extractable metals. 

 
2.1 Introduction 

Soil organic matter (SOM) consists of about 50% carbon (C) and it is a critical component of 

soils (Banwart et al., 2019). Soil OM plays very vital roles in the functioning and productivity 

of ecosystems, soil quality and health, soil fertility and productivity (Reeves, 1997; Watanabe, 

2017). Soils are the largest reservoir of C, storing twice the amount of organic C that is present 

in the atmosphere and vegetation combined (Batjes, 1996, 2014). Soil OC is quite dynamic in 

nature, with continuous in and out fluxes that determine its net reserves in soils. It is important 
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to increase the net storage of C in the soil to stabilise CO2 concentration in the atmosphere and 

to mitigate climate change, which has been the focus of scientific investigation in the last few 

decades (Lal, 2004; Banwart et al., 2019). 

The stabilisation of OM in soils is controlled by several mechanisms. Three primary 

mechanisms have been identified for the preservation of SOC, which include (i) accumulation 

of primary and secondary recalcitrant forms of organic molecules, (ii) inaccessibility of SOC 

against enzymes and microbial decomposition via occlusion in aggregates, and (iii) chemical 

interactions, involving adsorption and co-precipitation, with phyllosilicates and iron (Fe) and 

aluminium (Al) oxides (used for brevity the term includes oxides/hydroxides/oxyhydroxides) 

(Sollins et al., 1996; Lützow et al., 2006; Kleber et al., 2015; Hemingway et al., 2019). The 

association of SOM with minerals, particularly involving Fe and Al oxides, has  been identified 

as a key mechanism for the long-term preservation of SOC (Kaiser and Guggenberger, 2000; 

Rasmussen et al., 2006; Tamrat et al., 2019; Hall and Thompson, 2022; Ye et al., 2022), and 

thus, the necessity to better understand these interactions.   

Iron and Al oxides are common constituents of most soils and thus very important in with the 

preservation of SOC via chemical interactions due to their large specific surface area (SSA) 

and reactive surfaces. During pedogenesis, Fe and Al containing primary minerals undergo 

chemical weathering, forming pedogenic species of Fe and Al (includes all secondary Fe and 

Al oxide and monomeric and polymeric species of Fe and Al in soil solution), which react with 

SOC.  In monomeric forms, they bind with organic ligands (e.g., carboxylic functional groups) 

to form organo-metal complexes while in polymeric forms they can form polynuclear 

complexes and secondary minerals. Secondary minerals (including oxides, hydroxides, 

oxyhydroxides and hydrated oxides) are often small in size, and thus have a large SSA and 

sorption capacity, and ability to bind and stabilise OC in soils (Kaiser and Guggenberger, 2003; 

Wagai et al., 2013; Kleber et al., 2015; Rennert, 2019; Wagai et al., 2020). This perspective 
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has been asserted by close and strong positive relationships between SOC and ammonium 

oxalate extractable Fe and Al, which suggest that SOC is preferably preserved by interaction 

with poorly crystalline minerals (Kaiser and Guggenberger, 2003; Kleber et al., 2005; Wiseman 

and Püttmann, 2006; Rasmussen et al., 2018; Yu et al., 2021; Hall and Thompson, 2022).  

The preservation of SOC is important in the context of phosphorus (P) dynamics in soils. 

Phosphorus is a major plant nutrient that plays a key role in photosynthesis, respiration, 

biosynthesis of nucleic acids and membranes, and regulation of several enzymes (Hawkesford 

et al., 2023). Total P concentrations in natural soils of terrestrial ecosystems are highly variable, 

ranging from 1.4 to 9636 mg kg-1, with an average concentration of 584 mg kg-1 in surface (0 

– 30 cm) soils (He et al., 2021). Weathering coupled with erosion and leaching depletes P that 

is present in soil primary minerals. Therefore, the total P concentration in soils decreases over 

the course of soil development (Walker and Syers, 1976; Crews et al., 1995). He et al. (2021) 

reported mean total P concentration of 719, 481 and 472 mg kg-1 in slightly weathered, 

intermediately, and strongly weathered soils, based on global and regional databases, 

respectively. A negligible (<0.1 %) fraction of the total P in soils exists in soil solution that is 

in a plant available form (Raghothama and Karthikeyan, 2005). Organic soil P is the most 

important source of P in highly weathered soil. Organic P represents approximately 44% of 

total soil P in highly weathered soil (Cross and Schlesinger, 1995). Phosphate associated with 

soil minerals is not readily bioavailable, it is either strongly adsorbed to minerals or present in 

insoluble P compounds formed from the reactions of phosphate with Al, Fe, and calcium (De 

Schrijver et al., 2012). 

Similar to SOC, chemically extractable forms of Fe and Al have been identified as the key 

components in governing P sorption capacity of soils (Walker and Syers, 1976; Borggaard et 

al., 1990; Singh and Gilkes, 1991). Phosphorus availability is widely considered to be the main 

constraint in limiting primary productivity in highly weathered soils because of their low P 
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contents and propensity of phosphate to strongly adsorb onto Fe and Al oxides (Cross and 

Schlesinger, 1995; Sanchez, 2019). The effectiveness of P fertilisers in cropping soils relies 

primarily on P sorption capacity, which is primarily related to the concentration of different 

forms of Fe and Al oxides, particularly in highly weathered soils of tropic and sub-tropic 

regions (De Campos et al., 2016; Lin et al., 2020). Iron and Al oxides are well known to bind 

phosphate and limit P bioavailability in soils from both temperate and tropical systems (Walker 

and Syers, 1976; Borggaard et al., 1990; Singh and Gilkes, 1991; Vitousek et al., 2010). 

Herndon et al. (2019) reported that Fe oxides sequester approximately half of soil phosphate 

in shallow organic soils of low-lying areas from Artic and Boreal regions. Phosphate sorption 

is known to occur on Fe and Al oxides surfaces via ligand exchange reactions and it may be 

immobilised through occlusion with ageing (Torrent et al., 1992; Watanabe, 2017). In addition, 

soil P has been linked to soil C sequestration capacity in highly weathered soils (where organic 

C can sorb P via cation bridging mechanism, with cations such as Fe3+, Al3+ and Ca2+ being 

involved in the process) because of continuous P fertilization, which can reduce SOC 

mineralization  (Giardina et al., 2004; Li et al., 2006) although the relationship is not well 

understood under different soil environmental conditions. 

There is a complex interplay among Fe/Al oxides, organic matter, and P in soils. Phosphorus 

is a significant component of SOC, because a large amount of P, necessary for the formation of 

organo-mineral complexes, is stored with SOC (Spohn, 2020). The OC:OP ratios of croplands 

indicate that approximately 13 and 22 kg P per ton of SOC are stored in the topsoil and subsoil 

of croplands, respectively (Spohn, 2020). Organic amendments have been shown to increase P 

availability in soils by reducing phosphate adsorption or increasing phosphate desorption or by 

directly supplying more P contained in the organic amendments (Hunt et al., 2007; Zhang et 

al., 2018; Ma et al., 2019; Yang et al., 2019). Under normal soil pH conditions, OM 

predominantly carries negative charge and can form surface-complexes with Fe and Al oxides 
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that carry positive surface charge (Singh et al., 2016). Phosphorus can be adsorbed by 

reversible reactions on SOM, with some bonds being much more readily and rapidly broken 

than others (Sposito, 1989). The presence of OM on minerals can inhibit adsorption of 

negatively charged inorganic and organic P compounds and thus increase bioavailable P in soils 

(Hunt et al., 2007). Jindo et al. (2023) summarised various competitive sorption reactions that 

occur between SOC and bioavailable P. Firstly, SOC carrying a negative charge is adsorbed on 

the surfaces of metal (Fe/Al) oxides, which are positively charged thereby blocking the surface 

charge sites and increasing P desorption. Secondly, SOC adsorbed on the surfaces of metal 

oxides enhances P repulsion and, increases bioavailable P. Lastly, SOC chelating with Fe 

adsorbed on surfaces of metal oxides leads to formation of Fe-SOC, which can be released 

from the surface sites, making the surface sites positively charged and available for P sorption 

in soils.   

The abundance of crystalline (dithionite-citrate-bicarbonate) and poorly crystalline 

(ammonium oxalate) Fe and Al oxides are diverse in soils and, contribute to SOC preservation 

and stabilisation and P sorption. Therefore, a comprehensive evaluation of the role of Fe and 

Al oxides in the stabilisation of SOC and sorption of P will enhance our knowledge on global 

soil C cycling, and P sorption and help in better soil management. Studies have synthesised 

large datasets of soils, showing that acid ammonium oxalate extractable Al was the strongest 

predictor of SOC concentration (Rasmussen et al., 2018; Von Fromm et al., 2021; Yu et al., 

2021; Hall and Thompson, 2022; Zhao et al., 2023) while Watanabe (2017) reported that 

ammonium oxalate extractable Fe and Al (active Fe + Al) were the strongest predictor of P 

sorption. Few studies have explored relationships between extractable metals and SOC 

concentration but has not considered relationship with P sorption capacity within the same 

datasets. This is the first study that has examined relationships among the different fractions of 

Fe and Al with SOC concentration and P sorption capacity simultaneously, thereby adding new 
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knowledge to the existing literature. In our study, we explored published data to evaluate the 

relationships among the different fractions of Fe and Al with SOC and P adsorption of soils. 

The main objective was to identify the role of different fractions of Fe and Al oxides in the 

SOC preservation and P availability in soils using a generalized additive mixed model 

(GAMM) approach. We have two key research questions: (1) do extractable Fe and Al have 

any relationships with P sorption capacity and SOC concentration? and, (2) does P sorption 

capacity and SOC concentration have any relationship? 

 

2.2 Methodology 
 
Peer-reviewed publications were searched on Scopus and Web of Science databases using the 

following key search terms: soil + iron oxides extract*+ “phosph*sorpt*”; soil + iron oxides 

extract* + “organic matter” OR “organic carbon”; soil + iron oxides + “phosph*sorpt*”; soil + 

iron oxides + “organic matter” OR “organic carbon”.  The key search terms did not only display 

chemically extractable Fe but also displayed chemically extractable Al, hence extractable Al 

was not included in the above key search terms. The preferred reporting items for systematic 

reviews and meta-analyses (PRISMA) diagram (Page et al., 2021) were used for the 

identification and selection of pertinent published papers for this study.  A total number of 5,717 

publications resulted from the database searches, with 3,917 publications from Scopus and 

1,836 from Web of Science. Publications that appeared as duplicate within the Scopus database 

and within the Web of Science database based on the different key search terms used were 251 

and 1,031; this amounted to a total of 1,282 of duplicate within both databases while duplicate 

publications between databases (Scopus and Web of Science) were 565. In total, duplicate 

publications within and between the two databases removed were 1,847; that left a total number 

of 3,870 publications. Only publications having data for P sorption capacity (based on 

Langmuir model), organic C, and chemically extractable metal (Fe and Al) oxides were 
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selected, extracted, and analysed because they adequately focused or contributed to the main 

objective of our study. Therefore, with the above-mentioned criteria, a total number of 3,772 

irrelevant publications were excluded, 18 publications were inaccessible and excluded while 

another 3 publications were also excluded because they were not in English. This resulted in a 

total of 77 relevant publications which were eligible and examined for this study. A summary 

of the identification and selection of relevant publications used for this study are shown in 

Figure 2.1.  

 
 
Figure 2.1. Flow diagram for the identification of relevant publications using PRISMA, where n = number of 
papers. 
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2.3 Data Analysis 
 
The data extracted from selected journal papers were statistically analysed to examine the main 

drivers of P sorption capacity and SOC concentration using the gamm function within the mgcv 

package of generalized additive mixed models (GAMMs) (Wood, 2017). The response 

variables were SOC concentration and P sorption capacity. The predictor variables were 

chemically extractable forms of Fe and Al. Ammonium oxalate extractable iron (Feox) and 

aluminium (Alox) consist of poorly crystalline minerals phases or short-range-ordered (SRO) 

mineral phases and organo-metal complexes. Dithionite-citrate-bicarbonate extractable iron 

(Fed) and aluminium (Ald) consist of crystalline minerals phases or pedogenic phases. All 

response and predictor variables were log10 transformed to conform to assumptions of residual 

distribution in GAMM. The generalized additive mixed model accounts for non-linear 

relationships between response variables and the predictors by fitting penalized smooth 

functions to each predictor to minimise excessive “wiggliness” (Wood, 2017). The default K 

dimension of 10 (maximum degree of freedom) was used for each smooth function to dictate 

the flexibility of the relationship. The effective degree of freedom (edf) was used to express the 

plotted shape of the model. If the edf is equal to 1 then the smooth term is reduced from a 

flexible relationship to a simple linear relationship. We tested various smooth functions in the 

full model, which included the response variable, the extractable metals (Feox, Fed, Alox, Ald) 

and the interaction terms, however, the addition of interaction terms did not reduce the Akaike’s 

information criterion (AIC), hence it was not included in the final model. The residuals 

approximately followed a Gaussian distribution; therefore, an identity link function was used. 

The F values were used to estimate the significance (p<0.001) of model terms. If the values of 

the response variables or the predictors were missing from the data, then those data were 

excluded from the GAMM analysis.  
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We initially fit two separate but single optimal GAMMs for each of the two response variables 

(i.e., SOC concentration and P sorption capacity), and all four predictor variables (Feox, Fed, 

Alox, Ald). The model assumptions were evaluated using residual plots. The single optimal 

GAMM showed relationships between each extractable metal and P sorption capacity, and 

between each extractable metal and SOC concentration. We observed that correlations between 

Fe and Al affected their relationships with P sorption capacity and SOC concentration, 

respectively (Supplementary Figure 2.1 and 2.2). In GAMM, this is known as concurvity, 

which also refers to collinearity where values greater than 0.8 indicate close relationship and 

instability of a parameter while 0 indicates no relationship with other variables (Wood, 2017). 

The limitation of the model is collinearity, which prevented running the single optimal 

GAMMs having all the predictor variables.   

To avoid the problem of correlation among ammonium oxalate and dithionite-citrate-

bicarbonate (DCB) extractable metals leading to concurvity, we fitted four separate additional 

GAMMs involving single extractable metals (Feox, Fed, Alox, Ald). The separate GAMMs were 

used to address questions on understanding the relationships between extractables forms of 

metals and P sorption capacity as well as SOC concentration. The additional GAMMs enable 

investigation of redundancy in various extractable metals as predictors of P sorption capacity 

and SOC concentration. The AIC values of each model fit by restricted maximum likelihood 

(REML), was used to compare the performance of models, with smaller AIC indicating better 

performance. The R2 values presented in the results are adjusted R2, adjusted for the number 

of predictors. The highest R2 values indicate better performance of the models. The R2 values 

of P sorption capacity is much higher compared to SOC concentration because the number of 

observations for P sorption capacity (n = 265) was higher than SOC (n =249). Furthermore, we 

used the GAMMs to explore the non-linear relationships of extractable metals and P sorption 

capacity and SOC concentration, while we used the reduced major axis (RMA) regression to 
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evaluate the linear relationships and slopes between extractable metals because assumptions 

weren’t met. The “lmodel2” function was used for RMA regression (Figure 3). Paired t-test 

was used to test the differences between mean concentrations of extractable Al and Fe within 

depths.  All analyses were performed using R studio statistical software version 4.4.1 

(RCoreTeam, 2024). 

 
2.4 Results and Discussion 
 

2.4.1 Phosphorus sorption capacity versus extractable Fe and Al oxides 
 
The relationship between P sorption capacity and metals extracted in acid ammonium oxalate 

(Feox and Alox) and citrate dithionite bicarbonate (Fed and Ald) are shown in Supplementary 

Figure 2.1. The single optimal GAMMs with all predictor variables, i.e., Feox, Fed, Alox and 

Ald, failed because of severe concurvity, i.e., the “concurvity” function was close to 1; Feox = 

0.99, Fed = 0.99, Alox = 0.98 and Ald = 0.98 (Supplementary Figure 2.1), therefore additional 

four separate models were fitted.  

In the four separate additional GAMMs involving single extractable metals, we observed that 

individual extractable metals (Feox, Fed, Alox and Ald) had statistically significant relationships 

with P sorption capacity (R2 = 0.91 Feox; p<0.05, R2 = 0.90 Fed; p<0.0001, R2 = 0.92 Alox; 

p<0.0001, and R2 = Ald 0.93, p<0.0001). Phosphorus sorption capacity increased with Feox, 

Fed, Alox and Ald, with curvilinear (non-linear) relationships (Figure 2.2 a, b, c, and d). Our 

results show that both Ald and Alox were better predictor variables (AIC =508 and 532, 

respectively) of P sorption capacity in soils than Fed and Feox (AIC =572 and 545, respectively), 

and Ald was a better predictor variable of P sorption capacity than Alox (Figure 2.2 c and d). 

Several studies have reported significant correlations of P sorption capacity with Feox, Alox, Fed 

and Ald contents in different soil types (Syers et al., 1971; Ping and Michaelson, 1986; Peña 
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and Torrent, 1990; Singh and Gilkes, 1991; Börling et al., 2001; Agbenin, 2003; 

Wiriyakitnateekul et al., 2005).  

 
Figure 2.2. Relationships between phosphorus sorption and individual extractable metals where each of the four 
metals extracted (ammonium oxalate extractable iron [Feox], dithionite-citrate-bicarbonate extractable iron 
[Fed], ammonium oxalate extractable [Alox], and dithionite-citrate-bicarbonate extractable aluminium [Ald]) was 
used separately in the generalized additive mixed models (GAMMs). These results are different from the model in 
Supplementary Figure 2.1, where Feox, Fed, Alox, and Ald were included in a single GAMM model. Akaike’s 
information criterion values for Feox, Fed, Alox, and Ald in the GAMM model (using each extracted metal 
separately) were 545, 572, 532 and 508, respectively. The respective F-statistic values were 10, 2, 12, and 17; and 
R2 values were 0.91, 0.90, 0.92 and 0.93. The shaded red region around the smooth lines represents the 95% 
confidence intervals. 
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The higher P sorption capacity of extractable Al than the extractable Fe may be due to its greater 

SSA and, high density of reactive hydroxyl sites. Phosphate sorption on Al oxides occurs 

through ligand exchange reactions where singly coordinated hydroxyl (OH) groups are 

exchanged by phosphate anions (Borggaard et al., 1990). These results are consistent with 

several previous studies on different soil types (Bromfield, 1965; Singh and Gilkes, 1991; 

Börling et al., 2001; Agbenin, 2003), where Alox and Ald were found to be more strongly 

correlated with P sorption capacity than Feox and Fed irrespective of their total contents in soils. 

The relative contribution of Ald in P sorption capacity has been estimated to be 3 to 5 times 

greater than Fed in acid soils from Australia and Nigeria (Bromfield, 1965; Singh and Gilkes, 

1991; Agbenin, 2003). Acid ammonium oxalate extracts non-crystalline or amorphous and 

short-range order Al oxides and organically complexed Al (McKeague and Day, 1966; 

Dahlgren, 1994; Rennert, 2019). Poorly crystalline and nano-sized crystalline goethite and 

hematite particles can also be dissolved during acid ammonium oxalate extraction (Acebal et 

al., 2000). In the DCB extraction, in addition to the Al forms extracted by acid ammonium 

oxalate solution, Al substituting for Fe in the structure of well crystalline Fe oxides (i.e., 

goethite and hematite) is also extracted. The contribution of Al released from the dissolution 

of Al-substituted goethite and hematite during the DCB extraction may explain the slightly 

better prediction of P sorption capacity with Ald than Alox. The substitution of Al for Fe in Fe 

oxides is common in soils, with up to one-third (Al/(Al+Fe)) = 0.33) in goethite and half of 

that in hematite (Singh and Gilkes, 1992). The crystal size of Fe oxides has been known to 

decrease with increasing degree of Al substitution in their structures, thereby increasing SSA 

and, P sorption capacity (Borggaard, 1983).  

Furthermore, our findings do not negate the importance of different forms of Fe oxides on P 

sorption capacity even though they are not the strongest predictors of P sorption capacity. As 

mentioned earlier, Feox and Fed showed statistically significant relationships with P sorption 
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capacity (Figure 2.2 a and b). High P sorption capacity has been found in Oxisols and Alfisols, 

which have a high concentration of Ald and Fed (De Campos et al., 2016). Several other studies 

have reported significant relationships between different forms of extractable Fe and Al and P 

sorption capacity in soils from tropical and temperate regions of the world  (Ahenkorah, 1968; 

Loganathan and Fernando, 1980; Peña and Torrent, 1984, 1990; Singh and Gilkes, 1991; Freese 

et al., 1992; Agbenin, 2003; Li et al., 2007; Bortoluzzi et al., 2015; Watanabe, 2017).  

Table 2.1 shows the mean concentrations of Fe and Al in soils extracted by acid ammonium 

oxalate and DCB extractants at three soil depths. Figure 2.3 shows the pairwise 1:1 relationship 

between extractable metals. The RMA regression of all the relationships were statistically 

significant (p < 0.0001) but not all the relationships were strong (Figure 2.3). Ammonium 

oxalate Al and Ald had a nearly 1:1 relationship in the soil samples (Figure 2.3 b). Although, 

few samples (encircled in Figure 2.3 b) appear to deviate from this relationship, where 

additional Al (substituting for Fe) might have been released from the structure of Fe oxides 

during the DCB extraction. Our results are consistent with the results reported by Hall and 

Thompson (2022) for a large North American soil dataset. The linear relationship between Feox 

and Fed was weak (R2 = 0.29; Figure 2.3 a), and as expected, Fed was generally greater than 

Feox (RMA regression slope = 0.27 ± 0.02), which indicates ammonium oxalate extracted about 

27% of the Fe extracted by DCB. Similar results, showing a weak relationship between Feox 

and Fed was reported by (Hall and Thompson, 2022). The weak relationship between Fed and 

Ald, and between Feox and Ald (Figure 2.3 d and e), may indicate different environmental 

conditions, mineral composition, and degree of Al substitution in Fe oxides in the soils. The Fe 

and Al extracted in ammonium oxalate and DCB had a weak and variable relationship with 

each other (Figure 2.3 c and f). 
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Table 2.1. Mean concentrations of Al and Fe at three depths (0-20cm, 20 – 50cm, and > 50cm). 
The values in parentheses are standard deviations in the concentrations. Feox, ammonium 
oxalate extractable iron; Fed, dithionite-citrate-bicarbonate extractable iron; Alox, ammonium 
oxalate extractable aluminium; Ald, dithionite-citrate-bicarbonate extractable aluminium. 
Soil Depth 

(cm)A 

Feox Fed Alox Ald 

                                                                             g/kg 

0-20 (n=204) 3.09 (5.80)b 19.89 (29.25)a 3.29 (7.97)a 5.57 (8.91)b 

20-50 (n=102) 5.03 (18.04)b 19.95 (28.46)a 8.38 (24.87)a 10.14 (25.85)b 

>50 (n=42) 4.97 (7.79)b 16.10 (19.45)a 18.36 (30.88)a 19.28 (32.77)b 

A. The number of individual soil horizon samples from each soil depth are listed in parentheses. Different letters 
on the rows indicate significant (p<0.001) differences in the mean values between ammonium oxalate Fe and Al 
and between dithionite-citrate-bicarbonate Fe and Al within each depth based on paired t-test. 
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Figure 2.3. Relationships between various forms of Al and Fe extracted in ammonium oxalate and dithionite-
citrate-bicarbonate solutions. Lines in red indicate reduced major axis (RMA) regression, and lines (in grey) 
indicate confidence intervals for the RMA regression line, R2 values and RMA regression equation are given in 
each plot. All regression slopes were statistically significant at p<0.0001. Feox, ammonium oxalate extractable 
iron; Fed, dithionite-citrate-bicarbonate extractable iron; Alox, ammonium oxalate extractable aluminium; Ald, 
dithionite-citrate-bicarbonate extractable aluminium. 
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2.4.2 Soil Organic Carbon (SOC) versus extractable Fe and Al oxides 
 
Supplementary Figure 2.2 shows the relationships between soil organic carbon (SOC) and Al 

and Fe extracted in acid ammonium oxalate (Alox and Feox) and dithionite citrate bicarbonate 

(Ald and Fed). All predictor variables (Feox, Fed, Alox and Ald) failed in the single optimal 

GAMM because of severe concurvity i.e. Feox = 0.94, Fed = 0.95, Alox = 0.99 and Ald = 0.99. 

In the four separate GAMMs involving each of the four extractable metals, we observed a 

statistically significant relationship of each metal with SOC concentration (R2 = 0.57 Feox, 0.54 

Fed, 0.58 Alox and Ald 0.52, p<0.0001). The SOC concentration increased with Feox, Fed, and 

Alox, with curvilinear (non-linear) relationships (Figure 2.4 a, b, and c) while Ald had a linear 

relationship with SOC (edf = 1) (Figure 2.4 d). In the GAMM plots, we observed that when 

these variables increased non-linearly, SOC was plateaued (i.e SOC did not show any further 

increase). This may suggest that many soils are not yet saturated with SOC hence, these soils 

have additional capacity for SOC adsorption onto Al and Fe oxides. These results are consistent 

with the observations from the NEON soil dataset where an increase in the metals (Alox and 

ammonium acetate exchangeable calcium plus exchangeable magnesium [Caxe + Mgex) did not 

further increase the SOC (Yu et al., 2021). Our results show that oxalate extractable metals 

(Feox and Alox) are better predictor variables of SOC than DCB extracted metals (Fed and Ald) 

and Alox was a slightly stronger predictor variable than Feox as shown by the AIC (Alox = 645 

vs Feox = 658) (Figure 2.4). Recent studies, consisting of larger soil datasets from North 

America, have consistently revealed that Alox exhibited stronger predictive power for SOC 

concentrations compared to Feox and Fed (Rasmussen et al., 2018; Yu et al., 2021; Hall and 

Thompson, 2022). Watanabe (2017) reported a significant correlation between Fe + Al oxides 

and SOC and concluded that the major components of SOC preservation is through binding 

with Fe and Al oxides. The RMA regression showed statistically significant (p < 0.01) 

relationship between SOC concentration and Feox + Alox (Supplementary Figure 2.3). In this 
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study, Feox + Alox explained 29 % of the variability in the SOC concentration.  Kleber et al. 

(2005) observed that Feox + Alox explained 78% of the variability (p < 0.001) in SOC 

concentration in acid soils and suggested that SOC concentration in acid soils is positively and 

linearly correlated to the concentration of poorly crystalline minerals. In contrast to these, 

Percival et al. (2000) reported a significant correlation between Al pyrophosphate (Alpp) 

(pyrophosphate extracts organo-Al complexes) and SOC, and observed that Alpp was the best 

predictor of SOC concentration.  

Soil organic C stabilisation by poorly crystalline oxides (i.e., Alox and Feox) may be due to the 

possession of extensive SSA and increased reactive sites. The formation of stable organic-metal 

complexes (Al and Fe) occurs through ligand exchange reactions between carboxyl groups of 

SOC and singly coordinated hydroxyl (OH) groups at the metal surfaces (Kaiser and 

Guggenberger, 2000). The interaction between SOC and Al/Fe oxides can lead to less 

susceptibility of SOC to desorption, oxidative degradation, biodegradation and greater long-

term preservation of SOC in soils (Kaiser and Guggenberger, 2003; Zimmerman et al., 2004). 

There was a weak relationship between Feox and Alox in soil samples (Figure 2.3 c), and Alox 

was significantly (p<0.001) greater than Feox (Table 2.1). This was possibly due to greater 

solubility of Al than Fe at low pH in soils and the weak tendency of Al oxides to crystalise as 

compared to Fe (Shang and Tiessen, 1998; Watanabe, 2017). During acid-mediated mineral 

weathering, Al phases (gibbsite and aluminosilicates) are known to dissolve at higher pH values 

than the Fe oxides (goethite, hematite and ferrihydrite) (Chadwick and Chorover, 2001). The 

soluble Al3+ outperform base cations on the cation exchange sites, thereby maintaining the soil 

pH within the range of 4.0 to 5.5, which in turn, restricts the dissolution of Fe (Chadwick and 

Chorover, 2001). Also, the greater abundance of Al than Fe in the parent material might favour 

the higher Al concentration than Fe ions in the soil solution (Hall and Thompson, 2022).  
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Figure 2.4. Relationships between soil organic carbon (SOC) and individual extractable metals where each of 
the four metals extracted, (ammonium oxalate extractable iron [Feox], dithionite-citrate-bicarbonate extractable 
iron [Fed], ammonium oxalate extractable aluminium [Alox], dithionite-citrate-bicarbonate extractable 
aluminium [Ald]) was used in the generalized additive mixed models (GAMMs). These results are different from 
the model in Supplementary Figure 2.2, where Feox, Fed, Alox, and Ald were included in a single model.  Akaike’s 
information criterion values for separate models that included either Feox, Fed, Alox, Ald, were 658, 672, 645 and 
670, respectively; F-statistic values for the individual predictors were 7, 6, 23, and 19; R2 values for the full 
models were 0.57, 0.54, 0.58 and 0.52. The shaded red areas around the smooth lines represent the 95% confidence 
intervals. 
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Our results do not refute the significant role of crystalline oxides (Fed or Ald) in protecting 

SOC. Crystalline oxides play an important role in the preservation of SOC when present in the 

soil in substantial amounts (Mikutta et al., 2006; Yeasmin et al., 2017). A strong positive 

significant correlation between SOC and crystalline Fe oxides has been observed in soils 

(Mikutta et al., 2006; Yeasmin et al., 2017). Contrary to this, negative relationships between 

Fed (crystalline Fe) and SOC concentrations have also been reported in some studies, which 

has been related to the smaller SSA of crystalline Fe oxides as compared to SRO Fe phases 

(Feox) (Percival et al., 2000; Hall and Silver, 2015).   

The rate of SOC mineralisation is controlled by its association with extractable metals. Few 

studies have quantified SOC mineralisation of OC sorbed onto minerals (Mikutta et al., 2007; 

Schneider et al., 2010; Saidy et al., 2012). Saidy et al. (2012) studied the influence of Fe oxides 

(including ferrihydrite, goethite, hematite) and imogolite on C mineralisation in an illitic clay. 

They reported that C mineralisation was significantly reduced by ferrihydrite with increased 

SSA than goethite, hematite and imogolite, and the illitic clay-ferrihydrite association provided 

greater stabilisation of SOC. Mikutta et al. (2007) reported that mineral associated organic 

matter primary held by ligand exchange exhibited resistance to mineralisation compared to 

organic matter bound by van der Waals forces. Likewise, OC bound to poorly crystalline Al 

hydroxides reduced the rate of OC mineralisation in soils (Schneider et al., 2010). Soils 

dominated by poorly crystalline minerals have a tendency to reduce SOC mineralisation 

because of the stabilisation of SOC by chemical sorption of SOC while it may not be applicable 

to soils dominated by crystalline minerals (Parfitt et al., 2002; Rasmussen et al., 2006).  

2.4.3 SOC and P sorption capacity 
 
The linear regression relationship between the two response variables (SOC and P sorption 

capacity) of our study is shown in Figure 2.5. The relationship between SOC concentration and 

P sorption capacity was weak, and non-significant (R2 = 0.01, Figure 2.5). This may be due to 
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various interactions of SOC with SRO, which can directly or indirectly influence P sorption 

capacity in soils (Guppy et al., 2005; Yan et al., 2016; Hawkins et al., 2022). Studies have 

reported a weak and non-significant correlation between SOC and P sorption capacity 

(Villapando and Graetz, 2001; Yan et al., 2013), and a non-significant direct effect of SOC on 

P sorption capacity in a path analysis (Ige et al., 2007; Kang et al., 2009).  

Iron/Al oxides are important for SOC stabilisation and sorption of P (Gérard, 2016). 

Competitive sorption occurs between SOC and phosphate for adsorption sites of Fe/Al oxides 

because both are negatively charged and utilize the same adsorption sites (Antelo et al., 2010; 

Jindo et al., 2023). The presence of high concentration of SOC in the soil can decrease P 

sorption capacity and increase P bioavailability in soils. The sorbed SOC can block the 

adsorption sites which leads to decreased phosphate sorption and repulsion, thereby increasing 

bioavailability P (Hunt et al., 2007; Jindo et al., 2023).  The bioavailability of P in soils has 

been reported to be enhanced through the application of organic and inorganic fertilizers (Hunt 

et al., 2007; Ma et al., 2019; Yang et al., 2019). Conversely, some studies have observed 

increased P sorption capacity and decreased bioavailability of P in soils with increasing SOC 

contents (Guppy et al., 2005; Chase et al., 2018). 
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Figure 2.5. Relationship between phosphorus sorption and soil organic carbon (SOC), R2 values and regression 
equation are given in plot. Regression slope was not statistically significant. 

 

 

2.5 Conclusions 
 

Oxalate extractable and dithionite extractable metals are important indicators of the P sorption 

capacity of soils and SOC preservation. The analysis of the data from the published studies 

demonstrates that Alox, and Ald are strong predictor variables of P sorption capacity of soils, but 

Ald was a better predictor variable than Alox of the P sorption capacity of soils. Further, a 

positive 1:1 relationship between Alox and Ald suggests that the pool of Al dissolved by 

ammonium oxalate and DCB was nearly the same, although small deviations from this 

relationship, might indicate release of additional Al substituting for Fe from the structure of Fe 

oxides during the DCB extraction. Similarly, we found that Feox and Alox are good predictor 

variables of SOC, but Alox is a better predictor variable of SOC. From the above, we deduce 

that extractable Fe and Al have significant relationships with P sorption capacity and SOC 

concentration. The DCB forms of extractable Al and ammonium oxalate extractable Al have 
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stronger relationships with SOC concentration and P sorption capacity than extractable Fe. The 

concentration of ammonium oxalate extractable Al in the soil samples was significantly 

(p<0.001) greater than the concentration of ammonium oxalate extractable Fe. Although, the 

data used from the published literature do not show a relationship between P sorption capacity 

and SOC concentration, further research is needed on this aspect, particularly in acid soils.  

2.6 Implications 

The DCB and ammonium oxalate extractable Fe (and Al) represent Fe in crystalline and poorly 

crystalline, or amorphous form of Fe/Al may be used as a routine soil test, and these may be 

able to predict P sorption capacity and SOC preservation potential, particularly in acid soils.  
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2.7 Supporting Information 

Supplementary Table 2.1. Selected publications/papers used for this study. 
Authors, year Title of publications/papers 
Bromfield 1965 Studies of the relative importance of iron and aluminum in 

the sorption of phosphate by some Australian soils 
Lopez-Hernandez and 
Burnham 1974 

The covariance of phosphate sorption with other soil 
properties in some British and tropical soils 

Leger et al. 1979  The effects of organic matter, iron oxides and moisture on 
the color of two agricultural soils of Quebec 

Loganathan and 
Fernando 1980 

Phosphorus sorption by some coconut-growing acid soils 
of Sri Lanka and its relationship to selected soil properties 

Jeanroy and Guillet 1981 The occurrence of suspended ferruginous particles in 
pyrophosphate extracts of some soil horizons 

Peña, and Torrent 1984 Relationships between phosphate sorption and iron oxides 
in alfisols from a river terrace sequence of mediterranean 
Spain 

Borggaard, et al. 1990 
 

Influence of organic matter on phosphate adsorption by 
aluminium and iron oxides in sandy soils 

Goldberg 1990 Effect of aluminum and iron oxides and organic matter on 
flocculation and dispersion of arid zone soils 

Peña, and Torrent 1990 Predicting phosphate sorption in soils of mediterranean 
regions 

Singh, 1991 Mineralogical and chemical characteristics of soils from 
South-Western Australia 

Colombo et al. 1991 The contrasting effect of goethite and hematite on 
phosphate sorption and desorption by Terre Rosse 

Soon 1991 Solubility and retention of phosphate in soils of the 
northwestern Canadian prairie 

Walbridge et al. 1991 Vertical distribution of biological and geochemical 
phosphorus subcycles in two southern Appalachian Forest 
soil 

Espejo and Cox 1992 Factors affecting phosphorus sorption in palexerults of 
western Spain 

Torrent et al. 1992 Fast and Slow Phosphate Sorption by Goethite-Rich 
Natural Material 

Jorgensen and Borggaard 
1992 

A Preliminary investigation of sorption and mobility of 
phosphate in a Danish spodosol 

Osodeke et al. 1993 Phosphorus sorption characteristics of some soils of the 
rubber belt of Nigeria 

Afif et al. 1993 Availability of phosphate applied to calcareous soils of 
West Asia and North-Africa 

Arduino et al 1993 Phosphorus status of certain agricultural soils of Lesotho, 
Southern Africa 

Demesquita and Torrent 
1993 

Phosphate sorption as related to mineralogy of a 
hydrosequence of soils from the Cerrado region (Brazil) 

Mubiru and Karathanasis 
1994 

Phosphorus-sorption characteristics of intensely weathered 
soils in South-Central Kentucky 

Yuan and Lavkulich 1994 Phosphate sorption in relation to extractable iron and 
aluminum in Spodosols 
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Wang and Tzou 1995 Phosphate sorption by calcite, and iron-rich calcareous 
soils 

Indiati et al. 1995 Soil phosphorus sorption and availability as a function of 
high phosphorus fertilizer additions 

Jugsujinda et al. 1995 Influence of extractable iron, aluminum, and manganese 
on p-sorption in flooded acid sulfate soils 

Anghinoni et al. 1996 Phosphorus sorption isotherm characteristics and 
availability parameters of Appalachian acidic soils 

Tsadilas et al. 1996 Phosphate sorption by red mediterranean soil from Greece 
OwusuBennoah et al. 
1996 

Phosphate sorption in relation to aluminum and iron oxides 
of oxisols from Ghana 

Zhou et al. 1997 Phosphorus sorption characteristics of Bh and Bt horizons 
horn sandy coastal plain soils 

De Mello et al. 1998 Phosphorus and iron mobilization in flooded soils from 
Brazil 

Van Ranst et al. 1998 Charge characteristics in relation to free iron and organic 
matter of soils from Bambouto mountains, Western 
Cameroon  

Hansen et al. 1999 Phosphate sorption to matrix and fracture wall materials in 
a Glossaqualf 

Osei and Singh 1999 Electrophoretic mobility of some tropical soil clays: effect 
of iron oxides and organic matter 

Uusitalo and Tuhkanen 
2000 

Phosphorus saturation of Finnish soils: evaluating an easy 
oxalate extraction method 

Börling et al. 2001 Phosphorus sorption in relation to soil properties in some 
cultivated Swedish soils 

Dubus and Becquer 2001 Phosphorus sorption and desorption in oxide-rich 
ferralsols of New Caledonia 

Villapando and Graetz 
2001 

Phosphorus sorption and desorption properties of the 
spodic horizon from selected Florida spodosols 

Agbenin 2003 Extractable iron and aluminum effects on phosphate 
sorption in a savanna alfisol 

Duiker et al. 2003 Iron (hydr)oxide crystallinity effects on soil aggregation 
Eusterhues et al. 2003 Stabilization of soil organic matter by interactions with 

minerals as revealed by mineral dissolution and oxidative 
degradation 

Pizarro et al. 2003 Influence of organic matter on iron oxides mineralogy of 
volcanic soils 

Hartono et al. 2005 Phosphorus sorption-desorption characteristic of selected 
acid upland soils in Indonesia 

Li et al. 2007 Phosphorus sorption-desorption by purple soils of China in 
relation to their properties 

Ranno et al. 2007 Phosphorus adsorption capacity in lowland soils of Rio 
Grande do Sul State 

Tsaousidou et al. 2008 Iron oxides in four Red Mediterranean soils on 
metarhyolite and metadolerite in Kilkis, Greece 

Spielvogel et al. 2008 Soil organic matter stabilization in acidic forest soils is 
preferential and soil type-specific 

Lair et al. 2009 Phosphorus sorption-desorption in alluvial soils of a young 
weathering sequence at the Danube River 
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Igwe et al. 2010 Fe and Al oxides distribution in some ultisols and 
inceptisols of southeastern Nigeria in relation to soil total 
phosphorus 

Heiberg et al. 2010 A comparative study of phosphate sorption in lowland soils 
under oxic and anoxic conditions 

Janardhanan and Daroub 
2010 

Phosphorus sorption in organic soils in South Florida 

Rezapour et al. 2010 Distribution of iron oxides forms on a transect of 
calcareous soils, North-West of Iran 

Chakraborty et al. 2012 Compositional differences between alaquods and 
paleudults affecting phosphorus sorption-desorption 
behavior 

Ketrot et al. 2013 Interactive effects of iron oxides and organic matter on 
charge properties of red soils in Thailand 

Wang et al. 2013 Phosphorus adsorption by soils from four land use patterns 
Wissing et al. 2013 Management-induced organic carbon accumulation in 

paddy soils: The role of organo-mineral associations 
Pinto et al. 2013 P-sorption and desorption in savanna Brazilian soils as a 

support for phosphorus fertilizer management 
Cloy et al. 2014 Stabilization of organic carbon via chemical interactions 

with Fe and Al oxides in gley soils 
Fink et al. 2014 Mineralogy and phosphorus adsorption in soils of south 

and central-west Brazil under conventional and no-tillage 
systems 

Bortoluzzi et al. 2015 Occurrence of iron and aluminum sesquioxides and their 
implications for the P sorption in subtropical soils 

Guareschi et al. 2015 Adsorption of P and forms of iron in no-tillage areas in the 
‘Cerrado’ biome 

Guedes et al. 2015 Maximum phosphorus adsorption capacity adjusted to 
isotherm models in representative soils of Eastern Amazon 

Jonczak et al. 2015 Characteristics of iron and aluminium forms and 
quantification of soil forming processes in chernozems in 
western Slovakia 

Rezapour et al. 2015 Changes in forms and distribution pattern of soil iron 
oxides due to long-term cropping in the Northwest of Iran 

Hanke et al. 2015 Influence of organic matter on mean size of clay minerals 
in basalt soils in Southern Brazil 

De Campos et al. 2016 Phosphorus sorption index in humid tropical soils 
Estevez et al. 2016 Poorly crystalline components in aggregates from soils 

under different land use and parent material 
Souza et al. 2017 Al/Fe (hydr)oxides organic carbon associations in Oxisols 

- From ecosystems to submicron scales 
Zhao et al. 2017 Aggregate stability and size distribution of red soils under 

different land uses integrally regulated by soil organic 
matter, and iron and aluminum oxides 

Jafarzadeh-Haghighi et 
al. 2017 

Preservation of organic matter in soils of a climo-
biosequence in the main range of Peninsular Malaysia 

Gonzalez-Rodriguez and 
Fernandez-Marcos 2018 

Phosphate sorption and desorption by two contrasting 
volcanic soils of equatorial Africa 
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Durn et al. 2019 Impact of iron oxides and soil organic matter on the surface 
physicochemical properties and aggregation of Terra Rossa 
and calcocambisol subsoil horizons from Istria (Croatia) 

Fang et al. 2019 Paddy cultivation significantly alters phosphorus sorption 
characteristics and loss risk in a calcareous paddy soil 
chronosequence 

Xue et al. 2019 Roles of soil organic carbon and iron oxides on aggregate 
formation and stability in two paddy soils 

Ye et al. 2019 Controls on mineral-associated organic matter formation in 
a degraded oxisol 

Yu et al. 2019 Soil organic carbon stabilization in the three subtropical 
forests: importance of clay and metal oxides 

Biswas et al. 2020 Organic carbon content and Fe-organo association in soils 
under rice dominant cropping system in Bangladesh 

Chen et al. 2022 Increased interactions between iron oxides and organic 
carbon under acid deposition drive large increases in soil 
organic carbon in a tropical forest in southern China 
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Supplementary Figure 2.1. Relationships between phosphorus sorption and ammonium oxalate extractable iron 
(Feox) (a), dithionite-citrate-bicarbonate extractable iron (Fed) (b), ammonium oxalate extractable aluminium 
(Alox) (c), and dithionite-citrate-bicarbonate extractable aluminium (Ald) in the single optimal generalized 
additive mixed model (GAMM) (R2 = 0.93). All predictors were significant at P<0.001. Shaded regions indicate 
two SEs from the mean predicted value. 
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Supplementary Figure 2.2. Relationships between soil organic carbon (SOC) concentration and ammonium 
oxalate extractable iron (Feox) (a), dithionite-citrate-bicarbonate extractable iron (Fed) (b), ammonium oxalate 
extractable aluminium (Alox) (c), dithionite-citrate-bicarbonate extractable aluminium (Ald) in the single optimal 
generalized additive mixed model (GAMM) (R2 = 0.69). All predictors were significant at P<0.001. Shaded 
regions indicate two SEs from the mean predicted value. 
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Supplementary Figure 2.3. Relationship between soil organic carbon (SOC) concentration and ammonium 
oxalate extractable iron (Feox) + ammonium oxalate extractable aluminium (Alox). Lines in red indicate reduced 
major axis (RMA) regression, and lines (in grey) indicate confidence intervals for the RMA regression line, R2 
values and RMA regression equation are given in each plot. Regression slope was statistically significant at 
p<0.01. 
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3.0 Abstract 

A strong association of organic carbon (OC) with metal oxides, especially iron (Fe) and 

aluminium (Al) oxides has been reported in several recent studies. However, the role of various 

species of Fe, Al, manganese (Mn) and silicon (Si) in the preservation of OC in Australian soils 

remains poorly understood. To address this, we collected topsoil (0-20 cm) and subsoil (20-40 

cm) soil samples from 37 sites across different agricultural regions of New South Wales, 

Australia. Soil samples were subjected to three separate extractions, i.e., sodium pyrophosphate 

(PP) to extract organo-metal complexes, ammonium oxalate (OX) to extract poorly crystalline 

and short-range order (SRO) minerals and dithionite citrate bicarbonate (DCB) to extract total 

metal oxides and associated OC. Soil organic carbon (SOC) was extracted in the sequence: CPP 

> CDCB > COX, with mean of 62 %, 41 % and 28 % C, respectively, of the TC in soils. CPP and 

CDCB were significantly greater in the topsoils than the subsoils. The extraction sequence for 

Fe was: FeDCB > FeOX > FePP, with mean of 49 %, 9 % and 3 %, respectively, of the total Fe. 

FePP was significantly greater in the topsoils than the subsoils. The sequence for Al was: AlDCB 

> AlOX > AlPP, with mean of 4 %, 3.9 % and 2 %, respectively, of the total Al. Manganese was 

extracted in the sequence - MnOX > MnDCB > MnPP, with an average of 78 %, 65 % and 43 %, 

respectively, of the total Mn. All forms of extractable Mn were significantly greater in the 

topsoils than the subsoils. All extractants dissolved < 1% of the total Si. All extractable forms 

of Fe and Al showed significant positive correlations with extractable C, which suggested their 

role in the preservation of SOC. The large fraction of OC extracted by PP suggests that most 
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of the SOC was present in organic-Fe/Al complexes in the studied soils. The significant amount 

of OC extracted by OX also indicates that a substantial portion of the SOC was present in 

association with SRO and poorly crystalline Fe oxides, while a relatively small proportion of 

OC extracted by DCB (because it extracts C associated with both crystalline and amorphous 

Fe) suggests a limited role of crystalline Fe/Al oxides in the OC preservation. 

 

Keywords: Soil organic carbon, iron, aluminium, manganese, silicon, extraction, sodium 

pyrophosphate, ammonium oxalate, dithionite citrate bicarbonate, extractable metals. 

 

3.1 Introduction 

A large fraction of organic carbon (OC) in the terrestrial ecosystems is stored in soils (SOC), 

which is more than the combined together in the atmosphere and vegetation (Batjes, 2014). 

The abundance of SOC is important to the physico-chemical and biological properties of soils 

(Watanabe, 2017). Soil OC is also an important component of the biogeochemical cycle of C 

(Lal et al., 1999). A small change in the total globally SOC pool can substantially increase or 

decrease atmospheric CO2 concentration and thus has potential to accelerate or mitigate global 

warming (Lal, 2004; Crowther et al., 2016). Managing soils to boost OC stocks has been 

suggested as a strategy to mitigate the increase in atmospheric CO2 concentration (Mikutta et 

al., 2006). The association of OC with minerals has received significant attention in recent 

decades, because it is recognised as a key mechanism in the stabilisation and long-term storage 

of OC in soils (Sollins et al., 1996; Torn et al., 1997; Lützow et al., 2006; Kögel‐Knabner et 

al., 2008; Kleber et al., 2015; Lehmann and Kleber, 2015). Several mechanisms, such as 

surface complexation, cation bridging, weak chemical interactions and co-precipitation, have 

been postulated in the formation of mineral-associated organic carbon (MAOC) in soils 

(Kögel‐Knabner et al., 2008; von Lützow et al., 2008; Kleber et al., 2015). Chemical 
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interactions of OC with minerals decrease its susceptibility towards oxidative attack and 

microbial mineralisation, which subsequently results in the stabilisation and accumulation of 

OC in soils (Kaiser and Guggenberger, 2003; Kalbitz et al., 2005; Kögel‐Knabner et al., 2008). 

The nature of association and stability of the MAOC in different soil types are not well 

understood. 

Iron (Fe) and aluminium (Al) are among the most prevalent elements in soils (Cornell and 

Schwertmann, 2003). Iron and Al oxides (the term ‘oxides’ used for brevity, it includes 

hydroxides, oxyhydroxides and oxides) are formed in soils from the weathering and dissolution 

of primary minerals (Chadwick and Chorover, 2001). These minerals are effective sorbents for 

dissolved OC because of their high specific surface area (SSA) and reactive surfaces (Kaiser 

and Guggenberger, 2000). Iron bound C has been estimated to contribute 15 to 38 % of the 

total OC in sediments and soils (Cornell and Schwertmann, 2003; Wagai and Mayer, 2007; 

Zhao et al., 2016). The concentration of Fe and Al oxides is generally high in intensively 

weathered soils of tropical and subtropical regions (Singh and Gilkes, 1992; Mikutta et al., 

2009). The surface hydroxyl groups of Fe oxides are capable of interacting with carboxyl or 

hydroxamate groups of SOC via ligand exchange, thus stabilise and protect SOC against 

microbial mineralisation (Gu et al., 1994; Mikutta et al., 2007; Kleber et al., 2015; Chen et al., 

2020). The reaction between Fe oxides and organic functional groups have been studied and it 

has been found that Fe oxides preferentially bind with aromatic and carboxylic functional 

groups of OC (Gu et al., 1994; Kaiser, 2003; Chen et al., 2014; Yeasmin et al., 2014). Co-

precipitation of dissolved OC with polyvalent cations such as Fe and Al in organo-metal 

complexes also stabilises SOC (Baldock and Skjemstad, 2000; Scheel et al., 2007; Eusterhues 

et al., 2011; Mikutta et al., 2014). Co-precipitation may occur due to changes in soil pH or 

redox conditions (Wagai and Mayer, 2007; Fritzsche et al., 2015). For example, in temporarily 

waterlogged paddy soils, upon aeration, dissolved Fe (II) is rapidly oxidised to relatively 
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insoluble Fe (III) and large amount of OC co-precipitate with Fe (Chen et al., 2014; Song et 

al., 2022).  Some studies have revealed that co-precipitation (organo-metal complexes) was 

more effective in sequestering dissolved OC than adsorption (Mikutta et al., 2011; Chen et al., 

2014; Mikutta et al., 2014). Despite the wide-spread occurrence of Fe oxides in Australian 

soils, the association of OC with Fe oxides remains poorly understood in these soils (Davey et 

al., 1975; Singh and Gilkes, 1992; Viscarra Rossel et al., 2010).  

Manganese (Mn) is a redox-active element that can strongly interact with organic functional 

groups, thus influencing the preservation of SOC (Li et al., 2021). Relative to bulk soils, Mn 

oxides could be strongly enriched in OC (Rennert et al., 2014). Mn oxides in particular the 

poorly crystalline Mn oxides possess relatively large SSA and higher adsorption capacity for 

organic (Estes et al., 2017; Stuckey et al., 2018; Li et al., 2021), and inorganic compounds such 

as heavy metals (Feng et al., 2007) thereby stabilising and protecting OC against 

decomposition (Li et al., 2021). Mn oxides have several properties similar to Fe oxides (Li et 

al., 2021), but the association of OC with Mn oxides in Australian soils is understudied. Silicon 

(Si) plays a significant role in regulating the biogeochemical C cycle and stabilization of SOC. 

In the terrestrial ecosystem, the behaviours of Fe and Al maybe regulated by biogeochemical 

Si cycle through Si-Fe and Si-Al feedback (Pokrovski et al., 2003; Matus et al., 2014). 

Consequently, this may play a significant role in stabilising SOC (Song et al., 2018), either 

through direct preservation of SOC by chemical interaction with amorphous Si (phytolith) or 

through indirect stabilisation of MAOC and soil aggregates (Pokrovski et al., 2003; Matus et 

al., 2014; Zhang et al., 2016).  

The relationship between SOC and extractable metals can determine the role of different forms 

or species of metals in the formation of MAOC and preservation of OC in soils. Other 

techniques, such as, X-ray diffraction and vibrational spectroscopy, are unable to distinguish 

association of OC with different species of Fe and Al oxides (Coward et al., 2017). Despite 
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some overlaps and non-selectivity, extraction techniques offer the best option for the 

assessment of OC association with Fe, Al, Mn, and Si. Numerous studies have used extraction 

procedures to understand the role of Fe and Al oxides in the stabilisation of SOC in relatively 

young soils from temperate soils (Kaiser and Guggenberger, 2000; Kleber et al., 2005; 

Wiseman and Püttmann, 2006; Kaiser et al., 2007; Wagai and Mayer, 2007; Rasmussen et al., 

2018; Ashida et al., 2021). Studies have revealed significant positive relationships between 

SOC and ammonium oxalate (OX), that highlights the important role of poorly crystalline 

Fe/Al oxides or short range order (SRO) Fe/Al oxides in the formation of MAOC in both 

surface (Rasmussen et al., 2006) and sub-surface soils (Kaiser and Guggenberger, 2000; Kleber 

et al., 2005; von Fromm et al., 2025). Likewise, crystalline Fe oxides abundance have been 

reported to be the major drivers of MAOC abundance in soils and a close relationship between 

dithionite-citrate-bicarbonate (DCB) extractable Fe/Al and SOC have been reported in soils 

from different regions (Mu et al., 2016; Zhao et al., 2016; Yu et al., 2019; Zhao et al., 2023). 

Many other studies have reported a significant relationship between sodium pyrophosphate 

(PP) extractable Fe/Al and SOC in a wide range of soils, suggesting the relevance of organo-

metal complexes in the stabilisation of SOC (Percival et al., 2000; Wagai and Mayer, 2007; 

Wagai et al., 2013; Lawrence et al., 2015; Hall and Thompson, 2022; Yu et al., 2023). The 

relationships between forms of metals are done largely on a limited samples and surface soils. 

Also, there is a general lack of information on the role of different species of Fe, Al, Mn and 

Si in phosphorus deficient soils that occupy much of the tropic and subtropics and southern 

hemisphere including Australia. 

In this study, we used PP (pH 10), OX (pH 3) and DCB to extract organo-metal complexes, 

SRO and/or poorly crystalline metal phases and crystalline or free metal oxides, respectively, 

from a range of soil types with varying Fe concentrations. Also, we used both top and sub-soils  
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for this study. Soil OC associated with each of the extractable form was also determined. The 

main aim of this study was to determine the role of different fractions (or species) of 

metal(loid)s in preserving OC in top and sub-soils of agricultural regions of New South Wales, 

Australia. We hypothesised that SRO minerals of Fe, Al, Mn and Si contribute more to the 

preservation of OC in both top- and sub-soils. We further hypothesised that concentration of 

Fe will be the most prominent amongst the metals in all extractions in both top- and sub-soils. 

 

3.2 Materials and Methods 

3.2.1 Soil samples and handling 

Topsoil (0 – 20 cm) and subsoil (20 – 40 cm) samples were collected from 37 sites across New 

South Wales, Australia (Figure 3.1). The location names, coordinates, and Australian Soil 

Classification (ASC) of the soil samples are presented in Supplementary Table 3.1. Soil 

samples were air-dried, crushed, passed through a 2 mm sieve and stored at room temperature 

for laboratory analysis.  

3.2.2 Soil physical and chemical properties 

Soil pH and electrical conductivity (EC) were measured in 1:5 of soil and water extracts using 

a combined glass electrode pH meter and EC meter, respectively (Rayment and Lyons, 2011). 

Particle size analysis (PSA) was determined by the hydrometer method (Gee and Or, 2002). 

Cation exchange capacity (CEC) was determined by the silver thiourea method (Rayment and 

Lyons, 2011). Total nitrogen (TN) was analysed using vario MACRO cube Elementar CHN 

analyser. Total Fe, Al, Mn, and Si were analysed using a PANalytical Minipal 4 X-Ray 

Florescence (XRF) spectrometer. 
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3.2.3 Selective extraction procedure and analyses 

Soil samples were subjected to three separate chemical extractions to dissolve different Fe 

phases (Table 3.1). Aluminium, Mn and Si were also measured in these extractions, however, 

the extractants are most specific to Fe phases.  All soil samples (in duplicates) were separately 

extracted by sodium pyrophosphate (PP, pH 10), ammonium oxalate (OX, pH 3), and 

dithionite-citrate-bicarbonate (DCB). To validate the quantification of extracted C, a subset of 

10 samples (with a wide range in Fe content) were also extracted by sodium pyrophosphate 

(PP, pH 7.5), dithionite-hydrochloric acid (DH) and Hydrochloric acid-hydroxylamine (HH), 

as described in more detail in Section 3.2.7. The concentrations of Fe, Al, Si and Mn in 

supernatants from each extraction were analysed using PerkinElmer Nexion 300x inductively 

coupled plasma-mass spectrometer (ICP-MS). The residues after each extraction were analysed 

for total C to determine the C extracted by each reagent. 

  153o 
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Figure 3.3.1. Map of New South Wales showing sampling (red dots) locations of soil samples, current land use, 
total annual rainfall and annual mean temperature. 
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Table 3.1. A summary of chemical extraction procedures and targeted phases. 
Solvent  Concentration Solvent 

pH 
Target phases Number 

of soil 
samples 

Sodium pyrophosphate 
(PP) 

0.1 M 10 Organic matter- complexed 
metals  

74 

Sodium pyrophosphate 
(PP) 

0.1 M 7.5 Organic matter- complexed 
metals  

10 

Ammonium oxalate 
(OX) 

0.2 M 3 Non-crystalline, 
amorphous, short-range-
ordered (SRO) minerals 
and poorly crystalline 
minerals 

74 

Dithionite-citrate-
bicarbonate (DCB) 

0.3M, 1 M 8 Total ‘free’ oxides or 
pedogenic or crystalline 
metal oxides 

74 

Dithionite-
Hydrochloric acid 
(DH) 

0.05 M, 
0.05 M 

2.3 Total ‘free’ oxides or 
pedogenic phases or 
crystalline metal oxides 

10 

Hydrochloric acid-
hydroxylamine (HH) 

0.25 M 
0.25 M 

0.8 Non-crystalline, 
amorphous, short-range-
ordered (SRO) minerals 
and poorly crystalline 
minerals 

10 

 

3.2.4 Sodium pyrophosphate (PP) at pH 10 

Pyrophosphate extraction provides an estimate organic complexed or bound Fe and Al in soils 

(Loveland and Digby, 1984). We used the procedure described by McKeague (1967) to extract 

organic C complexed with Fe and Al, for this 500 mg of soil was mixed with 50 ml of 0.1 M 

PP solution (pH 10) in 55 ml centrifuge tubes. The samples were shaken for 16 hours and 

centrifuged at 3280 × g and the supernatants filtered through a 0.2 µm PES membrane syringe 

filter (Merck Millipore, Millex-GP, 33 mm diameter) for ICP-MS analysis. 

3.2.5 Acid ammonium oxalate (OX) 

Extraction with 0.2 M ammonium oxalate (pH 3.0) in the dark dissolves SRO and poorly 

crystalline minerals (Schwertmann, 1964). For this extraction, 500 mg of soil was mixed with 

30 ml of 0.2 M ammonium oxalate (pH 3.0) in 55 ml centrifuge tubes, and the mixture was 

shaken for 4 hours in the dark (McKeague and Day, 1966). The suspensions were then 
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centrifuged at 3280 × g for 10 minutes. The supernatants were filtered through a 0.2 µm PES 

membrane syringe filter for ICP-MS analysis. 

3.2.6 Dithionite-citrate-bicarbonate (DCB) 

Dithionite-citrate-bicarbonate extraction was used to extract pedogenic Fe and Al phases in 

soils (Mehra and Jackson, 1960). Briefly, 1 g of soil was mixed with 40 ml of 0.3 M sodium 

(Na)-citrate and 5 ml of 1 M Na-bicarbonate, in 55 ml centrifuge tubes. The tubes were heated 

in a water bath to 80 oC for 10 min, then 1 g of sodium dithionite was added and stirred 

immediately for 1 min and then occasionally 5 min. After the digestion, 10 mL of saturated 

sodium chloride (NaCl) solution was added to promote flocculation. The samples were 

centrifuged at 3280 × g, and the supernatants were filtered through Whatman 42 filter paper 

for the analysis. The extraction procedure was repeated twice for some of the soil samples, 

where brown or red colouration was observed. 

3.2.7 Extractable C methodology validation 

Two of the extraction procedures involve C containing reagents (i.e., oxalate, citrate, and 

bicarbonate), hence we compared the residual total C in soils after OX and DCB extractions 

with comparable procedures, i.e. HH and DH, respectively, which do not employ C compounds 

in the extraction procedure (Heckman et al., 2018).  

3.2.8 Sodium pyrophosphate (PP) at pH 7.5 

Selective samples (with a range of total Fe content) were extracted with PP at pH 7.5 in 

duplicate to determine the peptization of Fe oxides at pH 10 (Parfitt and Childs, 1988; Rennert, 

2019). The procedure of McKeague (1967) as described earlier was followed, except the PP 

solution pH was adjusted to 7.5 with hydrochloric acid (HCl). Selective samples containing a 

range of PP extractable Fe were used in the extraction.  
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3.2.9 Hydrochloric acid-hydroxylamine (HH) 

Inorganic HH extraction targets SRO and/or amorphous Fe and Al oxides (Chao and Zhou, 

1983; Ross et al., 1985). Acidified hydroxylamine is capable of extracting Fe phases (Chao and 

Zhou, 1983) that closely align with SRO minerals extraction procedure using acid ammonium 

oxalate (McKeague and Day, 1966). Acidified hydroxylamine is a C-free alternative to OX and 

the residual soil C analysis after this extraction was used to compare with the OX extractant 

soil residues. For this extraction, we weighed 500 mg soil into a 55 mL centrifuge tube, mixed 

with 30 ml of HH solution, the mixture was shaken for 16 hours and then centrifuged at 3280 

× g. The supernatant was filtered through a 0.2 µm PES membrane syringe filter for ICP-MS 

analysis. 

3.2.10 Dithionite-hydrochloric acid (DH)  

Dithionite-hydrochloric acid is a C-free alternative to DCB to extract pedogenic Fe and Al 

phases just like DCB (Wagai and Mayer, 2007; Wagai et al., 2013). This extraction was 

performed on selective samples to compare the DH extractable C values to DCB extractable C 

values. 500 mg of soil was mixed with 30 ml of 57.4 mM sodium dithionite, shaken for 16 

hours and centrifuged at 3280 × g for 40 mins. The supernatants were filtered through a 0.2 µm 

PES membrane syringe filter into another 50 ml centrifuge tubes. Soil residues were rinsed 

with 10 ml of 0.05 M HCl, shaken for 1 hour and then centrifuged again. The supernatants were 

filtered as before and combined with Na dithionite extracts. 

3.2.11 Post-extraction procedure and analysis 

The soil residues after extractions were washed twice with ultrapure water to remove entrained 

solutions, centrifuged, dried overnight, lightly ground manually and weighed for total carbon 

(C) analysis. Total C concentrations of the soil samples before and after extraction were 

analysed in duplicates using a vario MACRO cube Elementar CHN analyser. Total C 
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concentrations represented OC concentrations because most of studied soils had acidic pH 

values. The presence of carbonate was also tested by adding hydrochloric acid to the soil 

samples.  

3.2.12 Data Analysis 

Paired t-test was used to determine differences in the concentrations of extractable metal(loid)s 

(Fe, Al, Mn and Si) and extractable C between samples from the two depths. Correlations 

between physical and chemical properties of soils were performed using Spearman’s rho 

correlation. The generalised linear mixed model (GLMM) regression was used to determine 

relationships between extractable metal concentrations and other soil properties. In GLMM 

regression, we used extractable metal concentrations and soil properties as the fixed effects and 

soil types as the random effects. After running the model with all soil properties first, the non-

significant variables were removed from the fixed effects and the model was re-run to obtain 

variables that were significant in the model. For data analysis, we used JMP Pro software 

(Version 17.0, SAS Institute Incorporation, Cary, NC, USA). 

 

3.3 Results 

3.3.1 Soil physical and chemical characteristics 

A summary of soil physical and chemical properties is shown in Table 3.2. Soil pH was strongly 

acidic to near neutral, with values ranging from 4.7 to 7.6. The electrical conductivity (EC) 

values of soils were small for all samples ranging from 1.33 mS/m to 42.6 mS/m in the topsoils 

and 1.24 mS/m to 13.7 mS/m in the subsoils. Cation exchange capacity (CEC) of soils was 

mostly small ranging between 69.8 mmolc/kg and 99.7 mmolc/kg in the topsoils and 47.4 

mmolc/kg and 99.7 mmolc/kg in the subsoils. The clay content in soils increased with depth 

and ranged from 3 to 54 % in the topsoils and 6 to 59 % in the subsoils. Total Al increased 

significantly with depth, while total Fe, Mn and Si concentration remained similar. 
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The concentrations of TC and TN were significantly (p<0.05) greater in the topsoils (TC: 

25.0±2.3 g/kg and TN: 1.2±0.2 g/kg) than the subsoils (TC: 17.5±1.6 and TN: 0.7±0.1 g/kg) as 

shown in Figure 3.2. A linear relationship was observed between TC and TN in the topsoils (R2 

= 0.60, p<0.001), subsoils (R2 = 0.78, p<0.001), and all samples combined (topsoils and 

subsoils) (R2 = 0.75, p<0.001) (Supplementary Figure 3.1). The C:N ratio significantly 

(p<0.05) increased with soil depth, from 23.3±1.3 g/g in the topsoils to 28.7±1.8 g/g in the 

subsoils. 

Table 3.2. Summary of important chemical and physical properties of the studied soils (n = 74) 
Properties Topsoil Subsoil 

 Range Mean ± SE Median Range Mean Median 

pH (1:5 water) 4.70 – 

7.38 

5.92±0.11a 5.85 4.87 – 7.60 6.15±0.13a 6.14 

EC1:5 (mS/m) 1.33 – 

42.6 

6.73±1.13a 4.99 1.24 – 13.7 4.18±0.44b 3.43 

CEC (mmolc/kg) 69.8 – 

99.7 

94.0±1.3a 97.9 47.4 – 99.7 92.5±2.1a 98.3 

Exchangeable Ca (mmolc/kg) 1.3 – 37.9 18.0±1.9a 20.9 0.6 – 39.8 15.7±1.9a 13.4 

Exchangeable Mg 

(mmolc/kg) 

2.3 – 34.7 16.0±1.4a 16.4 1.8 – 49.9 18.3±1.8a 15.4 

Exchangeable Na (mmolc/kg) 0.1 – 13.4 1.5±0.4a 1 0.1 – 23 3.8±0.9b 1.3 

Exchangeable K (mmolc/kg) 0.4 – 7.6 2.5±0.3a 2.2 0.1 – 6.1 1.5±0.2b 1.1 

Sand (%) 36 – 95  61.7±2.9a 64 26 – 90  56.9±2.9a 59 

Silt (%) 2 – 30 13.2±1.0a 14 2 – 30 11.9±1.1a 11 

Clay (%) 3 – 54 25.1±2.6a 20 6 – 59 31.2±2.7a 30 

Total Fe (g/kg) 9.34 – 

161.97 

50.12±5.91a 35.12 11.26– 

136.96 

53.29±5.17a 40.83 

Total Al (g/kg) 18.08– 

125.79 

76.54±3.99a 77.72 40.18– 

132.91 

87.31±3.34b 88.16 

Total Mn (g/kg) 0 – 3.1 0.78±0.13a 0.5 0 – 3.6 0.60±0.13a 0.3 

Total Si (g/kg) 148.54– 

384.73 

251.42±9.35a 258.32 153.39– 

356.31 

237.33±8.26a 235.71 

Similar letters in the same row indicate non-significant differences between mean values (P < 0.05) while different letters 
indicate significant differences between mean values (P < 0.05) of soil properties. 
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Figure 3.2. Concentrations of total carbon (TC) and total nitrogen (TN) in topsoils (0-20 cm) and subsoils (20-40 cm). Boxes 
comprise of the 25th and 75th percentiles, whiskers extend from the 10th to 90th percentiles. Red and black bars indicate the 
mean and the median values, respectively. Dark blue and navy-blue diamonds show the data for individual 
samples, the symbols are displaced horizontally to avoid overlaps. Different letters indicate significant differences 
in the mean values of samples from different depths based on Tukey-Kramer HSD test (p<0.01). 

 

The correlation coefficients between soil physical and chemical properties are shown in Table 

3.3. The CEC showed a significant positive correlation with clay (r = 0.70, p<0.01) and a 

significant negative correlation with sand (r = - 0.64, p<0.01). Soil pH showed significant 

positive correlations with CEC, exchangeable Ca, exchangeable Mg, exchangeable Na, and 

clay content. Soil EC had significant positive relationships with TC, TN, exchangeable Ca, 

exchangeable K, and CEC.  

Total Fe and Al showed significant positive correlations with clay and CEC. Total Mn had 

significant positive relationships with pH, EC, TC, TN, exchangeable Ca, exchangeable K, 

CEC, and total Fe. Total Si showed a significant positive relationship with sand content (r = 

0.71, p<0.01).
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Table 3.3. Spearman’s rho correlation coefficients for relationships between soil physical and chemical properties. 

 pH EC TC TN Ca Mg Na K CEC Sand Silt Clay 
Total  
Fe 

Total  
Al 

Total 
Mn 

EC 0.25*               
TC -0.06 0.40**              
TN <0.1 0.58** 0.84**             
Ca 0.58** 0.51** 0.18 0.39**            
Mg 0.38** 0.13 -0.04 -0.01 0.14           
Na 0.24* -0.03 -0.06 -0.11 -0.08 0.56**          
K 0.05 0.61** 0.36** 0.54** 0.47** -0.02 -0.13         
CEC 0.57** 0.23* 0.02 0.11 0.51** 0.73** 0.44** 0.04        
Sand -0.22 0.05 0.01 -0.05 -0.22 -0.55** -0.27* 0.22 -0.64**       
Silt <-0.1 0.22 0.24* 0.29* 0.20 0.13 0.14 0.23* 0.22 -0.50**      
Clay 0.27* -0.08 -0.06 <-0.1 0.25* 0.60** 0.30** -0.24* 0.70** -0.94** 0.22     
Total Fe 0.32** -0.03 0.07 0.12 0.29* 0.56** 0.18 -0.28* 0.69** -0.76** 0.16 0.81**    
Total Al 0.14 -0.31** -0.06 -0.14 -0.04 0.47** 0.19 -0.40** 0.42** -0.73** 0.03 0.81** 0.75**   
Total Mn 0.49** 0.33** 0.27* 0.53** 0.66** 0..08 -0.16 0.34** 0.30** -0.12 0.23 0.08 0.25* -0.13  
Total Si -0.25* 0.07 -0.14 -0.11 -0.22 -0.48** -0.14 0.30** -0.60** 0.71** -0.07 -0.78** -0.89** -0.84** -0.14 

*Correlation is significant at P < 0.05. 
**Correlation is significant at P < 0.01. 
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3.3.2 Extractable Fe, Al, Mn and Si concentrations 

The concentration of Fe, Al, Mn and Si extracted by the three main extractants (DCB, OX and 

PP) varied across soil depths (Figure 3.3). The concentration of Fe extracted by the three 

extractants was in the sequence – FeDCB > FeOX > FePP (Figure 3.3a). The concentration of FePP 

in soil samples ranged from 0.01 g/kg to 5.80 g/kg, with a significantly (p<0.001) greater mean 

concentration in the topsoils (1.10±0.11 g/kg) than the subsoils (0.85±0.12 g/kg). The FeOX 

concentration varied between 0.68 g/kg and 12.81 g/kg, and the topsoils (4.15±0.33 g/kg) and 

subsoils (3.99±0.33 g/kg) having a similar mean concentration. FeDCB concentration in soil 

samples ranged from 2.92 g/kg to 79.87 g/kg, and similar to the FeOX, the mean FeDCB 

concentration was similar in the topsoils (23.46±1.87 g/kg) and the subsoils (25.76±1.94 g/kg) 

(Figure 3.3a). On an average, PP, OX and DCB extracted 3 %, 9 % and 49 % of the total Fe 

respectively, across both soil depths. 

The concentration of Al dissolved by the three extractants was in the order: AlDCB > AlOX > AlPP 

(Figure 3.3b). The AlPP concentration ranged between 0.27 g/kg and 6.47 g/kg, with similar 

average concentrations in the topsoils (1.41±0.11 g/kg) and the subsoils (1.39±0.13 g/kg). AlOX 

concentration varied from 0.34 g/kg to 8.0 g/kg, with a significantly (p=0.003) greater 

concentration in the subsoils (3.31±0.21 g/kg) than the topsoils (3.00±0.20 g/kg). The AlDCB 

concentration in soils ranged from 0.28 g/kg to 10.26 g/kg, with a mean of 2.94±0.2 g/kg in the 

topsoils and 3.50±0.25 g/kg in the subsoils. The subsoils had a significantly (p=0.008) greater 

mean concentration of AlDCB than the topsoils. PP constituted a mean of 2 % of the total Al, 

OX and DCB constituted a mean proportion of 3.9% and 4 %, respectively, of the total Al 

across both depths. 

Manganese was dissolved by the three extractants in the order – MnOX > MnDCB > MnPP (Figure 

3.3c). The concentration of Mn in all three extractions was generally very low, with values < 1 

g/kg in all samples. The MnPP concentration ranged from <0.01 g/kg to 1.07 g/kg. The mean 
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concentration of MnPP in the topsoils (0.25±0.03 g/kg) was significantly (p<0.001) greater than 

the subsoils (0.11±0.01 g/kg). The concentrations of MnOX in soil samples varied from 0.001 

to 2.93 g/kg and it was significantly (p<0.001) greater in the topsoils (mean = 0.60±0.08 g/kg) 

than the mean concentration in the subsoils (0.45±0.08 g/kg). DCB extracted Mn concentration 

ranged from 0.01 g/kg to 3.62 g/kg, and like MnPP and MnOX, the topsoils (0.47±0.07 g/kg) had 

a significantly (p=0.04) greater mean concentration of MnDCB than the subsoils (0.36±0.07 

g/kg). PP, OX and DCB extracted on an average 43, 78 and 65 % of the total Mn, respectively, 

across both soil depths. 

The concentration of Si dissolved by the three extractants occurred in the sequence –   SiDCB > 

SiOX > SiPP (Figure 3.3d). The concentration of SiPP ranged from 0.19 g/kg to 2.45 g/kg, with 

similar concentrations in the topsoils (0.69±0.03 g/kg) and subsoils (0.66±0.05 g/kg). SiOX 

concentrations varied between 0.05 g/kg and 3.03 g/kg, with significantly (p=0.006) greater 

concentration in the subsoils (0.81±0.07 g/kg) than the topsoils (0.70±0.06 g/kg). The 

concentration of SiDCB ranged from 0.28 g/kg to 4.35 g/kg, and the subsoils (1.76±0.11 g/kg) 

had a significantly (p=0.07) greater mean concentration of SiDCB than the topsoils (1.52±0.08 

g/kg). PP extracted 0.3 % (mean) of the total Si, OX extracted 0.4 % of the total Si, and DCB 

extracted 0.7 % of the total Si across both depths. 
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Figure 3.3. Concentrations of iron (Fe), aluminium (Al), manganese (Mn) and silicon (Si) in topsoils and subsoils 
extracted by sodium pyrophosphate (PP), ammonium oxalate (OX), and dithionite-citrate-bicarbonate (DCB) 
procedures. Boxes comprise of the 25th and 75th percentiles, whiskers extend from the 10th to 90th percentiles. 
Purple and black bars signify the mean and the median values, respectively. Dark cyan and green diamonds 
indicate data for individual samples, the symbols are displaced horizontally to avoid overlaps. Different letters 
indicate significant differences in the mean values between samples from different soil depths based on paired T-
test (p<0.05). NS means non-significant difference. 

 

3.3.3 Relationship between extractable metal(loid)s 

The Pearson correlation coefficients between extractable metals are shown in Table 3.4. FeOX 

showed a significant positive correlation with all other extractable forms of Fe, Al, Si, and Mn. 

FeDCB was positively and significantly correlated with AlOX, AlDCB, MnOX, MnDCB, MnPP, SiOX, 

SiDCB, and negatively and significantly correlated with SiPP. FePP showed significant positive 

correlations with AlOX and AlPP.  
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AlOX had significant positive relationships with AlDCB, AlPP, and SiOX. AlDCB showed significant 

positive relationships with AlPP, SiOX, SiDCB and a significant negative relationship with SiPP. 

AlPP was negatively and significantly correlated with MnOX, MnDCB, and SiDCB. 

MnOX had a significant positive correlation with MnDCB, MnPP, SiOX, and SiDCB while MnDCB 

had a significant positive correlation with MnPP.  

SiOX and SiPP showed a significant positive relationship with SiDCB.  

 
Table 3.4. Pearson correlation coefficients for relationships between different extractable 
metal(loid)s in soils 

 FeOX FeDCB FePP AlOX AlDCB AlPP MnOX MnDCB MnPP SiOX SiDCB 
FeDCB 0.61**           
FePP 0.41** 0.04          
AlOX 0.64** 0.50** 0.24*         
AlDCB 0.48** 0.83** 0.16 0.69**        
AlPP 0.26* 0.06 0.64** 0.65** 0.40**       
MnOX 0.46** 0.39** 0.01 -0.07 0.05 -0.30**      
MnDCB 0.42** 0.34** 0.06 -0.10 0.05 -0.27* 0.93**     
MnPP 0.36** 0.29* 0.22 -0.17 -0.05 -0.23 0.77* 0.63**    
SiOX 0.71** 0.44** -0.10 0.51** 0.30** -0.11 0.29* 0.19 0.09   
SiDCB 0.35** 0.45** -0.21 0.20 0.26* -0.23* 0.25* 0.21 0.05 0.55**  
SiPP <0.01 -0.24* 0.12 -0.17 -0.37** -0.03 0.10 0.02 0.16 0.13 0.32** 

* Correlation is significant at the 0.05 probability level (2-tailed). 
** Correlation is significant at the 0.01 probability level (2-tailed). 
 

3.3.4 Extractable C concentrations 

Mean concentration of C dissolved by the three extractants was in the sequence – CPP > CDCB 

> COX (Figure 3.4). The PP extractable C (CPP) ranged from 2.8 to 31.0 g/kg with a mean of 

13.3±1.17 g/kg in the topsoils and 11.9±1.14 g/kg in the subsoils. The mean CPP concentration 

was significantly greater (p=0.004) in the topsoils than the subsoils. Sodium pyrophosphate 

extracted on an average 62 % of the total soil C across both soil depths. 

The concentration of DCB extractable C (CDCB) ranged from 0.5 g/kg to 28.4 g/kg in all 

samples, with a significantly (p=0.025) greater mean concentration in the topsoils (9.8±1.25 
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g/kg) than in the subsoils (8.5±1.11 g/kg) (Figure 3.4). The extractable CDCB constituted 41 % 

(mean) of the total soil C across both depths.  

The OX extractable C (COX) concentration varied between 0.5 g/kg and 26.5 g/kg across the 

two depths. The concentration was similar in the topsoils (6.4±1.08 g/kg) and subsoils 

(6.3±1.11 g/kg) (Figure 3.4). The COX represented on an average 28 % of the total C in all 

samples. 

The concentration of the DCB extractable C minus OX extractable C (CDCB – COX), i.e., C 

associated with crystalline forms of Fe oxides was similar in the topsoils (3.3±0.55 g/kg) and 

the subsoils (2.29±0.28 g/kg) (Figure 3.4). The CDCB – COX constituted on the average 13% of 

the total soil C across both depths. 

 

 
Figure 3.4. Concentrations of carbon (C) in topsoils and subsoils extracted by sodium pyrophosphate (PP), ammonium 
oxalate (OX), dithionite-citrate-bicarbonate (DCB) reagents, and concentration of carbon extracted by dithionite-citrate-
bicarbonate (DCB) minus concentration of carbon extracted by ammonium oxalate (OX). Boxes comprise of the 
25th and 75th percentiles, whiskers extend from the 10th to 90th percentiles. Purple and black bars signify the mean 
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and the median values, respectively. Dark cyan and green diamonds indicate data for individual samples, the 
symbols are displaced horizontally to avoid overlaps. Different letters indicate significant differences in the mean 
values of samples from different soil depths based on paired T-test (p<0.05). NS means non-significant difference. 

 

3.3.5 Relationship between extractable metal phases, soil properties and extractable C 

The relationships between extractable metal phases, soil properties and extractable C using the 

generalized linear mixed model (GLMM) regression are shown in Tables 3.5 and 3.6. In Table 

3.5, the TC was included as a fixed effect term into the model and we observed that with the 

inclusion of TC into the model, the different forms of extractable metals showed no significant 

relationship with the different forms of extractable C in both top- and sub-soils but FeOX 

(topsoil), AlOX and AlDCB (subsoil) had significant negative relationship with extractable C. 

However, the TC showed significant (p<0.001) relationships with the different forms of 

extractable C in both topsoils and subsoils (Table 3.5). In addition, pH had a significant 

(p=0.005, p=0.004 and p=0.04, respectively) relationship with the different forms of 

extractable C in the topsoils. Similarly, clay content showed a significant (p=0.007 and p=0.03) 

relationship with the different forms of extractable C in the subsoils. However, silt showed a 

significant (p<0.001 and p=0.01) relationship with COX and CDCB, respectively, in topsoils.  

In Table 3.6, TC was excluded from the generalized linear mixed model (GLMM), where C 

extracted by three reagents showed positive relationships with pH, silt or clay and extractable 

Fe and Al (Table 3.6). For example, FePP, pH, and silt showed statistically significant (p<0.001, 

p<0.001, and p=0.0004, respectively) relationships with CPP in the topsoils. Similarly, FeOX and 

pH had significant positive (p<0.001 and p=0.026, respectively) relationships with COX in the 

topsoils, and FeOX, pH, and silt (p<0.001) had significant positive relationships with COX in the 

subsoils. Also, AlDCB (p<0.001) and pH (p=0.002) showed significant positive relationships 

with CDCB in the topsoils; and FeDCB (p<0.001) and silt (p=0.0006) showed significant positive 

relationships with CDCB in the subsoils. Extractable Mn and Si were excluded from the GLMM 

because they showed no statistically significant relationship with the extractable C. 
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Table 3.5. Fixed effects parameter estimates in the topsoils and subsoils obtained from the 
generalized linear mixed model. The extractable metals and soil properties (including TC) were 
used as the fixed effect terms, soil types as the random effect and sodium pyrophosphate 
extractable C, ammonium oxalate extractable C and dithionite-citrate-bicarbonate extractable 
C as the dependent variables. The standard errors are given in parentheses. 

 Depth Fixed effects term Regression 
coefficient 

95 % 
Lower 

95% 
Upper 

F 
Ratio 

Prob>F 

CPP 

Topsoil FePP 0.06 (0.06) -0.06 0.19 1.06 0.31 
 pH 0.26 (0.08) 0.08 0.43 9.51 0.005 
 TC 0.02 (0.003) 0.01 0.03 31.58 <0.001 
 Intercept 0.002 (0.01) -0.02 0.02   
       
Subsoil FePP 0.05 (0.09) -0.24 0.14 0.31 0.58 
 AlPP 0.08 (0.07) -0.22 0.17 1.22 0.28 
 Clay 0.01 (0.004) 8.08 0.003 0.02 0.007 
 TC 0.05 (0.01) 0.04 0.07 48.57 <0.001 
 Intercept -0.001 (0.01) -0.02 0.02   

        
        

 
 
COX 

Topsoil FeOX -0.09 (0.04) -0.16 -0.01 5.99 0.02 
 pH 0.56 (0.130 19.84 0.26 0.87 0.004 
 Silt 0.06 (0.01) 0.04 0.09 25.80 <0.001 
 TC 0.04 (0.01) 0.02 0.05 38.18 <0.001 
 Intercept 0.004 (0.03) -0.05 0.06   
       
Subsoil FeOX -0.11 (0.04) -0.19 -0.02 7.21 0.011 
 AlOX -0.15 (0.06) -0.26 -0.03 6.32 0.017 
 Clay 0.02 (0.01) 0.01 0.03 8.40 0.007 
 TC 0.09 (0.01) 0.07 0.11 86.31 <0.001 
 Intercept 0.05 (0.06) -0.07 0.16   

        
        
 Topsoil FeDCB 0.02 (0.01) -0.01 0.02 0.52 0.47 
 
 
 
CDCB 

 AlDCB -0.10 (0.09) -0.29 0.09 1.13 0.30 
 pH 0.26 (0.12) 0.01 0.52 4.78 0.04 
 EC -0.06 (0.01) -0.08 -0.04 29.11 <0.001 
 Silt 0.03 (0.01) 0.01 0.05 7.79 0.01 
 TC 0.06 (0.01) 0.05 0.07 92.56 <0.001 
 Intercept 0.01 (0.02) -0.03 0.05   
       
Subsoil FeDCB -0.001 (0.01) -0.01 0.01 0.05 0.83 
 AlDCB -0.10 (0.05) -0.21 0.01 3.50 0.07 
 Clay 0.01 (0.01) 0.001 0.02 5.26 0.03 
 TC 0.06 (0.01) 0.05 0.07 77.69 <0.001 
 Intercept 0.05 (0.05) -0.05 0.15   
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Table 3.6. Fixed effects parameter estimates in the topsoils and subsoils obtained from the 
generalized linear mixed model. The extractable metals and soil properties (excluding the TC) 
were used as the fixed effect terms, soil types as the random effect and sodium pyrophosphate 
extractable C, ammonium oxalate extractable C and dithionite-citrate-bicarbonate extractable 
C as the dependent variables. The standard errors are given in parentheses 

 Depth Fixed effects term Regression 
coefficient 

95 % 
Lower 

95% 
Upper 

F 
Ratio 

Prob>F 

CPP 

Topsoil FePP 0.23 (0.03) 0.17 0.30 53.96 <0.001 
 pH 0.27 (0.06) 0.16 0.38 22.56 <0.001 
 Silt 0.02 (0.01) 0.01 0.03 14.12 0.0004 
 Intercept 0.37 (0.37) -0.37 1.11   
       
Subsoil FePP 0.30 (0.04) 0.21 0.38 44.45 <0.001 
 AlPP 0.14 (0.05) 0.23 0.44 8.67 0.004 
 Clay 0.01 (0.003) 0.002 0.01 7.34 0.009 
 Intercept 2.17 (0.11) 1.92 2.41   

        
        

 
 
COX 

Topsoil FeOX 0.08 (0.02) 0.04 0.12 18.03 <0.001 
 pH 0.18 (0.08) 0.02 0.34 5.16 0.026 
 Intercept 0.30 (0.51) -0.72 1.33   
       
Subsoil FeOX 0.14 (0.02) 0.09 0.18 33.09 <0.001 
 SiOX -0.52 (0.19) -0.77 -0.27 17.76 <0.001 
 pH 0.35 (0.08) 0.19 0.52 18.44 <0.001 
 Silt 0.04 (0.01) 0.02 0.06 29.84 <0.001 
 Intercept -1.15 (0.53) -2.22 -0.09   

        
        
 
 
 
CDCB 

Topsoil AlDCB 0.22 (0.04) 0.15 0.29 36.47 <0.001 
 pH 0.24 (0.07) 0.09 0.39 10.22 0.002 
 EC 0.03 (0.01) 0.01 0.04 20.98 <0.001 
 Clay -0.01 (0.003) -0.02 -0.002 5.92 0.018 
 Intercept -0.16 (0.58) -1.33 1.02   
       
Subsoil FeDCB 0.02 (0.003) 0.01 0.02 23.48 <0.001 
 Silt 0.02 (0.01) 0.01 0.04 13.08 0.0006 
 Intercept 1.33 (0.24) 0.78 1.87   
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3.3.6 Extractable C: metal molar ratio  

The molar ratio of C to metals (M) (C: Fe+Al) extracted by each reagent in the samples from 

two depths are presented in Figure 3.5. In the PP extracts, the C:M molar ratio varied between 

1.2 and 40.9 for all soil samples. The C:M molar ratio was similar in the topsoils (9.4±1.3) and 

subsoils (9.6±1.4) (Figure 3.5a). The OX extracts had C:M molar ratio ranging from 0.1 to 

10.7, with a similar mean value of 1.6±0.3 and 1.4±0.3 for the topsoils and the subsoils (Figure 

3.5b), respectively. The C:M molar ratios in the DCB extracted fractions ranged from 0.03 to 

8.5 in all samples, with similar ratios in the topsoils (1.0±0.2) and subsoils (0.7±0.1) (Figure 

3.5c). 

 

 
Figure 3.5. Boxplots of C:(Fe+Al) molar ratios in the extracts of sodium pyrophosphate (PP), ammonium oxalate 
(OX), and dithionite-citrate-bicarbonate (DCB) of topsoils and subsoils. Boxes comprise of the 25th and 75th 
percentiles, whiskers extend from the 10th to 90th percentiles, red bars signify mean, black bars signify median, 
and black dots show the outliers. 
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3.4 Discussion 

3. 4.1 Soil physicochemical properties in relation to OC 

The association of OC with Fe and Al oxides can be affected by soil pH, which influences the 

mineral phases of Fe/Al oxides, surface charge characteristics of metal oxides, and interactions 

between OC and metal oxides (Zhao et al., 2016; Ye et al., 2022). Most of our samples had 

acidic pH and soil pH showed a positive significant relationship with extractable C (Tables 3.5 

and 3.6). Both Fe and Al oxides carry a net positive charge in the acidic to near neutral pH 

range, as the point of zero charge of these minerals range from 7.8 to 10 (Sparks et al., 2024). 

Also, the negative charge on soil organic matter would be expected  to increase with increasing 

pH due to deprotonation of acidic functional groups, such as carboxyls, quinones and enols 

(Sparks et al., 2024). Other studies have observed a significant correlation between soil pH and 

Fe/Al associated OC, which implies that soil pH regulates the propensity of Fe and Al oxides 

to associate with OC (Wang et al., 2017; Zhao et al., 2019; Ye et al., 2022). 

The significant positive relationships between extractable C, clay and silt (Table 3.5 and 3.6) 

shows the important role of clay and silt fractions in preserving OC in soils. These results are 

consistent with several other studies (Six et al., 2002; Yu et al., 2019). Clay mineralogy as well 

as soil clay content is important in stabilising OC, with its ability to protect OC via physical 

and chemical interactions and other indirect factors. Oades (1988) speculated that finer textured 

soils have more cation bridges (Ca2+ in neutral, Fe3+ and Al3+ in acidic soils) to bind organic 

molecules to soil clay particles. While Christensen (1992) supported the idea of increased 

binding of organic molecules via cation bridges in clayey soils, he proposed that the principal 

effect of higher clay (or clay + silt) contents occurred via stabilisation of microbially processed 

of organic residues, that are readily lost in sandy soils. In contrast, Feller et al. (2020) concluded 

that greater biomass inputs or aggregation in finer textured soils caused correlations between 

SOC and clay concentrations in the tropical soils. It has been reported that there is a greater 
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amount of mineral-associated OM in soils with increased clay and silt contents, and hence 

increased OM storage through binding to mineral surfaces in soils (Stewart et al., 2007; 

Laganiere et al., 2010; Vos et al., 2018). Others have suggested increased occlusion of 

particulate OM in soil aggregates rich in clay-size minerals that restricts access for microbial 

degradation (McCarthy et al., 2008; Steffens et al., 2017; Schweizer et al., 2021). Jindaluang 

et al. (2013) reported that organic compounds with aromatic and amide functional groups are 

selectively preserved in fine textured soils, while recalcitrant aliphatic-C exists in the coarse 

textured soils. Hassink (1997) proposed that C associated with organo-mineral complexes are 

protected chemically and the level of protection increased with increased silt fraction of the 

soil. It is possible that all or many of these mechanisms occur simultaneously, but the 

adsorption of organic compounds to clay surfaces perhaps is a major factor in the preservation 

of SOM. 

3.4.2 Extractable metal(loid)s 

The dissolution of metal(loid)s obtained by PP, OX and DCB extractions provides an 

approximation of their specific phases in soils and these extractions are not completely 

selective, with often some overlaps in the extracted fractions of metal(loid)s (Parfitt, 2009; 

Rennert, 2019). Nevertheless, chemical extraction procedures offer the best option to evaluate 

the association of OC with different chemical and mineralogical forms of metal(loid)s in soils. 

The extracted concentration of Fe, Al, and Si followed the same sequence (i.e., PP < OX < 

DCB), while Mn was extracted in the sequence: PP < DCB < OX. These results showed that 

Fe was extracted at higher concentrations than Al, Mn and Si, and hence was likely a more 

important binding phase. This support our hypothesis that concentration of extractable Fe will 

be the most prominent element in all extractions in both top- and sub-soils. Furthermore, the 

global mean values (3.09 g/kg for FeOX and 19.89 g/kg for Fed, see Table 2.1) for topsoil was 

similar with the mean values (4.15 g/kg for FeOX and 23.46 g/kg for Fed) for topsoil used in 
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this study. This shows that crystalline Fe oxide content in Australian soils is relatively more 

important for binding OC. This did not fully support our hypothesis that SRO phases of Fe, Al, 

Mn and Si contribute most to the preservation of OC in these soils. 

The DCB procedure is known to extract pedogenic or free Fe oxides (and Al substituted in the 

structure of goethite and hematite) and SRO Fe/Al oxides (McKeague and Day, 1966; Shang 

and Zelazny, 2008). The large proportion of the total Fe extracted by the DCB procedure 

showed the high concentration of secondary Fe oxides in the soils. The DCB procedure also 

extract some organic complexed Fe from soils (Bascomb, 1968) while some Fe oxides (such 

as magnetite and maghemite) and Fe sulfides are only partially or not extracted in the DCB 

extraction procedure (Pansu and Gautheyrou, 2006; Rennert and Lenhardt, 2024). In the 

oxalate extraction procedure, Fe present in non-crystalline, poorly ordered and short-range 

ordered (such as ferrihydrite) and a fraction of Al/Fe in organic complexes is dissolved 

(Schwertmann, 1964; McKeague and Day, 1966; Bascomb, 1968; Loeppert and Inskeep, 1996; 

Mikutta et al., 2006). The OX extracted Fe had often been used to estimate ferrihydrite, a short 

range ordered Fe oxide concentrations in soils (Carlson and Schwertmann, 1981; Schwertmann 

et al., 1982). The decreasing ratio of FeOX:FeDCB, referred at as active Fe ratio, indicates the 

degree of crystallinity of Fe oxides in soils (McKeague and Day, 1966).  In topsoils and 

subsoils, the mean value of FeOX:FeDCB ratio was 0.18 and 0.16 (< 0.2), respectively, which 

suggest that most of the Fe was present in crystalline Fe oxides (i.e., goethite and hematite) in 

soils and the content of poorly crystalline Fe phases was small irrespective of soil depth 

(Mikutta et al., 2006). The significant correlation between FeDCB and FeOX (Table 3.4), may be 

due to some overlap in the phases extracted by the two procedures. The DCB method is known 

to extract both crystalline and SRO (and poorly crystalline) Fe oxides (McKeague and Day, 

1966; Shang and Zelazny, 2008). Similarly in addition to the SRO Fe oxides, oxalate dissolves 

crystalline Fe oxides such as magnetite, maghemite, lepidocrocite, and poorly crystalline and 
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nano-crystalline goethite and hematite (Childs and Wilson, 1983; Walker, 1983; Mansfeldt et 

al., 2012). The close relationship between FeDCB and FeOX may also suggest that both Fe forms 

were function of similar pedogenic processes (Rezapour et al., 2015). 

PP (at pH 10) has been considered as a good extractant for organic Fe and Al complexes and 

‘active’ amorphous inorganic forms of Fe from soils (Bascomb, 1968; Loveland and Digby, 

1984; Pansu and Gautheyrou, 2006). The FePP concentration in soils was generally low and 

decreased with soil depth (Figure 3.3a), a trend similar to the OC concentration in soils (Figure 

3.2). These results are consistent with the published data for non-podzolic soils (Bascomb, 

1968; Daly, 1982; Parfitt and Childs, 1988). Large variations in the FePP concentration with 

different centrifuge speeds and/or use of flocculating agents have been reported in several past 

studies (Jeanroy and Guillet, 1981; McKeague and Schuppli, 1982; Schuppli et al., 1983; 

Loveland and Digby, 1984; Skjemstad et al., 1990). The variability in the FePP concentration 

had been attributed to peptization of micro-crystalline goethite (including Al-substituted 

goethite) and ferrihydrite on which organic matter had been adsorbed (Borggaard, 1988; Parfitt 

and Childs, 1988; Rennert, 2019). There was no clear evidence for the presence of any solid 

phase in the supernatant in the procedure with medium-speed centrifugation (3280 × g) 

followed by micro-filtration (0.2 µm). The FePP concentration data were consistent with the 

results obtained in other studies that used high-speed centrifugation and/or ultrafiltration 

(Schuppli et al., 1983; Loveland and Digby, 1984). The significant correlation between FePP 

and FeOX (Table 4) suggests some overlapping extractions of amorphous and SRO phases and 

Fe-organic complexes by the two reagents (Bascomb, 1968; Higashi et al., 1981; Jeanroy and 

Guillet, 1981).  

The differences between the mean AlPP, AlOX and AlDCB values are much smaller compared 

with the mean Fe concentrations extracted by the three extractants (Figure 3.3a and b) and 

similar results have been obtained in previous studies (Skjemstad et al., 1990; Singh and 
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Gilkes, 1991; Wiriyakitnateekul et al., 2005). The AlDCB and AlOX concentrations are similar, 

with the mean value of AlOX:AlDCB ratio in the topsoils and subsoils being 1.02 and 0.95, 

respectively. These results are consistent with the published data (Hall and Thompson, 2022). 

Crystalline Al oxides are generally not dissolved during the DCB extraction and Al in DCB 

extracts results from various sources, such as Al-organic complexes, Al adsorbed on Fe oxides, 

and Al-substituted in the structure of Fe oxides (Rennert, 2019). A significant positive 

correlation was found between AlDCB and AlOX fractions (Table 3.4), which reflects that the two 

reagents might have extracted some similar Al-phases, such as, organo-Al complexes (Evans 

and Smillie, 1976; Parfitt and Childs, 1988; Dahlgren, 1994). The AlDCB concentration showed 

a very strong correlation with FeDCB (Table 3.4), which was possibly due to a concurrent release 

of Al and Fe from the dissolution of crystalline Fe oxides (i.e., goethite and hematite) during 

the DCB extraction. Such observations have been made in other studies and Al substitution in 

goethite (up to 35 mol%) and hematite (up to 23 mol%) is well known in acidic and highly 

weathered soils (Bigham et al., 1978; Fitzpatrick and Schwertmann, 1982; Childs and Wilson, 

1983; Parfitt and Childs, 1988; Singh and Gilkes, 1992). The significant relationship observed 

between AlPP and AlOX (Table 3.4), implies that oxalate may have dissolved Al from organic 

complexes (McKeague and Day, 1966; Parfitt and Henmi, 1982; Farmer et al., 1983). 

Mn oxides in soils often occur in small concentration and poorly crystalline forms (Scheinost 

and Singh, 2023); and our results were consistent with this assertion, with Mn mostly being 

present in poorly crystalline forms that were slightly more efficiently extracted by the oxalate 

procedure than the DCB procedure. Jarvis (1984) also observed greatest Mn extraction with 

oxalate from soils in a study, where several extractants including DCB and PP were used. It 

was speculated that during oxalate extraction Mn was released from the reduction of relatively 

unweathered, highly crystalline oxides, or from mixed forms of Mn-Fe oxides. Manganese has 

been found to be strongly associated (adsorbed or substituted in structures) with natural Fe 
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oxides (Singh and Gilkes, 1992). Structural substitution of Mn in synthetic goethite and 

hematite has been confirmed by extended X-ray absorption fine structure spectroscopy (Singh 

and Gilkes, 1992; Manceau et al., 2000; Singh et al., 2000; Singh et al., 2002). The order of 

Mn concentration extracted by the three extractants in our study is similar to the order obtained 

for several soils from England (Jarvis, 1984). However, the trend with greater Mn 

concentrations in the topsoils than the subsoils in our study is opposite to the earlier study, 

which might be due to the occurrence of poor drainage and periodic waterlogging in English 

soils. A significant relationship was observed between MnPP and MnOX (Table 3.4) that is 

similar to an earlier study; however, the relationship of MnOX was stronger with MnDCB than 

MnPP (Jarvis, 1984). 

The Si concentrations were small in all three extracts (Figure 3.3d). These results indicate that 

allophane was absent and there was little or no dissolution of aluminosilicates in the soils 

(Parfitt and Childs, 1988). The sequence of Si extracted is consistent with the limited published 

data for the three extractions (Paterson et al., 1993). The highest Si concentration was found in 

the DCB extracts, which might have released from different sources including adsorbed Si on 

the surfaces of SRO and crystalline Fe oxides, Si occluded in Fe oxides, and some Si dissolved 

from alumino-silicate clay minerals and quartz (Weaver et al., 1968; Gamble and Daniels, 

1972; Parfitt and Childs, 1988). Hall and Thompson (2022) reported greater Si in DCB extract 

than OX extract in soils from all soil orders except Andisols, where the trend was opposite. 

FeOX showed a significant correlation with SiOX (Table 3.4), which indicate that SiOX was 

primarily adsorbed onto the surfaces of SRO Fe phases and small amounts may also have been 

extracted from SRO Fe silicates (Parfitt and Henmi, 1982; Colombo and Torrent, 1991). Non-

crystalline Si is not dissolved during the ammonium oxalate extraction (Wada, 1977).  
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3.4.3 Organic C association with different fractions of extractable metals 

Sodium pyrophosphate is generally assumed to dissolve organo-metal complexes (Bascomb, 

1968; Takahashi and Dahlgren, 2016). Pyrophosphate extracted the least amount of Fe, Al, Mn 

and Si amongst the three extractants (Figure 3.3) but dissolved the highest concentration of OC 

(Figure 4). Pyrophosphate extractable C constituted on average 62 % (range = 19 - 90 %) of 

the total SOC content across all samples from both soil depths. Yu et al. (2023) reported 39 to 

60 % contribution from CPP to the total SOC whereas 30 - 43 % contribution to the total SOC 

was reported in other studies (Wagai et al., 2013; Heckman et al., 2018). A significant positive 

relationship between FePP and CPP in both topsoils and subsoils (Table 3.6) suggests that 

organo-Fe complexes were predominantly extracted in the PP procedure. Several other studies 

have observed significant correlations of FePP
 and AlPP with SOC (Masiello et al., 2004; Wagai 

et al., 2013; Lawrence et al., 2015; Takahashi and Dahlgren, 2016; Heckman et al., 2018). The 

association of significant amount of SOC in Fe-organic complexes limits desorption, oxidative 

degradation, and biodegradation of OC (Parfitt et al., 2002; Kaiser and Guggenberger, 2003; 

Zimmerman et al., 2004; Rasmussen et al., 2006). 

The interpretation of PP extraction data requires some caution due to the dissolution of alkali-

induced peptised organic matter (OM) from other fractions (Wagai et al., 2013; Coward et al., 

2017). A limited number of samples containing a range of total Fe were extracted with PP at 

pH 7.5 to evaluate the dissolution of OC due to peptization of Fe/Al oxides adsorbed with 

organic matter at pH 10 (Parfitt and Childs, 1988; Rennert, 2019). The CPP10 and CPP7.5 were 

similar in the four replications of the analysed samples (regression slope = 1.02±0.04, R2 = 

0.97; Supplementary Figure 3.2a). However, the PP at pH 10 extracted nearly three times 

greater Fe as compared to PP at pH 7.5 (regression slope = 2.88±0.57, R2 = 0.59; 

Supplementary Figure 3.2b). The other three elements showed variable behaviour, with no 

consistent trend or relationship between AlPP7.5 and AlPP10 (Supplementary Figure 3.2c), while 
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MnPP10 and MnPP7.5 concentrations were almost similar (regression slope = 0.85±0.18, R2 = 

0.55; Supplementary Figure 3.2d), and PP at pH 10 extracted about half of the Si concentration 

as compared to the Si concentration in PP extract at pH 7.5 (regression slope = 0.48±0.09, R2 

= 0.57; Supplementary Figure 3.2e). These results show that some dispersion of non-target 

particles, particularly Fe oxides, occurred at pH 10, however, this did not release any additional 

OC from the dispersed phases. Parfitt and Childs (1988) reported that dispersion typically 

occurs in clayey soils (> 40 % clay content) containing goethite and ferrihydrite; soils in our 

study generally had > 40 % clay content, with kaolinite and hydroxy-interlayered vermiculite 

as the dominant phyllosilicates in the clay fraction. 

Short-range-order Fe phases such as ferrihydrite have the capacity to adsorb high 

concentrations of SOC due to their extensive specific surface area and the presence of reactive 

sites for OC adsorption. The significant positive relationship between COX and FeOX in the soils 

(Table 3.6) suggests that SRO and poorly crystalline Fe oxides contributed substantially to the 

OC accumulation in the studied soils. About 28 % of the total SOC was solubilised during the 

OX extraction across both depths. Positive correlations between FeOX and COX have been 

reported in several other studies (Kaiser and Guggenberger, 2003; Kleber et al., 2005; Wiseman 

and Püttmann, 2006; Rasmussen et al., 2018; Yu et al., 2021; Hall and Thompson, 2022; 

Amenkhienan et al., 2024). Oxalate extractable Si had a significant negative relationship with 

the COX in subsoils (Table 3.6), which suggests that soil samples were devoid of poorly-

crystalline aluminosilicates (e.g., allophane and imogolite), these SRO minerals are common 

in Andosols and Spodosols (Dahlgren, 1994). 

Oxalate is a C based complexing agent, hence residual C in soils after OX extraction was 

compared with C in soils after HH extraction, which does not have C compounds (Heckman et 

al., 2018). The C extracted by the two reagents in selected samples was quite similar (regression 

slope between COX and CHH = 1.18±0.07, R2 = 0.94; Supplementary Figure 3.3a), which 
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supported the significant association of C with SRO described above. In addition, HH and OX 

extracted similar Fe (regression slope = 1.06±0.07, R2 = 0.94; Supplementary Figure 3.3b), Al 

(regression slope = 0.99±0.03, R2 = 0.98; Supplementary Figure 3.3c) and Mn (regression slope 

= 0.93±0.02, R2 = 0.99; Supplementary Figure 3.3d) concentrations, while more Si was 

extracted in the HH extraction (regression slope = 0.62±0.05, R2 = 0.88; Supplementary Figure 

3.3e). Hydroxylamine Hydrochloric acid and OX have been reported to have similar ability to 

extract SRO minerals (Chao and Zhou, 1983), which is consistent with our results. 

The CDCB is expected to be C associated with secondary crystalline Fe oxides including SRO 

phases. In the DCB procedure, 41 % (mean) of the total SOC was extracted from soil samples 

from both depths. Since DCB extracts both SRO and crystalline Fe and Al oxides, if the 

proportion of COX (28 %) is excluded from the CDCB (41 %), on an average only 13 % of the 

total SOC was actually associated with crystalline Fe and Al oxides. The results indicate a 

relatively small role of crystalline Fe oxides in the preservation of OC in the studied soils. The 

relatively small contribution of crystalline Fe oxides in the preservation of OC might be related 

to smaller SSA and reduced hydroxyl surface sites of crystalline Fe oxides than to SRO Fe and 

Al oxides (Mikutta et al., 2006; Heckman et al., 2013; Newcomb et al., 2017; Heckman et al., 

2018). Consequently, despite the high concentration of DCB extractable Fe and other elements 

in the studied soils (Figure 3.3a), the CDCB portion was small. In the GLM model, the significant 

positive relationship between CDCB and AlDCB in topsoils (Table 3.6), was possibly due to Al 

substitution in the structure of crystalline Fe oxides (e.g. goethite and hematite) in soils, which 

dissolved during the DCB extraction. In the subsoils that have small OC concentration, a 

significant positive relationship existed between CDCB and FeDCB. In both the top- and sub-

soils, FeDCB showed a similar significant positive relationship with AlDCB, which suggests Al 

occurred in the structures of goethite and hematite and dissolved during the DCB extraction. 

Significant positive correlations between OC and FeDCB, in soils dominated by crystalline Fe 
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oxides have been observed in past studies (Mikutta et al., 2006; Yeasmin et al., 2017). The 

CDCB and CDH were similar in the selected samples (regression slope = 1.04±0.05, R2 = 0.97; 

Supplementary Figure 3.4a), which showed that no additional C was introduced in soil residues 

during the DCB extraction. The DH extracted lot less Fe and Al as compared to DCB 

(Supplementary Figure 3.4b, 3.4c). This is expected because DH procedure involves shaking 

for 16 hours at room temperature, whereas the DCB method requires heating for 15 minutes at 

80oC. However, MnDCB and MnDH were similar (Supplementary Figure 3.4d), and the DCB 

method extracted nearly 1.6 times Si as compared to the DH extraction (Supplementary Figure 

3.4e). 

3.4.4 Extractable C: metal molar ratio and the nature of potential binding mechanism 

The molar ratio of C:M had been used to describe binding mechanisms between C and Fe + Al 

metals. The C:M molar ratio provides information on the potential nature and structure of 

organo-metal associations in the dissolved phases (Kaiser et al., 2007; Huang et al., 2021; Li 

et al., 2025). Adsorption and co-precipitation experiments have demonstrated that Fe and Al 

oxides preferentially bind to organic functional group (Eusterhues et al., 2014; Han et al., 2019; 

Jardine and Zelazny, 2020; Vance et al., 2020; Li et al., 2023). Adsorption experiments showed 

that a C:M molar ratio of 1.0 (C:M = 1.0) indicates the maximum sorption capacity of metals 

oxides for natural OC (Wagai and Mayer, 2007; Lalonde et al., 2012; Zhao et al., 2016; Coward 

et al., 2017). Molar ratio values less than 1.0 (C:M < 1.0) indicate the formation of the Fe/Al–

associated OC complex via inner-sphere adsorption mechanism (Coward et al., 2018), while 

C:M values > 1.0, indicate both adsorption and co-precipitation in forming Fe/Al-associated 

OC complexes. Specifically, C:M values > 6.0, indicate co-precipitation or chelation of organic 

ligands, generating low-density, organic-rich structures, forming Fe/Al–associated OC 

complexes (Higashi, 1983; Guggenberger and Kaiser, 2003; Wagai and Mayer, 2007; Zhao et 

al., 2016; Coward et al., 2017; Jeewani et al., 2021). Our extraction results suggest the presence 
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of mixed association mechanisms between C and (Fe+Al) phases in the studied soils. In the PP 

fractions, high C:M molar ratios indicate the formation of precipitates of Fe/Al-associated OC 

complexes in both the top- and sub-soils. The PP extraction liberated C from low-density 

organic dominated structures (Coward et al., 2017; Coward et al., 2018; Jeewani et al., 2021). 

The OX fractions had C:M molar ratio > 1, suggesting the occurrence of both adsorption and 

co-precipitation (in organo-metal complexes) processes. In contrast, the relatively low C:M 

molar ratios in the DCB fraction indicate the adsorption of OC on to crystalline Fe/Al oxides, 

possibly  via inner-sphere complexation mechanisms (Coward et al., 2017; Jeewani et al., 

2021; Yu et al., 2023).  

3.5 Conclusions 

In this study, we determined the association of OC with different fractions of Fe, Al, Mn and 

Si in top- and sub-soils of NSW, Australia. The results do not fully support our hypothesis that 

SRO phases of Fe, Al, Mn and Si contribute most to the preservation of OC in these soils. We 

found that the largest portion (62 %) of the total OC was present in organo-metal complexes 

(co-precipitation) and about 28% of the total OC was associated with SRO phases in the studied 

soils. Crystalline Fe/Al oxides appear to play a relatively small role in the preservation of OC 

in the studied soils.  

The results also showed that among the elements extracted, the concentration of FeDCB was the 

highest in the both top- and sub-soils. DCB and OX extracted almost similar Al concentrations, 

which might indicate release of additional Al, that substituted for Fe in the structure of Fe 

oxides, during DCB extraction. Crystalline Fe oxides (i.e., goethite and hematite) were 

dominant in both topsoils and subsoils, and SRO of Al and Si were absent in the soils. 

The C:M molar ratio > 6.0 in the PP extracts suggested the co-precipitation of OC with metals 

by forming complexes with Fe and Al. The mean C:M molar ratio of about 1.5 in the OX 

fraction indicates that OC was associated with SRO Fe/Al by both adsorption and co-
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precipitation processes. In contrast, the C:M molar ratio ≤ 1 in the DCB fraction suggested that 

OC was chemically adsorbed on the surface crystalline Fe/Al oxides via inner-sphere 

complexation. Organic carbon in the studied soils was preserved via both organo-metal 

complexes and adsorption processes. 
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3.7 Supplementary Information 

Supplementary Table 3.1. Sampling locations and coordinates of the sampling sites 
Australia Soil 
Classification (ASC) 

Location Land use Latitude Longitude 

Chromosol Westwood (Cobbitty) Unimproved pasture -33.9959200 150.6543300 
Dermosol Landsdowne (Cobbitty) Uncultivated land -34.0235600 150.6630700 
Tenosol Narrabri (W2) Conservational forest -30.1355780 149.5337300 
Brown Sodosol Nowley (L Paddock) Pasture -31.3524340 150.0848330 
Kandosol Kiama Grassland -34.6770976 150.8258704 
Chromosol Braidwood Native vegetation -35.2730061 149.8993475 
Dermosol Cooma 1 Native pasture -36.2300804 148.9899509 
Dermosol Cooma 2 Native pasture -36.2459748 149.0307088 
Dermosol Coolringdon Pasture -36.3014335 148.9491106 
Kandosol Batlow Forest -35.5328325 148.1400089 
Ferrosol Tumbarumba Pasture -35.7406295 147.9849792 
Chromosol Wagga Wagga Wheat field -35.0274214 147.3338049 
Kandosol Sandigo (Narrandera) Lucerne field -35.9445395 146.6295168 
Chromosol Boree Creek Canola field -35.0357503 146.7280297 
Kurosol Grabben Gullen Pasture -34.6376901 149.3349216 
Kurosol Crookwell Pasture -34.4716016 149.4360090 
Tenosol Bathurst 1 Pasture -33.3905737 149.4757577 
Tenosol Bathurst 2 Pasture -33.4300890 149.3162021 
Chromosol Molong 1 Pasture -33.1414672 148.9169831 
Chromosol Molong 2 Wheat field -33.0292863 148.8694772 
Dermosol Wellington Native grassland -32.5274320 148.9528288 
Dermosol Dunedoo Wheat field -32.1047098 149.4090662 
Tenosol Mount Wilson Conservational forest -33.5188875 150.3604813 
Ferrosol Mount Tomah Conversational forest -33.5372431 150.4240973 
Kandosol Condobolin Conservation forest -33.0836540 147.2947170 
Kandosol Narromine Pasture -32.3409570 148.1184690 
Kandosol Coonabarabran Forest -31.3494030 149.3154480 
Tenosol Baradine Forest (National Park) -30.8857431 149.2635272 
Tenosol The Pilliga Forest (National Park) -30.6107310 149.3147380 
Ferrosol Inverell Forest -29.7538058 151.0428390 
Ferrosol Tabulam Pasture -28.9001668 152.6331904 
Ferrosol Clovass Olive plantation -28.8510260 153.1617260 
Ferrosol Casino Forest -28.8193435 153.0806690 
Ferrosol Guyra Pasture -30.1968190 151.6428116 
Ferrosol Armidale Pasture -30.5119000 151.5974604 
Dermosol Murrurundi Pasture -31.7544310 150.8060334 
Tenosol Somersby Forest -33.3556950 151.2879754 
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Supplementary Figure 3.1. Relationship between concentration of total organic carbon (TOC) and total nitrogen 
(TN) in soils. The brown filled circles and brown line indicate data points and regression line, respectively, for the 
topsoils. The blue triangles and blue line indicate data points and regression line, respectively, for the subsoils 
while the red line indicate regression line for both the topsoils and subsoils. An outlier was removed from the 
topsoils.
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Supplementary Figure 3.2. Linear regression showing relationships between CPP10 and CPP7.5, and between the extractable metals at pH 10 and pH 7.5. All regression slopes 
were statistically significant at p <0.001 except for the regression slope of AlPP. CPP10; sodium pyrophosphate extractable carbon at pH 10, CPP7.5; sodium pyrophosphate 
extractable carbon at pH 7.5, Fepp10; sodium pyrophosphate extractable iron at pH 10, Fepp7.5; sodium pyrophosphate extractable iron at pH 7.5, Alpp10; sodium pyrophosphate 
extractable aluminium at pH 10, Alpp7.5; sodium pyrophosphate extractable aluminium at pH 7.5, Mnpp10; sodium pyrophosphate extractable manganese at pH 10, Mnpp7.5; 
sodium pyrophosphate extractable manganese at pH 7.5, Sipp10; sodium pyrophosphate extractable silicon at pH 10, Sipp7.5; sodium pyrophosphate extractable silicon at pH 
7.5. Red line indicates the regression line in the figures. 
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Supplementary Figure 3.3. Linear regression showing relationships between COX and CHH, and between the extractable metals. All regression slopes were statistically 
significant at p <0.001. COX; ammonium oxalate extractable carbon, CHH; hydrochloric acid-hydroxylamine extractable carbon, FeOX; ammonium oxalate extractable iron, 
FeHH; hydrochloric acid-hydroxylamine extractable iron, AlOX; ammonium oxalate extractable aluminium, AlHH; hydrochloric acid-hydroxylamine extractable aluminium, 
MnOX; ammonium oxalate extractable manganese, MnHH; hydrochloric acid-hydroxylamine extractable manganese, SiOX; ammonium oxalate extractable silicon, SiHH; 
hydrochloric acid-hydroxylamine extractable silicon. Red line indicates the regression line in the figures. 
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Supplementary Figure 3.4. Linear regression showing relationships between CDCB and CDH, and between the extractable metals. All regression slopes were statistically 
significant at p <0.001 except for Fe and Al slopes. CDCB; dithionite-citrate-bicarbonate extractable carbon, CDH; dithionite-hydrochloric acid extractable carbon, FeDCB; 
dithionite-citrate-bicarbonate extractable iron, FeDH; dithionite-hydrochloric acid extractable iron, AlDCB; dithionite-citrate-bicarbonate extractable aluminium, AlDH; 
dithionite-hydrochloric acid extractable aluminium, MnDCB; dithionite-citrate-bicarbonate extractable manganese, MnDH; dithionite-hydrochloric acid extractable manganese, 
SiDCB; dithionite-citrate-bicarbonate extractable silicon, SiDH; dithionite-hydrochloric acid extractable silicon. Red line indicates the regression line in the figures.
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Chapter Four  

Iron speciation in different minerals and other phases in bulk soils using X-
ray absorption spectroscopy  

 

4.0 Abstract 
 
Iron (Fe) is a major element that influences numerous geochemical processes in soils but the 

procedures for the identification and quantification of various Fe forms in bulk soils has 

remained cumbersome. Over the past 20 years, synchrotron-based X-ray absorption 

spectroscopy (XAS) including both X-ray absorption near edge (XANES) and extended X-ray 

absorption fine structure (EXAFS) spectroscopy has become a valuable tool for Fe speciation 

in soils. In this study we used XANES and EXAFS at the Fe-K edge to quantify Fe-containing 

minerals and Fe complexed with organic matter (OM) in bulk soils (n = 36). Seven Fe-

containing minerals and an organic Fe compound were used as reference compounds for the 

XAS analysis. Linear combination fitting (LCF) using XANES and EXAFS spectra were used 

for the quantification of Fe in different phases. LCF analysis of the XANES and EXAFS data 

revealed that crystalline Fe oxides (i.e., hematite and goethite) accounted for 60 % and 40 %, 

respectively, of the total Fe in the bulk soil samples. The predictions for ferrihydrite were 

reasonable from both XANES and EXAFS. XAS predicted Fe content in various Fe phases 

was well correlated with the DCB extractable Fe. EXAFS predicted Fe contents in different 

phases better than XANES in bulk soils. XAS showed good results for quantification of Fe 

phases in bulk soils, which can be improved using closely matching reference materials in the 

analysis. The procedure could potentially be used in routine soil analysis considering the 

emergence of bench top laboratory based XAS spectrometers where longer acquisition time is 

affordable.  

Keywords: Iron, Fe K-edge, spectra, XANES, EXAFS, XAS, LCF, XRD 
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4.1 Introduction 
 
Iron (Fe) is the second most abundant metal and fourth most abundant element in the Earth’s 

crust, constituting 6.3 % of the crust by mass (Frey and Reed, 2012). In soils, Fe is released 

from the weathering of primary Fe-bearing minerals, especially the Fe (II) bearing silicates and 

sulphides, such as olivine, biotite, pyroxene and pyrite. The concentration of Fe in soils ranges 

from <1 g/kg to 500 g/kg and the median concentration is about 30 g/kg, depending on the 

extent of weathering, redox conditions and parent material (Murad and Fischer, 1988; 

Scheinost and Singh, 2023). Iron plays a significant role in numerous geochemical processes, 

such as adsorption, desorption and redox reactions, in soils (Sundman et al., 2014). Secondary 

Fe (III) oxides (including oxides, hydroxides and oxyhydroxides of Fe) can precipitate after 

the hydrolysis and oxidation of Fe that is released from the weathering of primary minerals 

(Scheinost and Singh, 2023). In soils, Fe oxides exist in poorly crystalline, nanocrystalline or 

highly crystalline forms. Goethite, hematite and ferrihydrite are the most common secondary 

Fe oxides found in soils (Schwertmann and Taylor, 1989; Bigham et al., 2002; Scheinost and 

Singh, 2023). Iron oxides have a major influence on several physical, chemical and biological 

properties of soils, particularly in soils from the subtropical and tropical regions (Schwertmann 

and Taylor, 1989; Bigham et al., 2002). The presence of Fe oxides, even at low concentrations, 

in soils is visibly noticeable due to their strong pigmenting determining the colour of many 

soils (Schwertmann and Lentze, 1966; Schwertmann and Taylor, 1989; Scheinost and 

Schwertmann, 1999). Soil colours, particularly those between red, brown, and yellow, are due 

to the presence of Fe oxides. Depending on the soil forming factors, Fe oxides can be evenly 

distributed in the soil profile or concentrated in a specific soil horizon (Cornell and 

Schwertmann, 2003). Iron oxides are important and useful in classifying soils and identifying 

pedogenic processes such as podzolisation, gleysation and lessivage (Blume and Schwertmann, 

1969; Schwertmann, 1993). 
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Secondary Fe oxides in soils form under the influence of common soil-forming factors and 

processes, such as temperature, moisture, pH, redox potential, and therefore reflect the pedo-

environmental conditions under which the secondary Fe oxides are formed (Schwertmann and 

Taylor, 1989). The poorly ordered mineral ferrihydrite is a secondary Fe oxide that forms in 

soil environments containing Fe2+ that is rapidly oxidised in the presence of high concentrations 

of organic carbon and/or silicate compounds, which hinder the formation of highly crystalline 

Fe oxides such as goethite and hematite (Cornell and Schwertmann, 1979; Carlson and 

Schwertmann, 1981; Schwertmann and Taylor, 1989). Ferrihydrite occurs globally in many soil 

environments that includes ochreous precipitates resulting from the oxidation of Fe2+-

containing waters, in volcanic ash soils, in the B horizons of podzols and in the placic horizons 

(Schwertmann and Fischer, 1973; Adams and Kassim, 1984; Campbell and Schwertmann, 

1984; Parfitt et al., 1988). Goethite is the most widespread crystalline Fe oxide in soils. It is 

generally present as the sole Fe oxide in cool and temperate zone soils, whereas it co-exists 

with hematite in soils from tropical and subtropical regions (Ségalen, 1971; Schwertmann and 

Taylor, 1989; Cornell and Schwertmann, 2003). Hematite has thermodynamic stability similar 

to goethite and is the second most abundant Fe oxide in soils (Diakonov et al., 1994). However, 

in contrast to goethite, hematite is restricted to soils in warmer, predominantly subtropical and 

tropical climates (Kämpf and Schwertmann, 1983; Schwertmann, 1988). 

Iron oxides in soils often have a large (50 to 450 m2/g) specific surface area (SSA) and abundant 

reactive surfaces, and thus they exert a significant influence on the chemical behaviour and 

cycling of nutrients and pollutants (Schwertmann and Taylor, 1989; Kaiser and Guggenberger, 

2000; Cornell and Schwertmann, 2003; Scheinost and Singh, 2023). More recently, Fe oxides 

have been recognised as the soil key component in the preservation of soil organic carbon 

(SOC) through their chemical interactions with OC and physical encapsulation of OC in soil 

aggregates (Kleber et al., 2015; Coward et al., 2017; Heckman et al., 2018; Kirsten et al., 2021; 
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Amenkhienan et al., 2024; von Fromm et al., 2025). Owing to their significant role in many 

key soil processes, identification and quantification of Fe oxides is important to estimate the 

adsorption capacity of soils with respect to trace metallic cations, oxyanions, organic matter 

and organic and inorganic contaminants, and understand pedogenic processes.  

Over the years, different techniques and procedures have been used for the identification and 

quantification of Fe oxides in soils. These include X-ray diffraction (XRD), Mössbauer 

spectroscopy (MS), differential thermal analysis (DTA) (Schwertmann et al., 1982), Raman 

spectroscopy (RS) (De Faria et al., 1997; De Faria and Lopes, 2007; Hanesch, 2009), sequential 

selective chemical extraction (Mehra and Jackson, 1960; Schwertmann, 1964; McKeague, 

1967), vis-NIR spectroscopy (Viscarra Rossel et al., 2010) and soil colour (Scheinost and 

Schwertmann, 1999). However, many of these techniques are pertinent to crystalline phases of 

Fe and imposes specific analytical constraints in identifying poorly crystalline Fe-bearing 

minerals and/or are not sensitive enough to detect low concentration of Fe minerals including 

oxides (Prietzel et al., 2007; Giannetta et al., 2022). Mössbauer spectroscopy allows the 

characterisation of Fe speciation including oxidation state, and it can detect low concentrations 

of Fe minerals including poorly crystalline ferrihydrite, but it is not widely available and is 

very time consuming, and thus not be feasible for analysing large number of samples 

(Schwertmann et al., 1982; Murad, 2010). Selective extraction techniques have limited utility 

in the identification and quantification of Fe oxides, with acid ammonium oxalate (and 

hydroxylamine hydrochloride) being useful only to estimate non-crystalline, poorly crystalline 

and short-range ordered iron oxides while dithionite-citrate-bicarbonate extracts total free Fe 

oxides (Loeppert and Inskeep, 1996). 

Synchrotron-based XAS, including both EXAFS and XANES, has emerged as a valuable tool 

for characterising and quantifying Fe phases in soils and sediments (Singh et al., 2010; 

Sundman et al., 2014; Giannetta et al., 2022; ThomasArrigo and Kretzschmar, 2022). It is a 
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versatile element-specific technique that can provide information on the local atomic 

environment, oxidation state and bonding characteristics of the Fe within crystalline and non-

crystalline materials (Oʼday et al., 2004; ThomasArrigo and Kretzschmar, 2022). Previously 

published XAS studies have mostly considered pure minerals or limited and/or selective 

fractions of sediments and soils. Prietzel et al. (2007) used linear combination fitting of 

XANES spectra to approximately quantify the influence of groundwater on the Fe(II) and 

Fe(III) phases in soils. Formenti et al. (2014) also used linear combination fit of XANES 

spectra to apportion Fe among goethite, hematite, illite and smectite in mineral dust transported 

over Western Africa. More recently, Giannetta et al. (2022) used linear combination fitting of 

both XANES and EXAFS spectra to quantify Fe species in few karst sediments.  To the best of 

our knowledge, this is the first study that has used XANES and EXAFS spectroscopy to 

speciate Fe, in different minerals, using bulk soil samples. We have used surface and sub-

surface soil samples representing several soil types and different environmental conditions of 

New South Wales, Australia in this study. The specific aim of this study was to determine the 

distribution of Fe in different minerals using bulk soil samples. 

 

4.2 Materials and Methods 

4.2.1 Soil samples  

We selected 18 surface soil (0 – 20 cm) and 18 subsurface soil (20 – 40 cm) samples from 

different sites across New South Wales, Australia for this study as described in Chapter 3 

(3.2.1). The soil types of the selected samples include Cambisol, Luvisol, Ferralsol, Arenosol, 

Alisol, and Acrisol soil orders according to the IUSS Working Group WRB (2022). The 

samples were dried in an oven at 40°C, crushed, and sieved through a 2 mm mesh sieve.  
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4.2.2 Extraction of selective Fe phases 

Total free Fe oxide concentration was determined using the dithionite-citrate-bicarbonate 

(DCB) extraction procedure described by Mehra and Jackson (1960). The concentration of 

short-range ordered (and poorly crystalline) Fe oxides was measured by extracting 500 mg soil 

with 30 mL of 0.2 M ammonium oxalate (pH 3.0) in the dark for 4 h (McKeague and Day, 

1966). The concentration of Fe complexed with organic matter (OM) was determined using the 

sodium pyrophosphate (PP) extraction procedure described by McKeague (1967). Iron 

concentration in all extracts was analysed using PerkinElmer Nexion 300x inductively coupled 

plasma-mass spectrometer (ICP-MS).  

4.2.3 Total Fe in soil 

Soil samples were finely ground to 100 µm to achieve a homogenous powder. The homogenous 

powder samples were placed into cup polyethylene sample cells with mylar film covering one 

end of the cup. Total Fe in the samples was measured using a PANalytical Minipal benchtop 

Energy Dispersive (ED)-X-Ray Florescence (XRF) spectrometer. 

4.2.4 X-Ray Diffraction (XRD) 

For XRD analysis, the clay fraction (<2 µm) was separated after dispersing the soil samples 

using 0.01 M sodium hydroxide. Oriented clays were prepared by depositing clay suspensions 

onto porous ceramic tiles and phyllosilicates were identified by XRD analysis following 

standard pretreatments (Brown and Brindley, 1980). X-ray diffraction patterns were obtained 

using a PANalytical X’Pert PRO instrument (40 kV and 40 mA) with CuKa radiation. Powder 

XRD patterns, measured from randomly orientated samples, were used for the identification of 

non-phyllosilicate minerals in the samples. Such data were measured using MoKα radiation 

with a STOE Stadi P powder diffractometer (50 kV and 40 mA) to avoid Fe fluorescence. 

Considering the high Fe concentration in many clay samples, which fluorescence under CuKa 
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radiation creating a polychromatic signal resulting in poor XRD patterns, we used MoKα 

radiation for the random powder XRD analysis. 

4.2.5 X-ray absorption spectroscopy  

Seven Fe-containing minerals and one organic Fe compound relevant to the soil samples were 

used as reference compounds for the XAS analysis. The details of the reference compounds are 

presented in Table 4.1. Illite and montmorillonite were obtained from the Source Clays 

Repository of the Clay Minerals Society, USA. Kaolinite had been isolated from a highly 

weathered soil in Western Australia (Singh and Gilkes, 1992). Goethite was synthesized using 

by rapidly adding 5 M of KOH solution into a 1 M Fe(NO3)3 solution, and hematite was 

prepared by heating goethite to 800oC (Schwertmann and Cornell, 2008). Two–line ferrihydrite 

was synthesized using the procedures described by Schwertmann and Cornell (2008), by 

adding 1 M KOH solution into 40 g Fe(NO3)3 solution to bring the pH to 7 – 8. Fe (III) citrate 

was purchased from Merck and was used a model compound for Fe- OM complexes. 

  
Table 4.1. Relevant information about the reference minerals (including a compound) used in 
the XAS analysis 

Reference 
minerals 

Formula Source Iron content 
(%) 

Goethite α-FeOOH Synthesized 62.85 
Hematite α-Fe2O3 Synthesized 69.94 
Ferrihydrite Fe5HO8·4H2O Synthesized 66.21 
Illite (IMt-2) (K1.37,Mg0.09,Ca0.06) 

(Al2.69,Fe[III]0.67,Fe[II]0.06,Mg0.43,Ti0.06) 
(Si6.77,Al1.23)O20(OH)4 

Silver Hill, Montana  5.12 

Montmorillonite (Ca0.12,Na0.32,K0.05) 
(Al3.01,Fe[III]0.41,Mn0.01,Mg0.54,Ti0.02) 
(Si7.98,Al0.02)O20(OH)4 

Crook Country, 
Wyoming 

2.34 

Kaolinite (#235) (Al3.82 Fe0.18)Si4O10(OH)8 Singh and Gilkes, 1992 2.50 
Fe(III) citrate C6H5FeO7 Merck and Sigma-

Aldrich 
17.50 
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Soil samples and standards were homogenously diluted with cellulose to obtain a total 

absorption jump of ~2.0 absorption length at the K-edge. Diluted powdered samples were 

manually pressed into 7 mm pellets (resulting in pellets sample weight of ~ 30 mg) and placed 

in perspex sample holders sealed with Kapton tape for the XAS analysis.  

Two different mineral mixtures were prepared from goethite, hematite, ferrihydrite, kaolinite, 

illite and montmorillonite for testing the linear combination fitting (LCF) procedure. The first 

mixture was a quinary mixture of 50 % goethite, 15 % hematite, 5 % ferrihydrite, 25 % 

kaolinite, and 5 % illite (hereafter referred as G50H15F5K25I5 in this article). The second 

mixture was a senary mixture of 30 % goethite, 5 % hematite, 5 % ferrihydrite, 40 % kaolinite, 

15 % illite and 5 % montmorillonite (hereafter referred as G30H5F5K40I15M5 in this article). 

The mixtures were thoroughly homogenized by hand grinding using an agate mortar before 

being diluted with cellulose and pressed into a pellet for the XAS analysis. 

Iron K-edge XAS spectra of soil and standard samples were collected at the Medium Energy 

X-ray Spectroscopy Beamline (MEX1) of the Australian Synchrotron. The MEX1 beamline 

has a 1.3 tesla bend magnet source. Collimation and harmonic rejections were achieved by a 

Rh-coated mirror at ~4.75 mrad to the incident beam, further harmonic rejection was achieved 

by an elliptically bent Rh-coated mirror downstream of the monochromator, also at ~4.75 mrad. 

The harmonic content was less than 1 in 1E5. The incident energy was selected by a water-

cooled dual crystal monochromator equipped with Si [1,1,1] crystals with an azimuthal angle 

of 30 degrees. The beam size was defined by slits ~2 m upstream of the of sample with a slit 

size of 3.0 mm H and 2.0 mm V. The size of the beam at the sample was determined during the 

experimental setup, via knife-edge scans to have a full width at half maximum (FWHM) of 

~3.1 mm H and ~0.4 mm V. The incident beam energy was calibrated by defining the first peak 

in the first derivative of the absorption spectrum of an Fe metal foil, measured in transmission 

mode, to be 7110.75 eV (Kraft et al., 1996). Energy drift at the MEX1 beamline has been 
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demonstrated to be of the order of 10s of meV over the timescale of an experiment. Samples 

were measured in transmission mode using 15 cm Ionitech gridded ion chambers filled with 

nitrogen gas at a pressure of 2 bar. The ion chamber currents were amplified by Stanford 

Research Systems SR570 current amplifiers; the resulting voltage was recorded by a d-tAcq 

ACQ430 at a sampling rate of 128 kHz and averaged for the acquisition time at each energy. 

Iron K-edge XANES spectra were acquired between 6912 and 7790 eV with variable step sizes, 

as fine as 0.1 eV with an acquisition time of 1 second per point. Three replicate scans were 

collected for all samples to confirm the absence of beam induced damage and enhance the 

signal-to-noise ratio. Replicate XAS spectra were merged, energy calibrated, background 

subtracted, and normalized using Athena (Ravel and Newville, 2005). Linear combination 

fitting (LCF) of the XANES spectra was performed using 306 data points ranging from 7092 

eV to 7162 eV corresponding to -20 to 50 eV of the Fe-K edge. The weights were forced 

between 0 and 1 and the weights summed to 1. The LCF was applied to the first derivatives 

XANES spectra of the soil samples and reference minerals. Linear combination fit analysis of 

k3-weighted Fe-K edge EXAFS spectra was performed over the k range from 2 to 12 Å-1. The 

number of reference minerals selected in the LCF analysis was based on the XRD data. 

Furthermore, to determine the number of reference minerals to include in the LCF, the k3-

weighted Fe-K edge XANES spectra were analysed by principal component analysis (PCA) 

followed by a target transformation (TT) on each reference mineral (Supplementary Table 1 

and Supplementary Figure 1). 

  

4.3 Results and Discussion 

4.3.1 Extractable Fe in soil samples 

The concentrations of total, DCB extractable and ammonium oxalate (OX) extractable Fe in 

the soil samples are presented in Table 4.2. The DCB procedure extracts total or free Fe oxides, 
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including crystalline and short range or poorly ordered Fe oxides, and to some degree 

organically bound Fe (Jackson et al., 1986; Loeppert and Inskeep, 1996).  The ratio of DCB 

extractable Fe to total Fe (FeDCB:FeTotal) ranged from 0.24 to 0.92, with a median of 0.45 

indicating that a large fraction of the total Fe was present as secondary Fe oxides in the soil 

samples (Table 4.2). Ammonium oxalate dissolves short-ranged-order (SRO) or poorly 

crystalline forms of Fe. FeOX was higher in Ferrosols compared to other soils, however, one 

Kandosol (#29, #30) also had a higher FeOX. The OX extractable Fe to DCB extractable Fe 

(FeOX:FeDCB) ratio varied between 0.08 and 0.54, with a median of 0.16 (Table 4.2). Small 

values (< 0.1) of FeOX:FeDCB indicate a high degree of crystallinity of the Fe oxides (Blume 

and Schwertmann, 1969; Fitzpatrick and Schwertmann, 1982; Prasetyo and Gilkes, 1994), 

while values greater than 0.7 suggest low crystallinity of Fe oxides (Walker, 1983; Ashida et 

al., 2021). In our samples, the ratio of FeOX:FeDCB was generally small indicating that highly 

crystalline Fe oxides, such as hematite and goethite, were the dominant Fe oxides in the soils. 

Sodium pyrophosphate dissolves Fe complexed with organic compounds. The PP extractable 

Fe (FePP) ranged from 0.11 to 5.72 g/kg, with a median of 0.68 g/kg (Table 4.2). 

4.3.2 X-ray diffraction (XRD) 

Basally oriented XRD patterns of the clay fraction (< 2 µm) showed the dominance of kaolinite, 

together with variable, but generally small, amounts of hydroxy-interlayered vermiculite and 

illite in most samples. In addition, crystalline Fe oxides – goethite and hematite were identified 

in the XRD patterns of most samples. Anatase and quartz were also present in the clay fraction 

of most soil samples, though in small amounts (Table 4.2). The whole soil fraction XRD 

patterns were overwhelmingly dominated by quartz peaks and did not show the presence of 

any additional minerals, except for feldspar in few samples. 
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Table 4.2. Clay mineralogy, total Fe, dithionite-citrate-bicarbonate extractable Fe (FeDCB), 
ammonium oxalate extractable Fe (FeOX), sodium pyrophosphate extractable Fe (FePP), ratios 
of FeDCB:Total Fe, and FeOX:FeDCB in the soil samples. 
Soil 
sample 
ID 

Soil Types Minerals in clay 
fraction 

Total 
Fe 
(%) 

FeDCB  
(%) 

FeOX  
(%) 

FePP 
(%) 

FeDCB: 
Total 
Fe 

FeOX: 
FeDCB 

#29 Cambisol H, G, K, S, I, A, Q 5.03 2.37 1.04 0.28 0.47 0.44 
#30 Cambisol H, G, K, S, I, A, Q 5.48 2.91 1.06 0.20 0.53 0.37 
#31 Luvisol G, H, K, I, HIV, A, Q 4.07 1.92 0.18 0.05 0.47 0.09 
#32 Luvisol G, H, K, I, HIV, A, Q 3.48 0.91 0.13 0.08 0.26 0.15 
#33 Alisol G, H, K, I, HIV, A, Q  4.83 2.46 0.41 0.07 0.51 0.16 
#34 Alisol G, H, K, I, HIV, A, Q 4.24 1.83 0.32 0.04 0.43 0.17 
#41 Ferralsol G, H, K, HIV, I, A, Q  8.53 4.17 0.77 0.07 0.49 0.18 
#42 Ferralsol G, H, K, HIV, I, A, Q 9.26 3.90 0.74 0.02 0.42 0.19 
#45 Cambisol G, H, K, I, HIV, A, Q 2.80 1.33 0.20 0.07 0.47 0.15 
#46 Cambisol G, H, K, I, HIV, A, Q 3.47 1.81 0.29 0.08 0.52 0.16 
#49 Acrisol G, H, K, I, HIV, A, Q 3.51 2.92 0.29 0.09 0.83 0.10 
#50 Acrisol G, H, K, I, HIV, A, Q 3.60 3.32 0.26 0.08 0.92 0.08 
#53 Arenosol G, H, K, I, A, Q 1.10 0.33 0.08 0.04 0.30 0.24 
#54 Arenosol G, H, K, I, A, Q 1.13 0.31 0.07 0.02 0.28 0.22 
#57 Luvisol G, H, K, I, HIV, A, Q 4.23 2.08 0.34 0.06 0.49 0.17 
#58 Luvisol G, H, K, I, HIV, A, Q 4.37 2.06 0.49 0.06 0.47 0.24 
#59 Luvisol G, H, K, I, A, Q 8.46 3.26 0.58 0.06 0.39 0.18 
#60 Luvisol G, H, K, S, A, Q 8.97 3.70 0.59 0.05 0.41 0.16 
#61 Alisol G, H, K, I, HIV, A, Q 6.30 2.57 0.27 0.02 0.41 0.11 
#62 Alisol G, H, K, I, HIV, A, Q 6.12 2.72 0.24 0.01 0.44 0.09 
#63 Alisol G, H, K, S, I, A, Q 8.71 2.96 0.31 0.02 0.34 0.11 
#64 Alisol G, H, K, S, I, A, Q 9.25 2.47 0.33 0.02 0.27 0.13 
#67 Ferralsol G, K, HIV, I, A, Q 4.01 1.60 0.86 0.43 0.40 0.54 
#68 Ferralsol G, K, HIV, I, A, Q 3.87 1.93 0.88 0.57 0.50 0.45 
#71 Cambisol G, K, I, HIV, A, Q 2.50 0.81 0.22 0.12 0.32 0.27 
#72 Cambisol G, K, I, HIV, A, Q 2.50 0.78 0.17 0.16 0.31 0.21 
#75 Arenosol G, H, K, HIV, A, Q 3.20 1.78 0.20 0.04 0.56 0.11 
#76 Arenosol G, H, K, HIV, A, Q 3.31 1.85 0.14 0.02 0.56 0.08 
#83 Ferralsol G, H, S, A, Q 10.24 2.46 0.55 0.08 0.24 0.22 
#84 Ferralsol G, H, S, A, Q 10.88 3.43 0.59 0.06 0.32 0.17 
#87 Ferralsol G, H, K, A, Q 16.20 7.29 0.99 0.19 0.45 0.14 
#88 Ferralsol G, H, K, A, Q 13.70 7.60 0.80 0.07 0.55 0.10 
#89 Ferralsol G, H, K, A, Q 12.29 6.06 0.55 0.07 0.49 0.09 
#90 Ferralsol G, H, K, A, Q 11.74 6.41 0.60 0.07 0.55 0.09 
#93 Arenosol G, H, K, HIV, A, Q 2.79 1.01 0.18 0.14 0.36 0.18 
#94 Arenosol G, H, K, HIV, A, Q 2.60 1.18 0.09 0.09 0.45 0.08 
Mean   6.02 2.68 0.44 0.10 0.45 0.18 
±SE   0.63 0.30 0.05 0.02 0.02 0.02 
Median   4.31 2.42 0.32 0.07 0.45 0.16 
Range   1.10-

16.20 
0.31-
7.60 

0.07-
1.06 

0.01
-
0.57 

0.24-
0.92 

0.08-
0.54 

H= Hematite, G = Goethite, K = Kaolinite, I = Illite, S = Smectite, HIV = Hydroxyl Interlayer Vermiculite, A = 
Anatase, Q = Quartz 
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4.3.3 XAS for standard and soil samples 

The energy positions of the normalised pre-edge peak centroids, inflection point of the 

absorption edge and edge peak of the reference compounds are shown in Table 4.3. The 

normalised peak centroid energy (PCE) of the reference minerals are positioned between 

7113.5 and 7114.9 eV, which is consistent with earlier studies (Wilke et al., 2001; Formenti et 

al., 2014; Giannetta et al., 2022). The pre-edge region has been assigned to a 1s → 3d transition 

(Westre et al., 1997). The pre-edge centroid position, splitting and intensity of the pre-edge 

peaks vary systematically in Fe compounds, with the pre-edge centroid position being strongly 

dependent on the Fe oxidation state, whereas the pre-edge intensity is largely influenced by the 

Fe coordination geometry (Westre et al., 1997; Wilke et al., 2001). The average centroid of 

Fe2+ minerals is close to 7112.1 eV compared to 7113.5 eV for Fe3+ minerals (Wilke et al., 

2001). Evidently, the Fe in the reference minerals was solely, or mostly, in the Fe (III) oxidation 

state.  

Normalised Fe K-edge XANES spectra and the corresponding first derivative spectra (obtained 

from normalised data using Gaussian Filter smoothing algorithm) for the reference compounds 

are shown in Figure 4.1. Some unique features were observed in the XANES spectra of the 

reference minerals, which support the use of XAS for Fe speciation in mineral mixtures. In the 

first derivative spectra, 3 – 4 peaks of varying heights were observed between 7110 and 7134 

eV in the reference minerals. A single-peak structure corresponding to the edge region at 7125 

eV was observed for Fe (III) citrate. In the XANES region, a second peak was observed 

between 7131 and 7136 eV for all reference minerals except for ferrihydrite, and Fe (III) citrate. 

These results are similar to those described by Formenti et al. (2014), who found a double-

peak structure at 7124 and 7128 eV for hematite, goethite, illite, and montmorillonite in the 

first derivatives spectra, and a second peak between 7132 and 7136 eV for all minerals, except 

goethite. 
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The k3-weighted chi [k3ꭓ(k)] EXAFS spectra of the reference minerals and corresponding 

Fourier transforms are shown in Figure 4.2. The k3ꭓ(k) maximum peak was observed between 

6.0 and 6.2 Å-1 for all reference minerals, except for illite and montmorillonite where the k3ꭓ(k) 

maximum peak was observed at 4.0 Å-1. Giannetta et al. (2022) observed an intense peak 

between 6.0 and 6.2 Å-1 for goethite, hematite, ferrihydrite and Fe (III) citrate, and at 4.0 Å-1 

for illite in the k3ꭓ(k). In the Fourier transformed spectra, the second peak of hematite was 

greater in magnitude at 2.5 Å than the first peak. The highest intensity peak for goethite, 

ferrihydrite, illite, montmorillonite and Fe (III) citrate was observed at ~1.5 Å. The k3ꭓ(k) 

spectrum of kaolinite, not presented here, was relatively noisy and of poor quality.  

 
Table 4.3. Energy positions of the normalised pre-edge peak centroid, inflection point of the 
absorption edge and edge peak of Fe-K edge XANES spectra for the reference minerals and a 
compound. 
Standard 
compound 

Fe oxidation 
state 

Centroid pre-edge 
peak 

Inflection point 
absorption edge 

Edge peak 

Energy position / eV 
Goethite +3 7115.0 7127.4 7131.2 
Hematite +3 7114.0 7125.6 7132.9 
Ferrihydrite +3 7114.5 7125.6 7132.0 
Illite +3 7113.8 7126.5 7131.3 
Montmorillonite +3 7113.5 7126.9 7132.4 
Kaolinite +3 7114.3 7126.4 7132.1 
Fe (III) citrate +3 7114.0 7124.9 7133.7 

 
 
 

Figure 4.1. Normalised XANES spectra (left) and their first derivative spectra (right) of the reference minerals 
and a compound used in the study. The intensities are presented in arbitrary units on a linear scale. 
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Figure 4.2. k3- weighted Fe-K edge EXAFS spectra (left) and their corresponding Fourier transformed magnitude 
(right) of the reference minerals, and a compound used in the study. The intensities are presented in arbitrary 
units on a linear scale. 

 

Linear combination fitting (LCF) was performed on the first derivative of Fe-K edge XANES 

and on the k3-weighted Fe-K edge EXAFS spectra of both the mineral mixtures and on the soil 

samples. The LCF estimated Fe proportion in the minerals of the two mixtures was poor for 

the XANES spectra as compared to the EXAFS spectra. The proportion of Fe present in 

goethite in the two mixtures was substantially underestimated and the proportion in hematite 

and illite was overestimated as compared to the actual values in the mixtures (Table 4.4). In 

G50H15F5K25I5, XANES overestimated the proportion of Fe in ferrihydrite whereas the 

estimated and actual proportion of Fe were in reasonable agreement (11 vs 12 %) in 

G30H5F5K40I15M5 (Table 4.4). In both mixtures the amount of Fe present in the minerals as 

estimated from the XANES spectra showed a much weaker correlation than the values 

estimated from the EXAFS spectra, which provided a better agreement with the actual values 

of Fe present in both mixtures (Figure 4.3 a and b).  
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Table 4.4. The actual proportion of Fe and values obtained by linear combination fitting of 
XANES and EXAFS spectra in the two reference mixtures of Fe minerals. 
Mineral G50H15F5K25I5  G30H5F5K40I15M5 

Actual XANES EXAFS  Actual XANES EXAFS 
Goethite 68.0 32.0 68.0  68.5 35.0 83.0 
Hematite 23.0 36.0 25.0  12.7 36.0 11.0 
Ferrihydrite 7.0 14.0 4.0  12.0 11 5.0 
Kaolinite 1.4 0 0  3.6 0 0 
Illite 0.6 18 3.0  2.8 18 0 
Montmorillonite 0 - -  0.4 0 1.0 
R-Factor  0.0173498 0.0012472   0.0189202 0.0040201 
Un-normalised 
sum (%) 

 100.5 102.7   105.8 97.1 

 

 
Figure 4.3. Relationship between XANES and EXAFS estimated values of Fe and the actual values of Fe present 
in (a) G50H15F5K25I5 (quinary mixtures) (b) G30H5F5K40I15M5 (senary mixtures). 

 

Normalised XANES spectra and their corresponding first derivatives for the soil samples are 

presented in Figure 4.4. The spectra of all soil samples appeared similar, however, some 

differences became obvious in their first derivatives, where a double-peak structure, with 

varying intensity, was observed between 7122 and 7127 eV. The intensity of the second peak 

was greater than the first peak for most of the soil samples except for the samples #31 and #32, 

where the second peak was less intense than the first peak. In the XANES region, a sharp 

second peak was found between 7136 and 7137 eV for some soil samples (#30, #33, #34, #71 

and #72). The XANES spectra of soil samples showed similarity to those of the reference 

minerals spectra, except for montmorillonite. 
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The pre-edge region in the first derivative spectra for most soil samples was characterised by a 

double-peak structure, which is assigned to the 1s → 3d and 1s → 4p transitions, where the 3d 

character was dominant (Dräger et al., 1988; Westre et al., 1997; Yamamoto, 2008).  Table 4.5 

shows the energy positions of the normalised pre-edge peak centroids, the inflection points of 

the absorption edge and the edge peak for the soil samples. The normalised pre-edge peak 

centroids of soil samples were positioned between 7113.3 and 7114.0 eV, suggesting that Fe 

was largely in the +3 oxidation state (Galoisy et al., 2001; Wilke et al., 2001; Giannetta et al., 

2022).  

The k3ꭓ(k) spectra, and their corresponding Fourier transforms, of the soil samples are shown 

in Figure 4.5. The k3ꭓ(k) spectra all appeared similar between 2.0 to 10.0 Å-1, however, some 

differences were obvious between 10.0 to 12.0 Å-1. As found for the reference minerals, an 

intense peak was observed between 6.0 and 6.2 Å-1 for all soil samples. The highest peak for 

all soil samples was observed at 1.5 Å in the Fourier transformed spectra. 
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Figure 4.4. Normalised XANES spectra (left) and their first derivative spectra (right) for the soil samples. The 
intensities are presented in arbitrary units on a linear scale. 
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Table 4.5. Energy positions of the normalised pre-edge peak centroids, inflection point of the 
absorption edge and edge peak in the Fe-K edge XANES spectra of soil samples. 
Soil sample ID Centroid pre-edge 

peak 
Inflection point 
absorption edge 

Edge peak 

                               Energy position / eV 
#29 7113.3 7126.7 7131.5 
#30 7113.3 7126.7 7131.4 
#31 7113.8 7123.0 7129.9 
#32 7113.9 7123.2 7130.0 
#33 7113.6 7126.5 7131.8 
#34 7113.6 7126.7 7131.5 
#41 7113.6 7126.5 7132.2 
#42 7113.6 7126.7 7131.9 
#45 7114.0 7126.5 7132.5 
#46 7113.9 7126.5 7132.6 
#49 7114.3 7126.5 7132.4 
#50 7114.0 7126.5 7132.5 
#53 7113.5 7126.7 7131.9 
#54 7113.3 7126.0 7131.8 
#57 7113.9 7126.5 7132.2 
#58 7113.9 7127.2 7132.4 
#59 7113.9 7126.5 7132.3 
#60 7113.9 7126.5 7132.3 
#61 7113.9 7126.7 7132.4 
#62 7113.9 7126.7 7132.4 
#63 7113.6 7126.5 7131.9 
#64 7113.6 7126.5 7131.9 
#67 7113.5 7126.0 7131.8 
#68 7113.5 7126.5 7131.9 
#71 7113.5 7126.5 7132.1 
#72 7113.6 7126.5 7132.0 
#75 7114.0 7126.5 7131.7 
#76 7114.0 7127.0 7132.6 
#83 7113.9 7126.7 7132.2 
#84 7113.9 7126.7 7132.2 
#87 7113.5 7125.7 7132.1 
#88 7113.6 7125.7 7132.0 
#89 7113.5 7126.0 7132.0 
#90 7113.5 7126.0 7132.0 
#93 7113.5 7125.7 7132.1 
#94 7113.5 7126.5 7131.8 
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Figure 4.5. k3- weighted Fe-K edge EXAFS spectra (left) and their corresponding Fourier transformed magnitude 
(right) for the soil samples. The intensities are presented in arbitrary units on a linear scale. 

 

Similar to standard mixtures, we performed LCF using the first derivatives Fe K-edge XANES 

spectra of the soil samples and the proportions of Fe estimated in different minerals are 

presented in Table 4.6. The first derivative XANES spectra capture subtle spectral variability 

better than the normalised XANES spectra (Oʼday et al., 2004; Formenti et al., 2014). The 

median proportion of Fe was the highest in hematite (47%) and lowest in Fe associated with 
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organic matter (Fe-OM) (Table 4.6). In both illite and ferrihydrite the proportion of Fe was 15 

%, whereas the median value in goethite and kaolinite was 14% and 11 %, respectively. 

The LCF results of k3-weighted Fe-K edge EXAFS spectra are shown in Table 4.7. The LCF 

Fe-K edge EXAFS results showed that ferrihydrite (median = 33 %) contained the most Fe 

followed by illite (median = 21 %) and goethite and hematite (median for both = 20 %) and 

least in Fe-OM (median = 15 %). Kaolinite could not be determined in this analysis as the 

spectrum was very noisy, and an unusual peak at 0.5 Å was present in the sample.  

We calculated the total Fe content in the minerals and Fe-OM complexes in soils from their 

estimated values obtained by LCF of XANES and EXAFS spectra; and then this was evaluated 

against the extractable Fe measured in soil samples. The summed Fe content in goethite, 

hematite, ferrihydrite and Fe (III) citrate estimated by XANES (p < 0.001, R2 = 0.87) and 

EXAFS (p < 0.001, R2 = 0.92) showed significant and positive relationships with the FeDCB 

(Figure 4.6 a, b), with the relationship being slightly better and less scattered with the EXAFS 

estimated Fe than the XANES estimated Fe values. However, the slope values (1.75 and 1.93) 

suggested overestimation of Fe content by XAS analysis. This could be explained by several 

reasons. Firstly, natural Fe oxides have significant Al substitution in their structure, thus 

predictions based on pure minerals overestimated Fe contents in the minerals. Goethite and 

hematite in soils have been reported to contain up to 35 mol% and 23 mol% Al substitution in 

their structures (Bigham et al., 1978; Fitzpatrick and Schwertmann, 1982; Singh and Gilkes, 

1992). Secondly, DCB may not have extracted all of the Fe associated with the pedogenic Fe 

oxides and Fe-complexed with organic matter. Lastly, some errors in the total Fe content data 

obtained by handheld XRF may be possible. Chen et al. (2020) reported some inconsistencies 

(R2 = 0.90) between Fe concentration obtained by a handheld XRF and ICP-OES analysis of 

acid digested samples, with XRF underestimating (4-5%) Fe concentration. The rela�onship 

between the extractable Fe measured in the soil samples and the Fe content present in the 
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minerals and Fe-OM complexes as es�mated from XANES and EXAFS showed that few samples 

were within the 1:1 equality line (Supplementary Figure 2 and Supplementary Table 2) 

 

Table 4.6. The proportion of Fe present in different minerals and Fe-OM complexes as 
estimated by the linear combination fitting analysis of the first derivative XANES spectra and 
the un-normalised sum of fit of the soil samples. 
Soil 
sample 
ID 

R-Factor Illite 
(%) 

Kaolinite 
(%) 

Fe (III) 
citrate 
(%) 

Ferrihydrite 
(%) 

Goethite 
(%) 

Hematite 
(%) 

Un-
normalised 
sum (%) 

 

#29 0.0107108 43 7 5 45 - - 100.3  
#30 0.0126785 44 6 5 45 - - 100.6  
#31 0.0197620 85 - 5 10 - - 98.2  
#32 0.0166436 82 - 8 8 2 - 100  
#33 0.0158070 20 4 9 6 14 47 107.7  
#34 0.0176885 21 4 10 - 19 46 107.4  
#41 0.0171355 17 6 12 39 - 26 99.7  
#42 0.0079536 21 - 12 16 13 38 103.9  
#45 0.0109710 8 17 - - 14 61 107.3  
#46 0.0105848 12 - 3 - 19 66 104.7  
#49 0.0043865 10 4 2 8 20 56 101.2  
#50 0.0026414 8 - 3 5 21 63 103.1  
#53 0.0432561 27 15 6 25 - 27 105.2  
#54 0.0221854 28 15 - 35 - 22 105.1  
#57 0.0040292 11 11 2 14 13 49 103.6  
#58 0.0106777 11 16 - 5 16 52 107.5  
#59 0.0032973 13 10 - 15 14 48 103.6  
#60 0.0063658 11 6 3 - 23 57 105.4  
#61 0.0045221 10 12 - 6 14 58 104.8  
#62 0.0071766 11 15 - 6 11 57 107  
#63 0.0173140 28 10 - 9 11 42 110.2  
#64 0.0210553 23 12 - 1 16 48 111.6  
#67 0.0075832 18 - 11 26 11 34 105.1  
#68 0.0076172 17 - 10 27 12 34 105.7  
#71 0.0233604 14 21 - 18 2 45 109.1  
#72 0.0259601 15 23 - 14 5 43 110.4  
#75 0.0137083 9 7 4 7 14 59 104.7  
#76 0.0047384 8 5 5 12 15 55 100.9  
#83 0.0193772 11 18 - - 21 50 109.4  
#84 0.0173489 12 13 - - 24 51 109.3  
#87 0.0051105 11 - 11 47 - 31 101.5  
#88 0.0086784 11 - 15 57 - 17 97.6  
#89 0.0094701 15 - 12 18 9 46 105.4  
#90 0.0092449 15 - 10 22 8 45 105.2  
#93 0.0076549 15 - 12 23 7 43 104.2  
#94 0.0152388 19 - 15 7 14 45 105.4  
Median  15 11 9 15 14 47   

Dash (-) represent absent 
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Table 4.7. The proportion of Fe present in different minerals and Fe-OM complexes estimated 
by the linear combination fitting analysis of the k3-weighted Fe-K edge EXAFS spectra and the 
un-normalised sum of fit of the soil samples. 
Soil 
sample 
ID 

R-Factor Illite 
(%) 

Fe (III) 
citrate 
(%) 

Ferrihydrite 
(%) 

Goethite 
(%) 

Hematite 
(%) 

Un-
normalised 
sum (%) 

 

#29 0.0626161 26 - 61 9 4 94.2  
#30 0.0570873 24 - 63 13 - 95.6  
#31 0.1039503 55 5 36 - 4 85.6  
#32 0.1109910 50 9 38 - 3 88.1  
#33 0.0120075 17 21 22 25 15 101.1  
#34 0.0166062 21 29 12 30 8 98.8  
#41 0.1176062 11 14 57 - 18 95.4  
#42 0.0168118 9 12 38 23 18 100.2  
#46 0.0795425 5 19 20 18 38 101.3  
#49 0.0188276 4 23 28 18 27 96.8  
#50 0.0092752 - 27 23 14 36 99.8  
#53 0.1946085 36 - 28 28 8 98.0  
#54 0.0233844 29 3 42 7 19 102.3  
#57 0.0357697 23 7 37 9 24 99.3  
#58 0.0585418 16 3 39 19 23 100.2  
#59 0.0251987 10 14 33 25 18 102.2  
#60 0.0162663 18 16 24 23 19 106.2  
#61 0.0144663 19 13 26 20 22 100.9  
#62 0.0203277 21 10 25 19 25 102.3  
#63 0.0293208 32 17 26 22 3 99.0  
#64 0.0265450 30 21 20 28 1 102.2  
#67 0.0087187 - 19 41 22 18 104.5  
#68 0.0084890 6 15 42 20 17 101.4  
#71 0.0166031 23 19 20 13 25 103.0  
#72 0.0243285 22 25 21 15 17 105.0  
#75 0.0732394 12 10 25 16 37 99.0  
#76 0.0578774 10 19 31 5 35 93.9  
#83 0.0448180 46 18 8 28 - 109.7  
#84 0.0449027 47 13 7 33 - 111.2  
#87 0.0073802 - 8 49 11 32 98.8  
#88 0.0083839 2 7 49 15 27 93.5  
#89 0.0053488 - 13 34 25 28 104.0  
#90 0.0057837 - 11 36 25 28 103.9  
#93 0.0154319 - 21 38 10 31 103.3  
#94 0.0177273 - 17 34 29 20 100.1  
Median  21 15 33 20 20   

Dash (-) represent absent 
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Figure 4.6. Relationship between dithionite citrate bicarbonate extractable iron (FeDCB) content and summed Fe 
content present in goethite (G), hematite (H), ferrihydrite (Fh) and Fe (III) citrate (FC) estimated from (a) XANES 
and (b) EXAFS. Relationship between ammonium oxalate extractable iron (FeOX) content and Fe content present 
in ferrihydrite as estimated from (c) XANES and (d) EXAFS, and sodium pyrophosphate extractable iron (FePP) 
content and Fe content present in Fe complexed with organic matter estimated from (e) XANES and (f) EXAFS. 
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The Fe content estimated to be in goethite from the EXAFS showed a significant (p < 0.001, 

R2 = 0.70) relationship with Fe content estimated to be in goethite from the XANES 

(Supplementary Figure 4.3a), while this relationship was weak (p < 0.001, R2 = 0.40) for 

hematite content estimated by two procedures (Supplementary Figure 4.3b).  

Iron content estimated from XANES and EXAFS was relatively poor. Although Fe content in 

ferrihydrite both estimated from XANES (p < 0.001, R2 = 0.44) and EXAFS (p < 0.001, R2 = 

0.48) showed positive correlation with the FeOX content (Figure 4.6 c), the predictions were 

relatively poor. The FeOX content was multiplied by 1.7 to estimate ferrihydrite contents in soils 

(Childs, 1985; Parfitt and Childs, 1988). The Fe content estimated to be in ferrihydrite from 

the EXAFS was slightly better predictor of FeOX content than XANES. The quantification of 

ferrihydrite has been reported to be more accurate in EXAFS (Sun et al., 2018; Giannetta et 

al., 2022). However, ferrihydrite content predicted values from EXAFS were more scattered 

than XANES predicted values and XANES values significantly (p < 0.001, R2 = 0.59) 

improved when two outliers were excluded. Oxalate extraction is not very specific for 

ferrihydrite extraction, as it is known to extract small amount of Fe-nanocrystalline and Fe-

OM complexes (McKeague and Day, 1966; Parfitt and Henmi, 1982; Farmer et al., 1983; 

Mansfeldt et al., 2012). Fe content in ferrihydrite estimated from EXAFS showed a significant 

(p < 0.001, R2 = 0.88) correlation with the ferrihydrite content estimated from XANES 

(Supplementary Figure 4.3c). Both XANES and EXAFS predicted values for Fe in Fe (III) 

citrate (i.e., complexed with organic matter (OM) showed no relationship with sodium 

pyrophosphate extractable Fe (FePP) (Figure 4.6 e and f). This is probably because PP does not 

only extract organic complexed Fe, but also extract some poorly crystalline Fe (Bascomb, 

1968; Higashi et al., 1981; Jeanroy and Guillet, 1981; Skjemstad et al., 1990). Furthermore, 

Fe(III) citrate may not have well represented the Fe complexed with organic matter in soils. 

The relationship between Fe content in Fe (III) citrate estimated from XANES and EXAFS 
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was poor (Supplementary Figure 4.3d). The proportion of Fe content in illite estimated from 

XANES showed a reasonably strong (p < 0.001, R2 = 0.41) relationship with the Fe proportion 

estimated from EXAFS (Supplementary Figure 4.3e), with a couple of outliers. The proportion 

of Fe content in kaolinite estimated by XANES ranged from 4 – 23 % (Table 4.6), with about 

0.17 – 1.84 % (median = 0.51 %) of the total Fe content present in this mineral in the soil 

samples. Iron has been reported to be substituted in the structure of kaolinite in soils, 

particularly highly weathered soil where about 2 % of Fe have been present in the kaolinite 

structure (Jepson and Rowse, 1975; Singh and Gilkes, 1992; Melo et al., 2001).  

Overall, our results confirmed the combination of XANES and EXAFS a valuable tool to 

estimate Fe proportion in different minerals using whole soil samples. Although XANES 

analysis perhaps better for identifying and estimating Fe2+ phases in soils based on our results, 

EXAFS estimated values appeared more accurate than XANES in the bulks soil samples used 

in this study.  These predictions could be further improved by including reference minerals and 

compounds matching closely with the phases present in soils. 

There are some drawbacks of the techniques, such as inability to detect low concentration of 

Fe in kaolinite in some samples including the two standard mixtures. The EXAFS spectrum of 

kaolinite was very noisy, and an unusual peak existed in the sample, hence kaolinite could not 

be estimated by the LCF analysis of EXAFS data. The detection for Fe complexed with OM 

was rather poor, which suggested that Fe(III) citrate did not represent the OM complexed Fe in 

the soil samples. Despite these drawbacks, the combination of XANES and EXAFS is a 

valuable tool for the identification and quantification of Fe in different minerals using bulk soil 

samples and it should be further explored on other soil types. 
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4.4 Conclusions 

Iron K-edge XANES and EXAFS were used to identify Fe minerals and other phases and to 

quantify the Fe content in the identified phases, in 36 soil samples representing several soil 

types. LCF analysis of the XANES showed ferrihydrite contained most Fe (median 33%), 

followed by illite, goethite and hematite (all ~20%) and about 15% Fe was complexed with 

OM. The results obtained from the LCF of EXAFS spectra were more closely related than 

XANES with the chemically extracted Fe data. The summed Fe content in various minerals 

and Fe complexed with OM was well correlated with the DCB extracted Fe. The estimates for 

Fe content in ferrihydrite were reasonable using both XANES and EXAFS data. However, the 

predictions for Fe complexed with OM may not be accurate due to the lack of matching 

reference samples. Fe K-edge XAS demonstrated capability to identify various Fe forms and 

approximate portion of the total Fe present in various phases in bulk soils. It can be further 

refined using better matching reference phases and potentially used as a routine procedure for 

identifying and quantifying Fe phases in soils, especially given the emergence of bench top 

laboratory based XAS spectrometers where longer acquisition time is affordable. 
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4.5 Supplementary Information 

Supplementary Table 4.1. Parameters of the first five components obtained by principal 
component analysis. 

Component Eignevalues Variance Cumulative variance 

  1 37.734673 0.993017 0.993017 

  2 0.231721 0.006098 0.999115 

  3 0.020665 0.000544 0.999659 

  4 0.010469 0.000275 0.999935 

  5 0.002071 0.000054 0.999989 

 

  



123 
 

 

Supplementary Figure 4.1. Target transformation and the residuals on each reference minerals as advised by 
principal component analysis.  
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Supplementary Table 4.2. Values of coefficients with their respective confidence intervals 
along with a probability level (α = 0.05) obtained from regression equations (y = a + bx). 
Term Es�mate Standard 

Error 

Lower 

95% 

Upper 

95% 

Es�mate Standard 

Error 

Lower 

95% 

Upper 

95% 

   XANES EXAFS 

Intercept -0.14 0.38 -0.91 0.63 -0.15 0.33 -0.82 0.51 

  FeDCB 1.75 0.12 1.51 1.98 1.93 0.10 1.73 2.14 

Intercept -0.47 0.47 -1.44 0.49 0.15 0.40 -0.67 0.97 

  FeOX 2.40 0.51 1.34 3.45 2.47 0.44 1.57 3.37 

Intercept 0.56 0.16 0.22 0.90 0.93 0.12 0.70 1.17 

FePP -0.14 0.91 -2.02 1.75 -0.54 0.78 -2.13 1.05 
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Supplementary Figure 4.2. Pairwise 1:1 relationship between dithionite citrate bicarbonate extractable iron 
(FeDCB) content and summed Fe content present in goethite (G), hematite (H), ferrihydrite (Fh) and Fe (III) citrate 
(FC) estimated from (a) XANES and (b) EXAFS. Pairwise 1:1 relationship between ammonium oxalate extractable 
iron (FeOX) content and Fe content present in ferrihydrite as estimated from (c) XANES and (d) EXAFS, and 
sodium pyrophosphate extractable iron (FePP) content and Fe content present in Fe complexed with organic matter 
estimated from (e) XANES and (f) EXAFS. 
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Supplementary Figure 4.3. Relationship between Fe content in different Fe phases estimated by LCF analysis of 
XANES and EXAFS data. (a) goethite, (b) hematite, (c) ferrihydrite, (d) Fe(III) citrate and (e) illite.   
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Chapter Five  

Competitive adsorption between phosphate and dissolved organic carbon 
in iron rich soils 

 
5.0 Abstract 

The competitive adsorption between phosphate and dissolved organic carbon (DOC) have been 

reported in Andosols and podzols. However, the published results on the competitive 

adsorption between P and DOC are unclear and sometimes contradictory. Phosphate and DOC 

competition for adsorption sites on minerals may be quite different in the surface and 

subsurface soils. In this study we used surface and subsurface soils with substantial Fe oxides 

contents from two sites i.e., Wagga Wagga and Tumbarumba to evaluate the adsorption of 

phosphate and DOC behaviour. Adsorption data were fitted into linear initial mass (IM) 

isotherm. The results showed that both surface and subsurface soils from Tumbarumba had a 

greater phosphate adsorption capacity than the soils from Wagga Wagga. Phosphate adsorption 

was greater for the subsurface (m = 0.72) than the surface (m = 0.82) soil from Tumbarumba. 

The trend for surface and subsurface was opposite for Wagga Wagga soils, where phosphate 

adsorption capacity was greater for surface (m = 0.55) than the subsurface (m = 0.37) soils. 

The greatest capacity for DOC adsorption in both studied soils occurred in the subsurface soils. 

In the mixed solution of P and DOC, phosphate adsorption promoted DOC desorption in the 

surface and subsurface soils from Wagga Wagga and Tumbarumba. The results of this study 

have crucial implications on the sustainability of Fe-rich soils. The adsorption of phosphate 

promoted DOC desorption in these soils, which may impair OC sequestration and stabilisation 

and therefore enhance microbial decomposition of OC in these soils. Furthermore, phosphate 

might play a major role in influencing the microbial stability of OC adsorption in these soils. 

 

Keywords: Phosphate, DOC, soils, adsorption, desorption, linear initial mass isotherm 
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5.1 Introduction 

Phosphorus (P) is an essential plant nutrient that is indispensable for several physiological and 

biochemical processes including photosynthesis, respiration, enzymes regulation and 

biosynthesis of structures such as cell membranes, DNA and RNA (Hawkesford et al., 2023). 

Despite the presence of considerable total P content in most soils, crop productivity of 

agricultural soils is often limited by P availability, because a very small portion (< 1%) of the 

total P is present in soluble forms (Bünemann et al., 2011; Balemi and Negisho, 2012). 

Phosphorus is particularly the most commonly limiting nutrient in highly weathered soils of 

tropical and subtropical regions because of their high P adsorption capacity and low levels of 

P availability (Singh and Gilkes, 1991; Tiessen, 2005; De Campos et al., 2016). 

Plant roots absorb P as H2PO4
− and HPO4

2− ions, which are the predominant orthophosphate 

species in soil solution (Tiessen, 2005). Phosphate concentration in soil solution is controlled 

by several reactions that have been considered under three categories: (i) adsorption-

desorption, (ii) dissolution-precipitation, and (iii) mineralisation-immobilisation (Sims and 

Pierzynski, 2005; Bünemann, 2015; Roberts and Johnston, 2015). The availability of phosphate 

in soils is affected by root characteristics, soil properties (such as pH, clay and organic matter 

(OM) contents, iron (Fe) and aluminium (Al) oxides including hydroxides, oxyhydroxides and 

oxides) and environmental conditions (Singh and Gilkes, 1991; Brennan et al., 1994; Börling 

et al., 2001; Burt et al., 2002). Soluble P can undergo different chemical reactions in soils; 

however, the solution P concentration is primarily controlled by adsorption-desorption 

reactions with soil minerals, in particular Fe/Al oxides and edge sites of phyllosilicates 

(Hinsinger, 2001; Devau et al., 2009). Variable charge soils (e.g., Andisols) and highly 

weathered soils (e.g., Oxisols and Ultisols) often have greater P adsorption capacity than 

younger and less weathered soils such as Inceptisols (Yang and Post, 2011; Brenner et al., 

2018). Some studies have reported that P adsorption is mostly influenced by Fe oxides in the 
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tropical and subtropical soils (Borggaard, 1983; Peña and Torrent, 1984; Borggaard et al., 1990; 

Agbenin, 2003). Contrary to this, other studies have observed that Al oxides play a more 

dominant role than Fe oxides in P adsorption capacity of both temperate (Lopez‐Hernandez 

and Burnham, 1974; Börling et al., 2001) and tropical soils (Fontes and Weed, 1996; De 

Campos et al., 2016). Phosphate adsorption capacity has been closely related to crystalline Fe 

oxides (dithionite citrate bicarbonate extractable Fe) and amorphous Fe and Al oxides 

(ammonium oxalate extractable Fe and Al) in soils from different regions (Ballard and Fiskell, 

1974; Borggaard, 1983; Peña and Torrent, 1984; Ryan et al., 1985; Loganathan et al., 1987; 

Singh and Gilkes, 1991; Sanyal et al., 1993; Agbenin, 2003; Wiriyakitnateekul et al., 2005). 

Both Fe and Al oxides possess a large specific surface area (SSA) and positive charge at typical 

field pH, which are important characteristics for P adsorption in soils (Bigham et al., 1978; 

Peña and Torrent, 1984; Fontes and Weed, 1996). The process of phosphate adsorption onto 

variable charge surfaces such as Fe/Al oxides primarily occurs through phosphate exchange 

with hydroxyl (OH-), so called ligand exchange reaction, that results in the formation of inner-

sphere surface complexes (Parfitt et al., 1975; Goldberg and Sposito, 1985). The inner-sphere 

surface complexes can either be binuclear or mononuclear surface complexes (Atkinson et al., 

1974; Barron et al., 1988; Arai and Sparks, 2001). In the binuclear surface complex formation, 

single-coordinated hydroxyl (OH) groups on the surfaces of Fe oxides is exchanged or replaced 

by phosphate (Parfitt and Atkinson, 1976; Borggaard et al., 1990; Torrent et al., 1992). In the 

mononuclear surface complex formation, phosphate is coordinated in a monodentate mode to 

the OH group on the surfaces of Fe oxides (Persson et al., 1996).  

Dissolved organic carbon (DOC) is abundant in terrestrial and aquatic environments. Although 

DOC forms only a small part of the total organic carbon in soils, it is highly reactive and labile 

(McGill et al., 1986; Kalbitz et al., 2000; Kalbitz and Kaiser, 2003). It is operationally defined 

as the fraction of organic C in solution that passed through a 0.45 µm pore size filter (Kalbitz 
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et al., 2000; Zsolnay, 2003; Bolan et al., 2011). DOC actively influences many biogeochemical 

processes such as, mineral weathering, leaching, nutrient translocation, microbial activity, soil 

formation, and transport of metals and pollutants (Kaiser and Zech, 1998; Kalbitz et al., 2000; 

Mavi et al., 2012). Adsorption of DOC onto Fe oxides has been recognised as an important 

process in the accumulation and preservation of organic carbon in soils (Parfitt et al., 1977). 

Thus similar to phosphate, DOC concentration in soil solution is controlled mainly by 

adsorption processes onto mineral surfaces (Kaiser and Zech, 1998). DOC adsorption on 

minerals can occur via ligand exchange surface complexation, cation bridging, anion exchange, 

hydrogen bonding, and hydrophobic interactions (Gu et al., 1994; Sposito, 2004). However, Fe 

and Al oxides have been reported to adsorb DOC preferentially through ligand exchange 

reactions (Parfitt et al., 1977; Tipping, 1981; Davis, 1982; Gu et al., 1994).  

Considering the similar nature of their adsorption reactions, phosphate and DOC may compete 

for adsorption sites in soils (Guppy et al., 2005; Spohn et al., 2022). Different observations 

have been made on the competitive adsorption of DOC and phosphate in soils. Many studies 

have observed that DOC including, high molecular weight organic compounds (HOCs), such 

as humic acid (HA) and fulvic acids (FA), competed strongly with phosphate for adsorption 

sites and caused a significant decrease in phosphate adsorption (Sibanda and Young, 1986; 

Ohno and Crannell, 1996; Guppy et al., 2005; Hunt et al., 2007; Fu et al., 2013; Chase et al., 

2018; Yang et al., 2019). Yang et al. (2019) reported that increasing SOM decreased the 

strength of P adsorption, thereby increased P availability in soils. Some other studies have 

shown that low molecular weight organic acids (LOAs), such as citrate, oxalate, 

polygalacturonate, acetate, malate, tartrate and protocatechuate, significantly decreased P 

adsorption (Nagarajah et al., 1970; Earl et al., 1979; Lopez‐Hernandez et al., 1986; Hue, 1991; 

Bolan et al., 1994; Violante and Gianfreda, 2023). In contrast, several studies have found that 

organic compounds and organic matter do not compete with phosphate for adsorption sites 
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(Harter, 1969; Hinga, 1973; Appelt et al., 1975; Borggaard et al., 1990). Appelt et al. (1975) 

suggested that in Andosol, formation of Al (OH)-HA complexes exposed new sites for 

phosphate adsorption, therefore HA adsorption did not block the adsorption of phosphate. 

Harter (1969) suggested that OM is important for initial adsorption of phosphate (by anion 

exchange mechanism) that was subsequently transformed into less soluble Fe and Al 

phosphates. Spohn et al. (2022) observed that adsorption and desorption of organic compounds 

were greatly influenced by changes in concentration of P in the soil solution. Phosphate 

adsorption promoted OM desorption thereby increasing DOC concentration, thus phosphate 

ions competed more effectively for reactive sites than DOC (Spohn and Schleuss, 2019; Spohn 

et al., 2022). Increased desorption of OC may further lead to destabilisation of OC and 

enhanced microbial decomposition of OM in soils (Beck et al., 1999; Kahle et al., 2004; Spohn 

and Schleuss, 2019; Li et al., 2020). Adsorption of P is reported to promote the desorption of 

LOAs, such as malate, oxalate, phthalic acid (Afif et al., 1995; Liu et al., 1999; Guan et al., 

2006). Phosphate adsorption not only promoted DOC desorption, but also occupied the 

sorption sites thereby prevented DOC adsorption in soils (Gu et al., 1994; Kaiser and Zech, 

1997; Hur and Schlautman, 2004; Kahle et al., 2004; Guppy et al., 2005; Hunt et al., 2007; 

Schneider et al., 2010). 

Most earlier studies have considered competitive adsorption between LOAs, HA, FA, DOC 

and phosphate in Andosols and podzols. However, the published results on the competitive 

adsorption between P and DOC are unclear and sometimes contradictory. Although, most 

agricultural soils in Australia are naturally P-deficient, but P accumulation has occurred in these 

soils with the long history of P fertiliser application including the historic excess addition of P 

fertilisers (Williams, 1950; McLaughlin et al., 1992; Weaver and Wong, 2011). With growing 

focus on increasing OC in soils, research is needed to understand the interaction between DOC 

and P in Australian soils, many of which have high Fe (and Al) oxides contents. Furthermore, 
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little or no attention has been paid to understand the competitive DOC and phosphate 

adsorption behaviour in subsurface soils that have much less organic matter and greater number 

of reactive sites such as in Luvisols. Thus, phosphate and DOC competition for adsorption sites 

on minerals may be quite different in the surface and subsurface soils. Therefore, the aim of 

this study was to evaluate the adsorption of phosphate and DOC behaviour in surface and 

subsurface soils with substantial Fe oxides contents. We hypothesised that phosphate or DOC 

adsorption will be greater in the subsurface soils than the surface soils. Furthermore, we 

hypothesised that DOC would inhibit phosphate adsorption in both surface and subsurface 

soils. 

 

5.2 Materials and Methods 

5.2.1 Soil samples selection 

Surface (0 – 20 cm) and Subsurface (20 – 40 cm) samples were collected from Wagga Wagga 

(35.03o S, 147.33o E) and Tumbarumba (35.74o S, 147.98o E) in New South Wales, Australia. 

The climate for Wagga Wagga is humid subtropical to temperate. The mean minimum annual 

temperature is 9.1oC and mean maximum temperature is 22.3oC while the mean annual rainfall 

is 573.4 mm. The climate for Tumbarumba is humid subtropical to temperate with an average 

rainfall of 977.9 mm. The mean minimum annual temperature is 5.7oC and the mean maximum 

annual temperature is 19.8oC. Wagga Wagga site was bare fallow that had earlier been cropped 

with wheat, while Tumbarumba site had native pasture. The soils collected from Wagga Wagga 

and Tumbarumba are classified as a Luvisol and a Ferralsol, respectively, according to the IUSS 

Working Group WRB (2022).  Soil samples were air-dried, crushed, passed through a 2 mm 

sieve and stored at room temperature for laboratory analysis and adsorption experiments.  
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5.2.2 Soil analyses 

Soil chemical and physical properties are shown in Table 5.1. Soil pH was measured in 1:5 of 

soil and 0.01 M calcium chloride (CaCl2) using a glass electrode pH meter (Rayment and 

Lyons, 2011). Total C (TC) in soils was analysed using a vario MACRO cube Elementar CHN 

analyser and considering the acidic pH of both soils, the total carbon was assumed to be all 

organic C. Particle size analysis (PSA) was determined by the hydrometer method (Gee and 

Or, 2002). Cation exchange capacity (CEC) was determined by the silver thiourea method 

(Rayment and Lyons, 2011). The total free Fe oxides content was determined using the 

dithionite-citrate-bicarbonate (DCB) extraction procedure described by Mehra and Jackson 

(1960). The content of short-range ordered and poorly crystalline Fe oxides was measured by 

extracting with ammonium oxalate (OX) at  pH 3.0 in dark for 4 h (McKeague and Day, 1966). 

Organic matter complexed with Fe was determined using sodium pyrophosphate (PP) 

extraction procedure described by McKeague (1967). 

Oriented clays X-ray diffraction (XRD) patterns were obtained using a PANalytical X’Pert 

PRO instrument (40 kV and 40 mA) with CuKa radiation for the identification of phyllosilicate 

minerals in the clay fraction of soils. Random powder XRD patterns were obtained using a 

STOE Stadi P instrument (50 kV and 40 mA) with MoKα radiation for the identification of all 

minerals in the clay fraction of soils.  
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Table 5.1. Selected chemical and physical properties of soils used in the study 
  Wagga Wagga   Tumbarumba 

Properties Surface soil Subsurface soil   Surface soil Subsurface 
soil 

pH (1:5 CaCl2) 4.48 4.75  4.19 4.32 
Organic C (g/kg) 12.4 9.8  20.3 18.5 
CEC (mmolc/kg) 96.4 97.6  97.9 98 
Sand (%) 68 60  36 32 
Silt (%) 10 4  12 12 
Clay (%) 22 36  52 56 
FeOX (g/kg) 1.75 1.59  7.69 7.38 

FeDCB (g/kg) 12.83 17.93  41.70 39.05 

FePP (g/kg) 0.45 0.18  0.71 0.19 

AlOX (g/kg) 1.61 1.90  7.38 7.66 

AlDCB (g/kg) 1.25 1.57  5.64 6.01 

AlPP (g/kg) 0.94 0.74  2.65 2.44 
Extractable DOC0.01M 

CaCl2 (mmol/L) 1.23 0.93  1.47 0.52 

Extractable P0.01M CaCl2 
(mmol/L) 0.89 <0.01  0.14 0.01 

Minerals in the clay 
fraction 

Goethite, hematite, kaolinite, 
illite, quartz 

 Goethite, hematite, kaolinite, 
smectite, traces of illite 

 

5.2.3 Phosphate adsorption experiment 

2.0 g of surface and subsurface soil samples were weighed in duplicates and transferred into 

50 mL centrifuge tubes. The soil samples were equilibrated with 40 mL of different P 

concentrations (up to 10 concentrations for each soil), ranging from 0 to 2.58 mmol/L for 

Wagga Wagga and 0 to 8.1 mmol/L for Tumbarumba using potassium dihydrogen phosphate 

(KH2PO4) in a 0.01 M calcium chloride (CaCl2) matrix. Before adding P solutions to soil, the 

solution pH was adjusted to 6.0 using 0.1 M sodium hydroxide (NaOH). Three drops of 

chloroform were added into each centrifuge tubes to inhibit microbial activity. The centrifuge 

tubes were shaken on a rotary laboratory shaker at 19 ± 1oC for 17 hours, centrifuged at 1800 

×g for 15 minutes and supernatants were filtered through 0.45 µm PTFE syringe membrane 

filter. Supernatant pH was measured and P concentration in solution was analysed 

colorimetrically using the ascorbic acid method (Murphy and Riley, 1962). 
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5.2.4 DOC adsorption experiment  

Dissolved organic carbon (DOC) used for the adsorption experiment was extracted from 

decomposed residues of pine (Pinus radiata), which is commonly used in timber plantations 

in Australia. For DOC extraction, 100 g of decomposed residues was soaked in 1000 mL of 

deionised water, and the suspension was shaken on a rotary shaker for 1 hour. Then the mixture 

was allowed to stand for 24 hours at 19 ± 1oC. The mixture was then centrifuged at 3280 ×g 

for 20 minutes and supernatant was filtered through 0.45 µm Millipore white gridded 

membrane filter using a vacuum suction unit. The DOC concentration in the solution was ~200 

mg /L and the pH was 5.79.  

Similar to P adsorption, DOC adsorption experiments were carried out in duplicates for both 

surface and subsurface soil samples. Briefly, 3 g soil was mixed with 30 mL 0.01 M CaCl2 

solution (up to 10 solutions for each soil) containing a range of DOC concentration (0 to 11.65 

mmol C/L) in 50 mL centrifuge tubes. The solution pH was adjusted to 6.0 before adding to 

soil samples. The suspensions were then placed on a rotary shaker for 17 hours at 19 ± 1oC. 

The suspensions were then allowed to settle for 30 minutes before filtering through 0.45 µm 

PTFE syringe membrane filter. After filtration, the pH of the supernatants was measured. The 

DOC concentration in the initial and equilibrium solutions (supernatants) were analysed using 

a Shimadzu TOC-L total C analyser.  

 

5.2.5 Phosphate-DOC competitive adsorption experiment 

Batch adsorption experiment was conducted using 2.0 g of air-dried surface and subsurface soil 

samples (in duplicates) into 50 mL centrifuge tubes. Solutions containing different P and OC 

concentrations (up to 9 concentrations of each P and DOC for each soil), with P concentration 

ranging from 0 to 4 mmol/L using potassium dihydrogen phosphate (KH2PO4) and DOC 

concentration ranging from 0 to 5 mmol/L in a 0.01 M CaCl2 solution. The soil samples were 
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equilibrated with 40 mL of the mixture solutions, with the solution pH adjusted to 6.0 before 

adding to soil samples. The suspensions were placed on a rotary shaker for 17 hours at 19 ± 

1oC. The suspensions were then allowed to settle for 30 minutes and filtered through 0.45 µm 

PTFE syringe membrane filter. After filtration, the pH of the supernatants was measured. The 

initial and final P and DOC concentrations in solution were analysed as described earlier.  

5.2.6. Fitting of adsorption data 

The Langmuir and Freundlich equations did not fit the adsorption very well (R2 = 0.35 and R2 

= 0.72). In systems where the solute (or adsorbate) to be adsorbed is already present in the 

adsorbent (such as, for the adsorption of phosphate and DOC on soils), the use of initial mass 

isotherm has been recommended to describe the adsorption data (Nodvin et al., 1986). In 

essence, initial mass isotherm is a linear adsorption isotherm that accounts for a solute initially 

present within the adsorbent. Hence the adsorption data were fitted into linear initial mass (IM) 

isotherm:  

𝑅𝑅𝑅𝑅 = 𝑚𝑚𝑋𝑋𝑖𝑖 − 𝑏𝑏      

where RE is the amount of P or DOC removed from or released into the solution normalised 

for soil mass (mmol/kg), Xi is the initial P and DOC concentrations in the solution, normalised 

to mass of soil, m (slope of the linear regression) is the partition coefficient of the initial mass 

isotherm and - b (intercept) is the desorption term.  

The m of the linear IM isotherm was used to determine the distribution coefficient (Kd). 

𝐾𝐾𝑑𝑑 = �
𝑚𝑚

1 −𝑚𝑚
� ×  

𝑉𝑉
𝑀𝑀

 

Where V is the volume of solution and M is the mass of soil. 

The slope (m) and intercept (– b) were used to determine reactive soil pool (RSP) of solute. 

𝑅𝑅𝑅𝑅𝑅𝑅 =  
𝑏𝑏

(1 −𝑚𝑚) 
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5.3 Results 

5.3.1 Phosphate adsorption 

The linear IM model described all the adsorption data very well (R2 = 0.98 and R2 = 0.99). The 

isotherm plots for surface and subsurface samples of the two soils are shown in Figure 5.1, and 

the model parameters are presented in Table 5.2. The surface soil from Wagga Wagga did not 

adsorb P from solutions until the initial P loadings of up to 32 mmol/kg, rather, P was desorbed 

at loadings lower than this. The amount of P desorbed decreased with increasing initial P 

concentration, and the P desorption estimated from the intercept was -18.3±0.53 mmol/kg 

(Figure 5.1a and Table 5.2). Tumbarumba soil showed greater capacity for P adsorption than 

Wagga Wagga soil, indicated by steeper slope (m) and higher distribution coefficient (Kd) 

values (Table 5.2). The trend for surface and subsurface was opposite for the two soils, with 

the Wagga-Wagga surface soil showing greater capacity for phosphate adsorption than the 

corresponding subsurface soil, whereas the phosphate adsorption capacity was greater for the 

subsurface soil than the surface soil from Tumbarumba (Table 5.2). The reactive soil pool 

(RSP) of phosphate was very high (40.6 mmol/kg) in the surface soil from Wagga Wagga, and 

low (1.00 mmol/kg) in the surface soil from Tumbarumba, and the subsurface samples had 

negligible or no RSP (Table 5.2). The equilibrium solution pH in all samples decreased from 

the initial adjusted pH value (6.0). Wagga Wagga surface and subsurface soils had a mean 

equilibrium pH value of 4.83 and 5.37, respectively and Tumbarumba surface and subsurface 

soils had a mean equilibrium pH value of 4.72 and 5.16, respectively. However, a small unit 

increase (0.1 – 0.4) in the equilibrium pH was observed with phosphate adsorption in the 

subsurface soil from Wagga Wagga and the surface and subsurface soils from Tumbarumba. 

Phosphate adsorption resulted in DOC desorption in all samples, varying between 6 and 8 

mmol/kg in Wagga Wagga soils, and between 24 and 36 mmol/kg in Tumbarumba soils. The 
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desorption of DOC was greater in subsurface soil as compared to surface soil for both sites 

(Supplementary Figure 5.1). The plots of the phosphate adsorption or desorption data in 

relation to the equilibrium P concentration for surface and subsurface soils from Wagga Wagga 

and Tumbarumba are shown in Supplementary Figure 5.2. 

The P adsorption coefficient showed a tendency to increase with increasing contents of clay, 

OC, FeOX, FeDCB, AlOX, AlDCB, FeDCB+AlDCB and FeOX+AlOX and decrease with increasing soil 

pH (Supplementary Figure 5.3). 

 
Figure 5.1. Linear initial mass isotherms for phosphate adsorption or desorption on surface and subsurface soils 
from (a) Wagga Wagga, and (b) Tumbarumba. Positive RE values indicate adsorption and negative RE values 
indicates desorption. 
 
 
 
Table 5.2. Regression parameters derived from the linear initial mass isotherms of phosphate 
adsorption onto surface and subsurface soils from Wagga Wagga and Tumbarumba 
 Location Depth 

(cm) 
m±se -b±se 

(mmol/kg) 
Kd±se 

(10-5 m3/g) 
RSP 

(mmol/kg) 
R2 

Wagga Wagga 0-20 0.55±0.02 -18.3±0.53 2.44±0.20 40.6 0.98 
 20-40 0.37±0.01 1.68±0.34 1.17±0.05 -2.67 0.98 
       
Tumbarumba 0-20 0.72±0.01 -0.28±0.72 5.14±0.26 1.00 0.99 
 20-40 0.82±0.01 3.03±0.71 9.11±0.62 -16.8 0.99 

 

 

5.3.3 DOC adsorption 

The linear IM isotherms for DOC adsorption are shown in Figure 5.2. The surface and 

subsurface soil of Wagga Wagga and Tumbarumba did not adsorb DOC from the initial DOC 
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concentrations ranging between 1 mmol/kg and 15 mmol/kg, rather DOC was desorbed. The 

amount of DOC desorbed decreased with increasing initial DOC concentration. The linear IM 

isotherm parameters are shown in Table 5.3. The partition coefficient (slope) and distribution 

coefficient showed that both surface and subsurface soils from Tumbarumba had a greater 

capacity for DOC adsorption than the Wagga Wagga soils. Also, the subsurface soils from both 

sites had greater adsorption capacity than their corresponding surface soils. 

All soil samples had a substantial RSP of DOC, with the highest value in the surface soil from 

Tumbarumba that is consistent with its highest OC concentration. The equilibrium solution pH 

in all samples decreased from the initial adjusted pH value (6.0). Wagga Wagga surface and 

subsurface soils had a mean equilibrium pH value of 4.62 and 5.04, respectively and 

Tumbarumba surface and subsurface soils had a mean equilibrium pH value of 4.35 and 5.40, 

respectively. However, a small unit increase of 0.1 in the equilibrium solution pH was observed 

with DOC adsorption in the surface soil from Wagga Wagga and the surface and subsurface 

soils from Tumbarumba. The adsorption DOC resulted in little desorption of P in both soils, 

with about 0.7 mmol/kg in Wagga Wagga soils, and < 0.05 mmol/kg in Tumbarumba soils. The 

desorption of P was greater in surface soil as compared to subsurface soil for both sites 

(Supplementary Figure 5.4). The plots of the DOC adsorption or desorption data in relation to 

the equilibrium DOC concentration for surface and subsurface soils from Wagga Wagga and 

Tumbarumba are shown in Supplementary Figure 5.5. 

The DOC adsorption coefficient showed a tendency to increase with increasing contents of 

clay, OC, FeOX, FeDCB, AlOX, AlDCB, FeDCB+AlDCB and FeOX+AlOX and decrease with increasing 

soil pH (Supplementary Figure 5.6). 
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Figure 5.2. Linear initial mass isotherms for dissolved organic carbon (DOC) adsorption or desorption on surface 
and subsurface soils from (a) Wagga Wagga, and (b) Tumbarumba. Positive RE values indicate adsorption and 
negative RE values indicates desorption. 
 

Table 5.3. Regression parameters derived from the linear initial mass isotherms of DOC 
adsorption onto surface and subsurface soils from Wagga Wagga and Tumbarumba 
Location Depth 

(cm) 
m±se -b±se 

(mmol/kg) 
Kd±se 

(10-5 m3/g) 
RSP 

(mmol/kg) 
R2 

Wagga Wagga 0-20 0.42±0.01 -9.88±0.49 1.45±0.06 17.0 0.99 
 20-40 0.51±0.004 -7.93±0.26 2.08±0.03 16.2 0.99 
       
Tumbarumba 0-20 0.79±0.01 -13.5±0.33 7.25±0.45 64.1 0.99 
 20-40 0.88±0.001 -4.98±0.05 14.7±0.14 41.5 0.99 

 

5.3.4 Competitive adsorption of phosphate and DOC 

The linear IM isotherm for phosphate adsorption from mixed solution of P and DOC are 

presented in Figure 5.3, and the isotherm parameters are shown in Table 5.4. Tumbarumba soil 

showed greater capacity for phosphate adsorption than Wagga Wagga soil, indicated by steeper 

slope and higher distribution coefficient values. The trend for surface and subsurface was 

opposite for the two soils, with the Wagga-Wagga surface soil showing greater adsorption 

capacity than the corresponding subsurface soil, whereas the phosphate adsorption capacity 

was greater for the subsurface soil than the surface soil from Tumbarumba (Table 5.4). This 

was similar to the trend observed from the solution of only P as mentioned earlier. However, 

the slope and distribution coefficient values obtained from the mixed solution of P and DOC 

was higher than the values obtained from the solution of only P. The RSP of phosphate was 
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higher in the surface soil (22.50 mmol/kg) than in the subsurface (12.76 mmol/kg) from Wagga 

Wagga. Nevertheless, Tumbarumba soils had negligible or no RSP (Table 5.4).  The plot of the 

phosphate adsorption or desorption data in relation to the equilibrium P concentration from 

mixed solution of P and DOC on surface and subsurface soils from Wagga Wagga and 

Tumbarumba is shown in Supplementary Figure 5.7.  

The linear IM isotherm for DOC adsorption from mixed solution of P and DOC are presented 

in Figure 5.4, and the isotherm parameters are shown in Table 5.4. The surface and subsurface 

soils of Wagga Wagga did not adsorb DOC from mixed P and DOC solutions rather DOC was 

desorbed, but adsorption occurred on the subsurface soil at 32 mmol/kg. Similarly, the surface 

and subsurface soil of Tumbarumba did not adsorb DOC from the mixed P and DOC solutions, 

however, adsorption occurred on the subsurface soil from 22 mmol/kg. The partition coefficient 

and distribution coefficient showed that both surface and subsurface soils from Tumbarumba 

had a greater capacity for DOC adsorption than the Wagga Wagga soils. Also, the subsurface 

soils from both sites had greater adsorption capacity than their corresponding surface soils 

(Table 5.4). This was similar to the trend observed from the solution of only DOC as mentioned 

earlier. Nevertheless, the isotherm parameters obtained from the solution of only DOC was 

higher than the isotherm parameters obtained from the mixed solution of P and DOC.  

The equilibrium solution pH in all samples decreased from the initial pH value (6.0), with 

varying degree depending on the initial soil pH. However, the equilibrium solution pH values 

of both soils increased with increasing depth. The mean equilibrium solution pH value for 

surface and subsurface soils of Wagga Wagga was 4.77 and 5.09, respectively and surface and 

subsurface soils of Tumbarumba was 4.63 and 4.95 respectively. Moreso, the adsorption of 

phosphate or DOC made no substantial change in the equilibrium solution pH values. The plot 

of the DOC adsorption or desorption data in relation to the equilibrium DOC concentration 
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from mixed solution of P and DOC on surface and subsurface soils from Wagga Wagga and 

Tumbarumba is shown in Supplementary Figure 5.8. 

 

 
Figure 5.3. Linear initial mass isotherms for phosphate adsorption or desorption from mixed solutions of P and 
DOC on surface and subsurface soils from (a) Wagga Wagga (b) Tumbarumba. Positive RE values indicate 
adsorption and negative RE values indicates desorption. 
 
 

Table 5.4. Regression parameters derived from the linear initial mass isotherms of phosphate 
and DOC adsorption from mixed solution of P and DOC onto soils. 
Location Depth 

(cm) 
m±se b±se 

(mmol/kg) 
Kd±se 

(10-5m3/g) 
RSP R2 

 Phosphate adsorption  
Wagga Wagga 0-20 0.58±0.03 -9.45±0.77 2.76±0.34 22.5 0.96 
 20-40 0.51±0.03 -6.25±0.71 2.08±0.25 12.8 0.95 
Tumbarumba 0-20 0.74 ±0.03 0.21±1.03 5.69±0.89 -0.81 0.97 
 20-40 0.85±0.02 1.93±0.79 11.3±1.78 -12.9 0.99 

  
 Dissolved organic carbon adsorption 

Wagga Wagga 0-20 0.34±0.01 -14.4±0.20 1.03±0.05 21.9 0.98 
 20-40 0.40±0.02 -11.1±0.28 1.33±0.11 18.4 0.97 
Tumbarumba 0-20 0.22±0.01 -25.6±0.24 0.56±0.03 32.8 0.94 
 20-40 0.55±0.01 -9.58±0.22 2.44±0.10 21.3 0.99 

 

 



149 
 

 
Figure 5.4. Linear initial mass isotherms for dissolved organic carbon (DOC) adsorption or desorption from 
mixed solutions of P and DOC on surface and subsurface soils from (a) Wagga Wagga (b) Tumbarumba. Positive 
RE values indicate adsorption and negative RE values indicates desorption. 
 

5.4 Discussion 

5.4.1 Adsorption studies 

The surface charge of an adsorbent has effects on adsorption processes. Iron oxides are 

effective adsorbent of phosphate (Peña and Torrent, 1984; Singh and Gilkes, 1991). Iron oxides 

adsorb phosphate and DOC via ligand exchange reactions where a singly coordinated hydroxyl 

(OH) groups on the oxides surfaces are exchanged by the adsorbate (Borggaard et al., 1990; 

Torrent et al., 1992; Kaiser and Guggenberger, 2000; Watanabe, 2017). The linear IM isotherm 

parameters revealed that phosphate adsorption was greater in the subsurface soil than the 

surface soil from Tumbarumba. This support our hypothesis that phosphate adsorption will be 

greater in the subsurface soils than the surface soils. However, the isotherm parameters 

obtained from Wagga Wagga soils did not support our hypothesis, rather phosphate adsorption 

was greater in the surface soil than the subsurface soil from Wagga Wagga.  

The surface and subsurface soils from Tumbarumba had the greatest capacity for phosphate 

adsorption than the surface and subsurface soils of Wagga Wagga. This result was expected 

considering that Tumbarumba soils had higher contents of FeOX, FeDCB, FePP, AlOX, AlDCB and 

AlPP than Wagga Wagga soils. The positive linear relationships between P adsorption partition 

coefficient and extractable forms of Fe and Al indicated possible influence of these soil 
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properties on phosphate adsorption. The FeOX showed a stronger relationship (R2 = 0.81) with 

P adsorption partition coefficient than FeDCB (R2 = 0.68). This implied that poorly crystalline 

Fe (FeOX) contributed more to phosphate adsorption than the crystalline Fe (FeDCB), possible 

due to greater SSA of poorly crystalline Fe than well crystalline phases. Several studies have 

reported significant and positive relationships between phosphate adsorption and FeOX and  

FeDCB (Syers et al., 1971; Udo and Uzu, 1972; Jones, 1981; Karim and Adams, 1984; Peña and 

Torrent, 1984; Singh and Gilkes, 1991; Agbenin and Tiessen, 1994; Agbenin, 2003; 

Wiriyakitnateekul et al., 2005). Furthermore, AlOX and AlDCB also showed strong relationships 

(R2 = 0.81 and 0.80) with P adsorption partition coefficient, which suggested their significant 

role in influencing P adsorption in these soils. Some studies have reported 3 to 5 times greater 

contribution of AlDCB in P adsorption than FeDCB in acid soil from Australia (Bromfield, 1965; 

Singh and Gilkes, 1991). During DCB extraction, Al substituting for Fe in the structure of 

goethite and hematite is extracted, in addition to the forms of Al extracted by OX solution 

(Singh and Gilkes, 1991). Aluminium substitution for Fe is common in soils, with about one-

third in goethite half of the one-third in hematite (Singh and Gilkes, 1992). The crystal size of 

Fe oxides is known to decrease with increasing Al substitution and in turn increases SSA and 

phosphate adsorption capacity (Borggaard, 1983; Schwertmann, 1988). Therefore, AlDCB 

indirectly contributed to more reactive surfaces for phosphate adsorption than FeDCB (Peña and 

Torrent, 1990). Several studies have reported significant relationships between phosphate 

adsorption and forms of extractable Al (Bromfield, 1965; Singh and Gilkes, 1991; Agbenin and 

Tiessen, 1994; Agbenin, 2003; Wiriyakitnateekul et al., 2005). In this study, FeOX + AlOX 

showed a stronger positive relationship (R2 = 0.81) with P adsorption partition coefficient than 

FeDCB + AlDCB (R2 = 0.70), which indicated that poorly crystalline Fe and Al oxides played 

more important roles in influencing phosphate adsorption than their well crystalline forms in 
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these soils. The clay content of Tumbarumba soils also positively influenced P adsorption, 

however, Fe/Al oxides formed a significant portion of the clay fraction.  

The desorption of large amount of P that occurred in the surface soil from Wagga Wagga was 

expected owing to the long history of P fertiliser application including the historic excess 

addition of P fertilisers to Australian soils (Williams, 1950; McLaughlin et al., 1992; Weaver 

and Wong, 2011). Hence, P was highly accumulated in the surface soil from Wagga Wagga. 

The equilibrium solution pH decreased in all samples, and all samples were trying to reverse 

to their original soil pH values. However, the small unit increase in equilibrium solution pH 

with P adsorption was expected as in ligand exchange process, where single-coordinated OH 

group on the surfaces of Fe/Al oxides are replaced by phosphate (Parfitt et al., 1975; Goldberg 

and Sposito, 1985; Borggaard et al., 1990). The pH of all soil samples was acidic and well 

below the point of zero charge (PZC) of Fe/Al oxides, so no pH effect was observed in the 

studied soils. Several studies have reported an increase phosphate sorption with increasing pH 

in soils (Anderson et al., 1974; Mokwunye, 1975; Agbenin, 1995).  

The isotherm parameters showed that DOC adsorption was greater in the subsurface soil than 

the surface soil from Wagga Wagga and Tumbarumba. This support our hypothesis that DOC 

adsorption will be greater in the subsurface soils than the surface soils. The surface and 

subsurface soils from Tumbarumba favoured DOC adsorption than the surface and subsurface 

soils from Wagga Wagga. This was possible owing to the higher content of Fe/Al oxides present 

in the Tumbarumba soils than Wagga Wagga soils. However, surface and subsurface soils of 

Tumbarumba favours DOC adsorption than surface and subsurface soils of Wagga Wagga. 

Similar to that of P adsorption, the adsorption of DOC and their relative affinity for surfaces of 

mineral are closely linked to Fe and Al oxides in soils (Kaiser and Zech, 1998). The strong 

positive relationships between DOC adsorption partition coefficient and different fractions of 

extractable Fe and Al indicated that both extractable Fe and Al are important soil properties 
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influencing DOC adsorption. A significant positive relationship between FeDCB and AlDCB with 

DOC adsorption partition coefficient suggested that the adsorption of DOC is influenced by 

pedogenic Fe and Al oxides. Other studies have observed such a positive correlation between 

DOC adsorption and FeDCB (Kaiser et al., 1996; Kahle et al., 2003; Kahle et al., 2004). The 

positive relationship showed between FeOX and AlOX with DOC adsorption partition coefficient 

indicated that poorly crystalline Fe and Al oxides also contributed to the DOC adsorption. 

These results are consistent with previous studies (Kothawala et al., 2009; Pengerud et al., 

2014). The small increase in equilibrium DOC solution pH with DOC adsorption was expected 

as during ligand exchange reactions, coordinative OH groups on the surfaces of Fe/Al oxides 

are replaced by organic anion (Parfitt et al., 1977; Tipping, 1981; Davis, 1982; Gu et al., 1994). 

The pH of all soil samples was acidic and below the PZC of Fe/Al oxides, thus supporting the 

sorption of anionic species, including dissociated organic acids. Tipping (1981) reported that 

greatest sorption of humic substances by iron oxides occurred at pH 5. 

Our results showed that DOC did not have any influence on P adsorption from the mixed 

solution of P and DOC. The adsorption of P promoted DOC desorption in the surface and 

subsurface soils from Wagga Wagga and Tumbarumba. In this study, results suggested that P 

competed more effectively than DOC for sorption sites on mineral surfaces (Violante and 

Gianfreda, 1993; Afif et al., 1995; Fransson and Jones, 2007; Schneider et al., 2010; Spohn 

and Schleuss, 2019; Spohn, 2020; Spohn et al., 2022). It also indicated DOC was adsorbed by 

weaker interaction on Fe/Al oxides. This result did not support our hypothesis that DOC would 

inhibit phosphate adsorption in both surface and subsurface soils. Phosphate addition in the 

studied soils may affect the adsorption and desorption of DOC, causing the destabilisation of 

OC, which may increase mineralisation of OC (Kaiser and Zech, 1997; Spohn et al., 2022). 

Further, continuous phosphate addition can lead to increase in the release of DOC, and thus 

makes OC available for microbial decomposition in the studied soils (Spohn and Schleuss, 
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2019). Hur and Schlautman (2004) reported a significant reduction on sorption of DOC onto 

hematite in the presence of P. Kahle et al. (2004) observed that the blocking of OH groups on 

minerals surfaces with phosphate significantly reduced DOC adsorption. Our findings showing 

increased phosphate concentration promoted DOC desorption is in line with previous studies 

findings in soils (Kaiser and Zech, 1999; Zhang and Zhang, 2010; Scott et al., 2015; Spohn 

and Schleuss, 2019; Li et al., 2020; Spohn et al., 2022). 

 

5.5 Implications 

The results of this study have crucial implications on the sustainability of Fe-rich soils. The 

adsorption of phosphate promoted DOC desorption in these soils, which may lead to 

destabilisation of OC. Consequently, OC destabilisation may impair OC sequestration and 

enhance microbial decomposition in these soils. However, the effect of phosphate addition on 

DOC desorption may depend on different soil environmental conditions which may vary from 

one soil type to another. More so, phosphate might play a major role in influencing the 

microbial stability of OC adsorption in these soils. On the contrary, it had been shown that 

DOC competed strongly with phosphate for adsorption sites and significantly inhibited 

phosphate adsorption, which can increase the bioavailability of P in soils.  

 

5.6 Conclusions 

This study shows that the surface and subsurface soils from Tumbarumba had the greater 

affinity for phosphate adsorption than the soils from Wagga Wagga, which is due to the higher 

content Fe and Al oxides present soils from Tumbarumba. Phosphate adsorption was greater in 

the subsurface than the surface soil from Tumbarumba. This support our first hypothesis which 

state that phosphate adsorption will be greater in the subsurface than the surface soils. However, 

soils from Wagga Wagga did not support the hypothesis since phosphate adsorption was greater 
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in the surface than in subsurface soils. The affinity for DOC was greater in subsurface than in 

surface soils.  In contrast to our hypothesis, we found that in the mixed solution of P and DOC, 

phosphate adsorption promoted DOC desorption in the surface and subsurface soils from 

Wagga Wagga and Tumbarumba. This suggest that phosphate outcompeted DOC for the 

adsorption sites on soil mineral surfaces.  

In conclusion, extractable Fe and Al explained well the phosphate and DOC adsorption 

behaviour in the studied soils and may serve as suitable routine predictors of P and DOC 

adsorption capacity in surface and subsurface soils.  
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5.7 Supplementary information 

 
Supplementary Figure 5.1. Dissolved organic carbon (DOC) desorption in relation to phosphate adsorption or 
desorption for surface and subsurface soils from (a) Wagga Wagga (b) Tumbarumba 

 

 

 

 
Supplementary Figure 5.2. Phosphate adsorption or desorption in relation to equilibrium P concentration for 
surface and subsurface soils from (a) Wagga Wagga (b) Tumbarumba. 
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Supplementary Figure 5.3. Relationship between phosphate partition coefficient (m) and some properties of soils 
from Wagga Wagga and Tumbarumba. 

 

 

 
Supplementary Figure 5.4. Phosphate desorption in relation to DOC adsorption or desorption for surface and 
subsurface soils from (a) Wagga Wagga (b) Tumbarumba 
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Supplementary Figure 5.5. Dissolved organic carbon (DOC) adsorption or desorption in relation to equilibrium 
DOC concentration for surface and subsurface soils from (a) Wagga Wagga (b) Tumbarumba. 

 

 
Supplementary Figure 5.6. Relationship between DOC partition coefficient (m) and some properties of soils from 
Wagga Wagga and Tumbarumba. 
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Supplementary Figure 5.7. Phosphate adsorption or desorption in relation to the equilibrium P concentration 
from mixed solution of P and DOC on surface and subsurface soils from (a) Wagga Wagga (b) Tumbarumba.  

 
 

 
Supplementary Figure 5.8. Dissolved organic carbon (DOC) adsorption or desorption in relation to the 
equilibrium DOC concentration from mixed solution of P and DOC on surface and subsurface soils from (a) 
Wagga Wagga (b) Tumbarumba. 
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Chapter Six  

Conclusions and outlook 
 

The review of literature (Chapter 2) provided a comprehensive understanding of the 

relationships among the different fractions of extractable Fe and Al with P sorption capacity 

and SOC concentration. The analysis of the data from published literature showed that 

ammonium oxalate extractable aluminium (Alox) and dithionite-citrate-bicarbonate extractable 

aluminium (Ald) are strong predictor variables of P sorption capacity of soils, but Ald was a 

better predictor variable. Further, a positive (and 1:1) relationship between Alox and Ald, 

suggested that Al dissolved by ammonium oxalate and dithionite-citrate-bicarbonate (DCB) 

was nearly similar. A statistically significant and strong relationship was found between 

ammonium oxalate extractable Fe (Feox) and Alox, and SOC concentration, but the relationship 

of Alox was the strongest. This may be due to chemical interactions of SOC with Al oxides, 

which can directly or indirectly influence P sorption capacity in soils. These results suggested 

that DCB and OX extractable Fe (and Al) that represent Fe in crystalline and poorly crystalline, 

or amorphous form of Fe/Al, respectively, may be used as a routine soil test to predict P sorption 

capacity and SOC preservation potential of soils, particularly acid soils. The published 

literature data did not show any relationship between P sorption capacity and SOC 

concentration. Further research is needed to evaluate the complex relationship between P 

sorption capacity and SOC concentration (and accounting for the influence of climate, 

geochemical variables, vegetation types, and soil depth) particularly in acid soils at a global 

scale, using various approaches e.g. random forest model, generalized additive mixed effect 

model and linear mixed effect model. 

In Chapter 3, a comprehensive study determined the role of different extractable forms of 

metal(loid)s in the association of OC in top and sub-soils of NSW, Australia. The results 

showed that SOC was extracted in the sequence: CPP > CDCB > COX, with mean of 62 %, 41 % 
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and 28 % C, respectively, of the TC in soils. CPP and CDCB were significantly greater in the 

topsoils than the subsoils. The extraction sequence for Fe was: FeDCB > FeOX > FePP, with mean 

of 49 %, 9 % and 3 %, respectively, of the total Fe. FePP was significantly greater in the topsoils 

than the subsoils. The sequence for Al was: AlDCB > AlOX > AlPP, with mean of 4 %, 3.9 % and 

2 %, respectively, of the total Al. Manganese was extracted in the sequence - MnOX > MnDCB > 

MnPP, with an average of 78 %, 65 % and 43 %, respectively, of the total Mn. All forms of 

extractable Mn were significantly greater in the topsoils than the subsoils. All extractants 

dissolved < 1% of the total Si. The results also showed that among the elements extracted, the 

concentration of FeDCB was the highest in the both top- and sub-soils. All extractable forms of 

Fe and Al showed significant positive correlations with extractable C, which suggested their 

role in the preservation of SOC. The large fraction (62 %) of total OC extracted by PP was 

present in organic-Fe/Al complexes and about 28 % of the total OC was associated with SRO 

and poorly crystalline Fe oxides in the studied soils. A relatively small proportion of total OC 

extracted by DCB was present in crystalline Fe/Al oxides indicating a limited role of crystalline 

Fe/Al oxides in the OC preservation. DCB and OX extracted almost similar Al concentrations, 

which might indicate release of additional Al, that substituted for Fe in the structure of Fe 

oxides, during DCB extraction. Crystalline Fe oxides (i.e., goethite and hematite) were 

dominant in both topsoils and subsoils, and SRO of Al and Si were absent in the soils. Organic 

carbon in the studied soils was preserved via both organo-metal complexes and adsorption 

processes. The findings from this study are important in providing valuable insights for 

farmers, climate modelers, land managers and researchers in soil science in making informed 

decisions on the prediction of SOC. Extraction techniques offer the best option for the 

evaluation of OC association with Fe, Al, Mn and Si. However, there some overlaps and non-

selectivity in using extraction methods. Further research should explore the use of synchrotron 

based high-energy X-ray diffraction and pair distribution functions for assessment of OC 
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associated with Fe, Al, Mn and Si. The technique enables the characterisation of poorly 

crystalline forms of Fe, Al, and Mn (Carrero et al., 2017; Wang et al., 2017; Wang et al., 2018; 

Rennert, 2019). The techniques may possibly be able to examine the pertinence of extraction 

methods.    

In Chapter 4 XANES and EXAFS at Fe-K edge were used to quantify Fe-minerals containing 

minerals and Fe complexed with OM in 36 bulk soil samples representing several soil types. 

LCF analysis of the XANES and EXAFS data revealed that crystalline Fe oxides (i.e., hematite 

and goethite) accounted for 60 % and 40 %, respectively, of the total Fe in the bulk soil samples. 

The predictions for ferrihydrite were reasonable from both XANES and EXAFS. The results 

obtained from the LCF of EXAFS spectra were more closely related than XANES with the 

chemically extracted Fe data. XAS predicted Fe content in various Fe phases was well 

correlated with the DCB extractable Fe. EXAFS predicted Fe contents in different phases better 

than XANES in bulk soils. Fe K-edge XAS showed good results for the quantification of Fe 

phases in bulk soils, which can be improved using closely matching reference materials in the 

analysis. The procedure could potentially be used in routine soil analysis considering the 

emergence of bench top laboratory based XAS spectrometers.  

Nevertheless, there are some drawbacks of the techniques, such as inability to detect low 

concentration of Fe in kaolinite in some samples including the two standard mixtures. The 

EXAFS spectrum of kaolinite was very noisy, and an unusual peak existed in the sample, hence 

kaolinite could not be estimated by the LCF analysis of EXAFS data. The detection for Fe 

complexed with OM was rather poor, which suggested that Fe(III) citrate did not represent the 

OM complexed Fe in the soil samples. Despite these drawbacks, the combination of XANES 

and EXAFS showed good potential for the identification and quantification of Fe in different 

minerals using bulk soil samples and it should be further explored using closely matching 

reference phases in the analysis. 
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In Chapter 5, adsorption of phosphate and DOC separately, and competitive adsorption of 

phosphate and DOC from mixed solutions of P and DOC in soils was studied. Surface and 

subsurface soils containing substantial Fe oxides from Tumbarumba and Wagga Wagga were 

used in these experiments. The surface and subsurface soils from Tumbarumba had the greater 

capacity for phosphate adsorption than the surface and subsurface soils of Wagga Wagga, which 

may be due to the higher content Fe and Al oxides in the soils from Tumbarumba. Phosphate 

adsorption was greater in the subsurface than the surface soil from Tumbarumba. However, in 

soils from Wagga Wagga, phosphate adsorption was greater in the surface than the subsurface 

soils. The greatest adsorption capacity for DOC in both studied soils occurred in the subsurface 

soils. We found that in the mixed solution of P and DOC, phosphate adsorption promoted DOC 

desorption in the surface and subsurface soils from Wagga Wagga and Tumbarumba. This was 

due to effective competitive effect from phosphate than DOC for adsorption sites on mineral 

surfaces. Extractable Fe and Al strongly influenced phosphate and DOC adsorption capacity in 

the studied soils and can be used as a routine soil test to predict P and DOC adsorption capacity 

in surface and subsurface soils. Furthermore, the optimal P fertilisation may be estimated from 

extractable Fe and Al without considering the content of OC in the studied soils. The results of 

this study have crucial implications on the sustainability of Fe-rich soils. The adsorption of 

phosphate promoted DOC desorption in these soils, may lead to destabilisation of OC. 

Consequently, OC destabilisation may impair OC sequestration and enhance microbial 

decomposition in these soils. Nevertheless, the effect of P addition on DOC desorption may 

depend on different soil environmental conditions which may vary from one soil type to 

another. More so, phosphate might play a major role in influencing the microbial stability of 

OC adsorption in these soils. On the contrary, it had been shown that DOC competed strongly 

with phosphate for adsorption sites and significantly inhibited phosphate adsorption, which can 

increase the bioavailability of P in soils. Further research is needed to explore the competitive 
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adsorption of phosphate and DOC behaviour in tropical soils with high and low Fe oxide 

content and low P content. Further research should also be explored on the competitive 

adsorption of phosphate and DOC behaviour in subsurface soils that have no impact OM. In 

addition, long-term field experiment research should be conducted in tropical soils to determine 

the effect of P additions on OC sequestration.  
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Appendices 
Appendix 5.1. Initial P concentration, equilibrium P pH, equilibrium P concentration, P adsorbed, equilibrium DOC desorbed concentration and 

DOC desorbed for surface and subsurface soils from Wagga Wagga.  
 Wagga Wagga surface soil  Wagga Wagga subsurface soil 

Initial P 
concentratio
n (mg/L) 

Replicate
s 

Equilibriu
m P pH 

Equilibrium 
P 
concentratio
n (mmol/L) 

P 
adsorbed 
(mmol/kg
) 

Equilibrium 
DOC 
desorbed 
concentratio
n (mmol/L) 

DOC 
desorbed 
(mmol/kg
)  

Equilibriu
m P pH 

Equilibrium 
P 
concentratio
n (mmol/L) 

P 
adsorbed 
(mmol/kg
) 

Equilibrium 
DOC 
desorbed 
concentratio
n (mmol/L) 

DOC 
desorbed 
(mmol/kg
) 

0 1 5.23 0.89 -17.79 0.78 15.68  5.31 0.00 0.05 0.84 16.75 
0 2 5.24 0.90 -17.97 0.78 15.68  5.30 0.00 0.05 0.84 16.79 
5 1 4.72 1.00 -16.67 0.79 15.85  5.27 0.06 2.04 0.90 17.92 
5 2 4.73 0.99 -16.50 0.79 15.85  5.31 0.06 2.04 0.90 17.95 

10 1 4.72 1.02 -13.97 0.83 16.58  5.33 0.08 4.91 0.99 19.82 
10 2 4.71 1.03 -14.14 0.83 16.57  5.33 0.08 4.91 0.99 19.87 
20 1 4.78 1.12 -9.44 0.83 16.59  5.37 0.27 7.42 1.00 20.10 
20 2 4.77 1.14 -9.79 0.83 16.59  5.36 0.27 7.42 1.01 20.13 
30 1 4.75 1.39 -8.42 0.89 17.75  5.39 0.50 9.32 1.02 20.42 
30 2 4.76 1.39 -8.42 0.89 17.74  5.39 0.50 9.32 1.02 20.45 
40 1 4.77 1.56 -5.30 0.92 18.43  5.38 0.68 12.27 1.08 21.68 
40 2 4.78 1.57 -5.48 0.92 18.47  5.39 0.68 12.27 1.09 21.78 
50 1 4.74 1.78 -3.40 0.95 19.03  5.39 0.93 13.64 1.13 22.60 
50 2 4.75 1.79 -3.58 0.95 19.07  5.37 0.93 13.64 1.13 22.61 
60 1 4.81 1.82 2.35 0.96 19.17  5.39 1.15 15.71 1.13 22.63 
60 2 4.80 1.81 2.53 0.96 19.20  5.40 1.15 15.71 1.13 22.65 
70 1 4.85 1.91 7.05 0.96 19.22  5.41 1.37 17.78 1.20 24.06 
70 2 4.82 1.92 6.88 0.96 19.28  5.45 1.37 17.78 1.21 24.11 
80 1 4.81 2.00 11.76 1.08 21.57  5.45 1.59 19.94 1.24 24.86 
80 2 4.80 1.99 11.93 1.08 21.62  5.45 1.59 19.94 1.24 24.80 
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Appendix 5.2. Initial P concentration, equilibrium P pH, equilibrium P concentration, P adsorbed, equilibrium DOC desorbed concentration and 
DOC desorbed for surface and subsurface soils from Tumbarumba. 

 Tumbarumba surface soil  Tumbarumba subsurface soil 

Initial P 
concentratio
n (mg/L) 

Replicate
s 

Equilibriu
m P pH 

Equilibrium 
P 
concentratio
n (mmol/L) 

P 
adsorbed 
(mmol/kg
) 

Equilibrium 
DOC 
desorbed 
concentratio
n (mmol/L) 

DOC 
desorbed 
(mmol/kg
)  

Equilibriu
m P pH 

Equilibrium 
P 
concentratio
n (mmol/L) 

P 
adsorbed 
(mmol/kg
) 

Equilibrium 
DOC 
desorbed 
concentratio
n (mmol/L) 

DOC 
desorbed 
(mmol/kg
) 

0 1 4.73 0.14 -2.82 1.53 30.67  4.88 0.01 -0.27 1.31 26.19 
0 2 4.72 0.14 -2.83 1.54 30.72  4.82 0.01 -0.26 1.26 25.23 

50 1 4.62 0.43 23.76 1.85 36.94  5.06 0.07 30.79 1.36 27.24 
50 2 4.63 0.44 23.59 1.85 36.97  5.05 0.08 30.77 1.40 27.96 
75 1 4.66 0.64 35.69 2.08 41.52  5.13 0.19 44.64 2.29 45.88 
75 2 4.67 0.63 35.87 2.08 41.55  5.14 0.19 44.73 2.32 46.38 

100 1 4.66 0.85 47.63 2.23 44.56  5.17 0.33 57.95 2.55 50.94 
100 2 4.68 0.86 47.45 2.23 44.60  5.16 0.34 57.86 2.54 50.87 
125 1 4.70 1.10 58.68 2.31 46.28  5.17 0.56 69.62 2.70 53.99 
125 2 4.69 1.11 58.51 2.31 46.29  5.18 0.56 69.53 2.70 53.97 
150 1 4.73 1.26 71.67 2.50 50.04  5.20 0.70 82.86 2.72 54.47 
150 2 4.74 1.27 71.49 2.50 50.09  5.18 0.70 82.95 2.75 54.95 
175 1 4.75 1.65 80.09 2.55 51.02  5.18 0.83 96.38 2.84 56.74 
175 2 4.76 1.64 80.27 2.55 51.09  5.22 0.83 96.46 2.84 56.82 
200 1 4.78 1.88 91.50 2.63 52.52  5.24 1.07 107.70 2.96 59.12 
200 2 4.77 1.89 91.32 2.63 52.59  5.26 1.06 107.87 2.96 59.27 
225 1 4.78 2.15 102.38 2.69 53.84  5.25 1.18 121.65 3.07 61.50 
225 2 4.76 2.14 102.55 2.69 53.87  5.24 1.19 121.56 3.05 60.98 
250 1 4.78 2.22 117.12 2.70 53.91  5.30 1.29 135.60 3.10 62.01 
250 2 4.77 2.23 116.94 2.70 53.94  5.29 1.30 135.51 3.09 61.85 
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Appendix 5.3. Initial DOC concentration, equilibrium DOC pH, equilibrium DOC concentration, DOC adsorbed, equilibrium P desorbed 
concentration and P desorbed for surface and subsurface soils from Wagga Wagga. 

 Wagga Wagga surface soil  Wagga Wagga subsurface soil 

Initial DOC 
concentratio
n (mg/L) 

Replicate
s 

Equilibriu
m DOC 
pH 

Equilibrium 
DOC 
concentratio
n (mmol/L) 

DOC 
adsorbed 
(mmol/kg
) 

Equilibrium 
P desorbed 
concentratio
n (mmol/L) 

P desorbed 
(mmol/kg)  

Equilibriu
m DOC 
pH 

Equilibrium 
DOC 
concentratio
n (mmol/L) 

DOC 
adsorbed 
(mmol/kg
) 

Equilibrium 
P desorbed 
concentratio
n (mmol/L) 

P 
desorbed 
(mmol/kg
) 

0 1 4.55 1.23 -11.10 0.83 8.30  5.11 0.93 -8.10 0.56 5.55 
0 2 4.56 1.23 -11.13 0.83 8.30  5.10 0.93 -8.11 0.55 5.51 
5 1 4.58 1.32 -9.16 0.85 8.48  5.03 1.07 -6.23 0.56 5.64 
5 2 4.57 1.32 -9.17 0.85 8.48  5.01 1.07 -6.24 0.56 5.60 

10 1 4.58 1.49 -7.28 0.86 8.56  4.97 1.21 -4.17 0.57 5.69 
10 2 4.57 1.49 -7.30 0.86 8.56  4.98 1.21 -4.16 0.57 5.69 
20 1 4.6 1.81 -2.74 0.87 8.65  5.00 1.54 0.35 0.57 5.73 
20 2 4.59 1.81 -2.76 0.87 8.65  4.99 1.54 0.34 0.58 5.73 
40 1 4.58 2.66 4.40 0.87 8.74  5.06 2.26 8.78 0.59 5.91 
40 2 4.59 2.66 4.37 0.87 8.74  5.04 2.26 8.77 0.59 5.91 
60 1 4.64 3.53 10.99 0.90 9.00  4.99 2.96 17.14 0.59 5.95 
60 2 4.65 3.53 10.97 0.90 9.00  5.01 2.96 17.13 0.59 5.95 
80 1 4.66 4.46 18.33 0.90 9.00  5.03 3.75 24.05 0.60 5.99 
80 2 4.65 4.46 18.30 0.90 9.00  5.01 3.75 24.04 0.60 5.99 

100 1 4.67 5.42 22.04 0.90 9.00  5.05 4.45 32.21 0.60 6.04 
100 2 4.68 5.42 22.01 0.90 9.00  5.02 4.45 32.20 0.60 6.04 
120 1 4.67 6.30 28.28 0.90 9.00  5.09 5.43 39.42 0.61 6.12 
120 2 4.68 6.30 28.27 0.90 9.00  5.08 5.43 39.41 0.61 6.12 
140 1 4.68 7.38 32.24 0.91 9.09  5.06 6.29 48.00 0.63 6.26 
140 2 4.67 7.38 32.22 0.91 9.09  5.08 6.29 48.01 0.62 6.26 
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Appendix 5.4. Initial DOC concentration, equilibrium DOC pH, equilibrium DOC concentration, DOC adsorbed, equilibrium P desorbed 
concentration and P desorbed for surface and subsurface soils from Tumbarumba. 

 Tumbarumba surface soil  Tumbarumba subsurface soil 

Initial DOC 
concentratio
n (mg/L) 

Replicate
s 

Equilibriu
m DOC pH 

Equilibrium 
DOC 
concentratio
n (mmol/L) 

DOC 
adsorbed 
(mmol/kg
) 

Equilibrium 
P desorbed 
concentratio
n (mmol/L) 

P 
desorbed 
(mmol/kg
)  

Equilibriu
m DOC pH 

Equilibrium 
DOC 
concentratio
n (mmol/l) 

DOC 
adsorbed 
(mmol/kg
) 

Equilibrium 
P desorbed 
concentratio
n (mmol/L) 

P 
desorbed 
(mmol/kg
) 

0 1 4.33 1.47 -13.49 0.01 0.08  5.24 0.52 -3.98 0.003 0.03 
0 2 4.32 1.47 -13.50 0.01 0.08  5.22 0.52 -3.98 0.003 0.03 
5 1 4.32 1.50 -10.97 0.01 0.08  5.41 0.55 -1.06 0.003 0.03 
5 2 4.33 1.51 -11.00 0.01 0.08  5.43 0.55 -1.05 0.003 0.03 

10 1 4.32 1.55 -7.90 0.01 0.08  5.46 0.61 1.79 0.003 0.03 
10 2 4.33 1.55 -7.91 0.01 0.08  5.43 0.61 1.78 0.003 0.03 
20 1 4.31 1.62 -0.91 0.01 0.08  5.42 0.69 8.83 0.003 0.03 
20 2 4.32 1.62 -0.92 0.01 0.08  5.42 0.69 8.82 0.003 0.03 
40 1 4.33 1.84 12.64 0.01 0.09  5.42 0.88 22.53 0.003 0.03 
40 2 4.34 1.84 12.60 0.01 0.09  5.42 0.88 22.54 0.003 0.03 
60 1 4.35 2.24 23.91 0.01 0.09  5.44 1.07 36.05 0.003 0.03 
60 2 4.36 2.24 23.89 0.01 0.09  5.41 1.07 36.06 0.003 0.03 
80 1 4.35 2.67 36.18 0.01 0.10  5.44 1.25 49.00 0.003 0.03 
80 2 4.36 2.68 36.15 0.01 0.10  5.43 1.25 49.02 0.003 0.03 

100 1 4.35 2.82 48.06 0.01 0.11  5.43 1.45 62.23 0.003 0.03 
100 2 4.36 2.82 48.03 0.01 0.11  5.45 1.45 62.25 0.003 0.03 
120 1 4.37 3.30 58.26 0.01 0.12  5.40 1.65 77.29 0.004 0.04 
120 2 4.38 3.30 58.24 0.01 0.12  5.40 1.65 77.29 0.004 0.04 
140 1 4.39 3.67 69.37 0.01 0.13  5.36 1.91 91.80 0.004 0.04 
140 2 4.38 3.67 69.33 0.01 0.13  5.38 1.91 91.77 0.004 0.04 
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Appendix 5.5. Initial DOC concentration, initial P concentration, equilibrium P and DOC pH, equilibrium P concentration, equilibrium DOC 
concentration, P adsorbed, and DOC adsorbed for surface and subsurface soil from Wagga Wagga. 

  Wagga Wagga surface soil  Wagga Wagga subsurface soil 

Initial 
DOC 
concentrati
on (mg/L) 

Initial 
P 
concent
ration 
(mg/L) 

Repli
cates 

Equilib
rium 
P+DO
C pH 

Equilibri
um P 
concentr
ation 
(mmol/L
) 

P adsorbed 
(mmol/kg) 

Equilibri
um DOC 
concentr
ation 
(mmol/L
) 

DOC 
adsorbed 
(mmol/kg)  

Equilibriu
m P+DOC 
pH 

Equilibrium P 
concentration 
(mmol/L) 

P adsorbed 
(mmol/kg) 

Equilibriu
m DOC 
concentrat
ion 
(mmol/L) 

DOC 
adsorbed 
(mmol/kg) 

1.12 24.57 1 5.26 0.85 -1.19 0.78 -13.66  5.60 0.75 0.91 0.64 -11.01 
1.12 24.57 2 5.25 0.85 -1.19 0.78 -13.65  5.60 0.75 0.91 0.64 -11.01 
1.85 28.99 1 4.75 0.88 1.14 0.83 -13.60  5.09 0.78 3.16 0.64 -9.80 
1.85 28.99 2 4.74 0.88 1.14 0.83 -13.60  5.09 0.78 3.16 0.64 -9.79 
1.89 32.80 1 4.70 0.91 2.98 0.86 -14.04  5.09 0.81 5.00 0.68 -10.45 
1.89 32.80 2 4.71 0.91 2.98 0.86 -14.04  5.09 0.81 5.00 0.68 -10.46 
3.15 35.92 1 4.70 0.92 4.83 0.86 -11.97  5.01 0.86 5.97 0.68 -8.36 
3.15 35.92 2 4.71 0.92 4.83 0.86 -11.97  5.01 0.86 5.97 0.68 -8.37 
6.20 37.96 1 4.71 0.96 5.26 1.05 -10.76  5.00 0.91 6.41 0.84 -6.40 
6.20 37.96 2 4.72 0.96 5.26 1.05 -10.76  5.00 0.91 6.41 0.84 -6.40 
9.28 40.00 1 4.67 0.98 6.14 1.21 -8.80  5.00 0.94 7.11 0.99 -4.34 
9.28 40.00 2 4.68 0.98 6.14 1.21 -8.80  5.00 0.94 7.11 0.99 -4.30 

12.71 42.85 1 4.67 1.07 6.32 1.40 -6.89  5.01 0.95 8.60 1.16 -1.98 
12.71 42.85 2 4.69 1.07 6.32 1.40 -6.89  5.01 0.95 8.60 1.16 -2.00 
15.86 46.93 1 4.72 1.11 8.07 1.63 -6.26  5.01 1.09 8.51 1.42 -1.93 
15.86 46.93 2 4.73 1.11 8.07 1.63 -6.26  5.01 1.09 8.51 1.42 -1.98 
18.99 50.05 1 4.75 1.20 8.25 1.74 -3.18  5.03 1.15 9.48 1.49 1.73 
18.99 50.05 2 4.75 1.20 8.25 1.74 -3.18  5.03 1.15 9.48 1.50 1.67 
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Appendix 5.6. Initial DOC concentration, initial P concentration, equilibrium P and DOC pH, equilibrium P concentration, equilibrium DOC 
concentration, P adsorbed, and DOC adsorbed for surface and subsurface soil from Tumbarumba. 

  Tumbarumba surface soil  Tumbarumba subsurface soil   
Initial 
DOC 
concent
ration 
(mg/L) 

Initial P 
concent
ration 
(mg/L) 

Replic
ates 

Equilib
rium 
P+DO
C pH 

Equilibrium 
P 
concentration 
(mmol/L) 

P adsorbed 
(mmol/kg) 

Equilibrium 
DOC 
concentrati
on 
(mmol/L) 

DOC 
adsorbed 
(mmol/kg)  

Equilibriu
m P 
+DOC pH 

Equilibrium 
P 
concentratio
n (mmol/L) 

P adsorbed 
(mmol/kg) 

Equilibriu
m DOC 
concentrat
ion 
(mmol/L) 

DOC 
adsorbed 
(mmol/kg) 

1.12 7.99 1 4.87 0.14 2.32 1.35 -25.18  5.09 0.02 4.73 0.49 -7.91 
1.12 7.99 2 4.86 0.14 2.32 1.35 -25.19  5.08 0.02 4.73 0.49 -7.92 
1.63 28.18 1 4.53 0.24 13.34 1.39 -25.04  4.89 0.03 17.53 0.52 -7.73 
1.63 28.18 2 4.54 0.24 13.34 1.39 -25.08  4.90 0.03 17.53 0.52 -7.73 
2.00 41.22 1 4.60 0.26 21.50 1.42 -25.03  4.94 0.05 25.69 0.56 -7.78 
2.00 41.22 2 4.59 0.26 21.50 1.42 -25.07  4.95 0.05 25.69 0.56 -7.78 
3.58 44.48 1 4.51 0.26 23.52 1.49 -23.89  4.96 0.05 27.71 0.65 -7.01 
3.58 44.48 2 4.52 0.26 23.52 1.49 -23.94  4.97 0.05 27.71 0.65 -7.01 
6.46 51.96 1 4.59 0.34 26.76 1.65 -22.30  4.93 0.10 31.57 0.73 -3.88 
6.46 51.96 2 4.58 0.34 26.76 1.65 -22.30  4.94 0.10 31.57 0.73 -3.88 
9.48 55.90 1 4.65 0.40 28.17 1.96 -23.33  4.90 0.14 33.24 0.88 -1.79 
9.48 55.90 2 4.64 0.40 28.17 1.96 -23.35  4.91 0.14 33.24 0.88 -1.84 

12.96 58.89 1 4.59 0.48 28.34 2.10 -20.38  4.92 0.21 33.85 0.93 2.90 
12.96 58.89 2 4.60 0.48 28.34 2.10 -20.38  4.92 0.21 33.85 0.94 2.85 
15.48 64.86 1 4.69 0.61 29.74 2.31 -20.42  4.97 0.27 36.57 1.09 4.03 
15.48 64.86 2 4.68 0.61 29.74 2.31 -20.45  4.98 0.27 36.57 1.09 4.03 
19.27 69.76 1 4.62 0.67 31.59 2.52 -18.27  4.96 0.33 38.41 1.19 8.34 
19.27 69.76 2 4.61 0.67 31.59 2.52 -18.27  4.97 0.33 38.41 1.19 8.34 
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