
 

 
Phosphorus Solubility and Solid - State Speciation in Fertilizer Bands 

Applied to Calcareous Soil Systems  

by 

Mihiri Chathurika Wilasini Manimel Wadu 

 

 

 

 

 

A Thesis submitted to the Faculty of Graduate Studies of 

The University of Manitoba 

in partial fulfilment of the requirements of the degree of 

 

 

DOCTOR OF PHILOSOPHY 

 

 

Department of Soil Science 

University of Manitoba 

Winnipeg 

 

 

Copyright © 2015 by Mihiri Chathurika Wilasini Manimel Wadu 



2 

 

 

ABSTRACT 

 

Mihiri C. W. Manimel Wadu. The University of Manitoba. Phosphorus solubility and 

solid-state speciation in fertilizer bands applied to calcareous soil systems. Major 

Professor; Olalekan O. Akinremi. 

 

 

Precipitation reactions of phosphorus (P) with Ca decrease the P fertilizer efficiency 

in calcareous soils. The hypothesis was that anion competition of sulphate with phosphate 

to precipitate with Ca will increase P solubility in calcareous soils. Initial experiments 

were conducted to investigate the effect of co-application of K2SO4, (NH4)2SO4, MgSO4 

and (NH4)2CO3 on the solubility of monopotassium phosphate (MPP) and 

monoammonium phosphate (MAP) in different Manitoba soils. Co-application of 

sulphate salts enhanced P solubility by a factor that ranged from 6% to 44% in soils with 

greater exchangeable Ca and smaller acid-extractable Ca content (i.e. Osborne, Red 

River, Balmoral and St. Claude soil series).  Solubility and solid-state speciation of P 

were investigated when MPP was banded with sulphate salts in both model and natural 

(Dezwood Loam soil series, DL) calcareous soils. The results of S K-edge X-ray 

absorption near edge structure spectroscopy (XANES) showed that CaSO4•2H2O was 

formed in DL soil when either K2SO4, (NH4)2SO4 or MgSO4 was applied with MPP. 

Phosphorus-31 magic-angle spinning nuclear magnetic resonance (MAS NMR) analysis 

showed that dicalcium phosphate dihydrate (DCPD) was formed in both soils, but the 

relative proportion of DCPD decreased in the presence of sulphate salts due to the 
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formation of a new P compound. The results also showed that decreasing Ca saturation on 

the cation exchange complex increased the solubility and mobility of MAP in model 

calcareous soils and Ca played a more dominant role in forming P precipitates than Mg. 

According to 
31

P MAS NMR results, DCPD was the dominant P species in soils with 

100% to 50% Ca saturation on the cation exchange complex while poorly ordered 

magnesium phosphate trihydrate was the prominent P phase with 70% to 100% Mg 

saturation. This study has demonstrated that the combination of solid state NMR and 

XANES provided complimentary information concerning anion competition and changes 

in P speciation due to the co-application of sulphate salts in fertilizer bands. Application 

of sulphate salts is a promising agronomic practice to enhance P solubility in soils with 

greater exchangeable Ca content due to the anion competition by sulphates with 

phosphate to precipitate with Ca. 
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FOREWORD 

 

This thesis is prepared in manuscript format following the thesis guidelines of 

Department of Soil Science, University of Manitoba.  Chapter 1 includes an introduction 

to literature review on P reactions in calcareous soils and direct identification of P 

reaction products in calcareous soils using spectroscopic techniques.  Chapter 2 deals 

with an exploratory study that was conducted to evaluate the soil specific response of 

Manitoba soils to the application of salt with a P source in a dual fertilizer band.  Chapter 

3 will present the application of solid-state nuclear magnetic resonance (NMR) 

spectroscopy to investigate the role of exchangeable Ca and Mg ratio on P solubility and 

speciation in model calcareous soil systems.  This is followed by a study to investigate P 

solubility and solid-state speciation of P and S in fertilizer dual bands applied to 

calcareous soil systems (Chapter 4).  Chapter 5 compares the application of solid-state 

NMR and X-ray absorption near edge structure spectroscopy for the identification of P 

precipitates in a model calcareous soil and a natural soil.  The final chapter presents the 

synthesis and summary of the chapters 2-5 with practical implications of the findings and 

recommendations for future studies. 

A major part of the chapter 3 of this thesis was published in Soil Science Society of 

America Journal: Manimel Wadu, M.C.W., V. K. Michaelis, S. Kroeker and O. O. 

Akinremi. 2013.  Exchangeable Ca:Mg ratio affects P behaviour in calcareous soils. Soil 

Science Society of America Journal 77: 2004-2013.  Chapter 4 has been submitted to the 

Soil Science Society of America Journal and it is currently under review: Manimel Wadu, 
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M.C.W., Y. Hu, B. Greer, S. Kroeker and O. O. Akinremi.  Application of sulphate salts 

affects phosphorus solubility and speciation in calcareous soils: A
 31P

 MAS NMR and S 

K-edge XANES investigation. Soil Science Society of America Journal (In review).  
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FWHM   Full width at half maximum   

FY     Fluorescence yield  

GHP   Glenhope 

HA    Hydroxyapatite   

LCF   Linear combination fitting  

LDW   Ladywood 

M    Molarity (mol L
-1

) 

LSD   Least Significance Difference 

MAP   Ammonium phosphate monobasic 

MAP   Monoammonium phosphate  

MAS    Magic-angle spinning 

MgEX   Exchangeable magnesium 

MgH2O    Water -extractable magnesium 

MgHCl   HCl-extractable magnesium 

MCP   Monocalcium phosphate  

MPP   Monopotassium phosphate   

MPTH   Magnesium phosphate trihydrate  

NMR    Nuclear magnetic resonance 

OBO    Osborne 

OCP    Octacalcium phosphate 

P400    Single point adsorption  

PC    Principal component 

PCA   Principal component analysis 

PH2O   Water-extractable phosphorus 
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PHCl    Acid-extractable phosphorus  

pKsp    Solubility product 

POlsen   Sodium bicarbonate-extractable phosphorus 

PYRO   Calcium pyrophosphate  

RAM    Ramada  

RIV    Red River 

SCY    Scantebury 

SP     Single-pulse 

STRUV    Struvite 

SUE   St. Claude 

TEY   Total electron yield 

TT     Target transformation 

XANES    X-ray absorption near edge structure spectroscopy 

XAS   X-ray absorption spectroscopy  

XRD   X-ray diffraction 
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1. INTRODUCTION 

 

The overall objective of this dissertation was to investigate phosphorus (P) 

solubility in fertilizer bands applied to calcareous soil systems and to identify P reaction 

products using spectroscopic techniques. Molecular identification of P species in 

fertilized soils facilitates a better understanding of P reactions in calcareous soils.   Such 

understanding is important in modifying fertilizer-soil interaction zone to minimise soil 

reactions that reduce P solubility.  Many efforts have been devoted towards unravelling P 

speciation in fertilized soils using spectroscopic methods due to many advantages of 

direct P speciation methods over the indirect methods.  This chapter is devoted to provide 

an understanding of P reactions and reaction products in calcareous soils and use of 

spectroscopic techniques for identification of P reaction products in soils.   

 

 

1.1. Soil Phosphorus 

 

Phosphorus is an essential element to all forms of life on earth. Phosphorus is a 

structural component of DNA and RNA and also plays a vital role in energy transfer and 

storage through ATP in living organisms.  Phosphorus deficiency in plants is second only 

to nitrogen and considered as a major soil fertility problem.  Phosphorus in the 

environment is mainly conserved in soils and sediments.  Total P in topsoil horizons (0-

15 cm) ranges from 50-3000 mg kg
-1

 depending on parent material, soil type and soil 



21 

 

management practices (Frossard et al., 1995; Foth and Ellis, 1997).  Stevenson (1986) 

reported that 3 to 90% of total P is present as organic P in soils from numerous countries, 

which implies that inorganic P in soils varies in the range of 10 to 97%.  

In soils, a dynamic equilibrium exists between the organic and inorganic P in the 

solid phase and the soil solution phase (Figure 1.1).  The main chemical and biological 

processes involved in P cycling in soils are dissolution-precipitation, sorption-desorption 

and mineralization-immobilization.  Phosphorus in solid phases that rapidly equilibrate 

with the soil solution or runoff and surface waters is often referred to as labile P while the 

form of soil P that slowly release P to solution are termed nonlabile P (Sims and 

Pierzynski, 2005). 

Plants absorb phosphate ions from the soil solution.  Concentration of soil solution 

P typically ranges from < 0.01 mg P L
-1

 (very infertile soils) to 1 mg P L
-1

 (well fertilized 

soils), but can sometimes be as high as 7 to 8 mg P L
-1

 in soils recently amended with 

fertilizers or organic by-products (Sims and Pierzynski, 2005).  The low concentration of 

P in soil solution is due to the reactivity of P with soil constituents and low solubility of P 

minerals in soils. Soil phosphorus reactions such as sorption, precipitation, 

immobilization, etc. reduce P concentration in the soil solution.  The quantity of P in the 

soil solution at a given time generally represents < 1 % of the total quantity of P in the 

soil (Pierzynski, 1991).  Phosphorus in the soil solution is mainly present as primary or 

secondary orthophosphates that vary in concentrations depending on the soil pH (i.e. 

PO4
3-

, HPO4
2-

 and H2PO4
-
).   The equilibrium constants of orthophosphate ions at 25

o
C 

are given in equations 1.1-1.4 (Lindsay et al., 1989).  
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Figure 1.1  Reactions between solid phase and solution phase phosphorus. 
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     H3PO4
0 ↔ H+ + H2 PO4

-
             Log K = -2.15            [1.1] 

    H2PO4
-
 ↔ H+ + HPO4

2-
                Log K = -7.21          [1.2] 

     HPO4
2-

 ↔ H+ + PO4
3-

                  Log K = -12.35          [1.3] 

     H2PO4
-
 ↔ 2H+ + PO4

3-
             Log K = -19.56           [1.4] 

 

The monovalent H2PO4
-
 ions are dominant in acidic soils whereas divalent HPO4

2-
 

ions dominate the soil solution of alkaline soils and both forms are considered available 

for plant uptake.   Ion pairs such as CaHPO4
0
, MgHPO4

0
 or CaPO4

- 
may also be present in 

the soil solution at higher pH values (pH > 7) and can represent significant amount of the 

P in solution.  However, in most cases these soluble complexes rapidly convert to 

orthophosphate in soils (Sims and Pierzynski, 2005).  

The forms of inorganic P in the soil environment are primary minerals, secondary 

minerals, adsorbed P and physically occluded P.   Inorganic P occurs as primary minerals 

that are derived directly from the weathering of parent materials and the major primary P 

minerals in soils are listed in Table 1.1.  In unweathered or moderately weathered soils, 

apatite is the primary source of P but as the weathering processes progress, apatite 

dissolves providing Ca
2+

 to the soil solution which can then be lost by leaching or crop 

uptake.  In addition to apatite, unweathered soils can contain more soluble phosphates 

such as monetite, brushite as primary minerals.  In highly weathered acidic soils Al 

phosphates and Fe phosphates dominate the soil P mineralogy.  Formation of secondary 

minerals takes place when P that is added as amendments subsequently co-precipitate 

with soluble Fe, Al or Ca in soils (Forth and Ellis, 1997).  
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Table 1-1  Common phosphate minerals in soils (Sims and Pierzynski, 2005). 

Mineral name Formula 

Ca-P Minerals  

Monocalcium phosphate Ca(H2PO4)2•H2O 

Burshite (dicalcium phosphate dihydrate) CaHPO4•2H2O 

Monetite (dicalcium phosphate) CaHPO4 

Octacalcium phosphate Ca4H(PO4)3•2.5H2O 

β-tricalcium phosphate β-Ca3(PO4)2 

Hydroxyapatite Ca5(PO4)3OH 

Fluorapatite Ca5(PO4)3F 

Fe-P minerals  

Strengite  FePO4•2H2O 

Vivianite  Fe3(PO4)2•8H2O 

Al-P minerals  

Variscite AlPO4•2H2O 

Amorphous varisite Al(OH)2H2PO4 

Pb-P minerals  

Hydroxypyromorphite Pb5(PO4)3OH 

Chloropyromorphite Pb5(PO4)3Cl 

  

Mn-P minerals  

- MnPO4•1.5H2O 

- MnHPO4•3H2O 

- Mn5H2(PO4)4•4H2O 
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Organic P in soils is found in two broadly defined pools: 1. biologically available 

organic P (inositol phosphates, phospholipids, nucleic acids and their derivatives), 2. 

stable organic P, highly resistant to biological activity (humic acid fraction) (Stevenson, 

1982).   The largest fraction of organic P in most soils is inositol phosphates that make up 

as much as 80% of the total organic P (Harrison, 1987). 

 

1.2. Phosphorus Retention in Soils 

1.2.1.  Phosphorus Retention Mechanisms 

Phosphorus is highly immobile in soils.  The phenomenon of removal of P from 

the solution phase and the formation of less soluble forms of P is called ‘P fixation’ or ‘P 

retention’.   Phosphorus applied to soil is generally fixed near the point of application due 

to the P retention processes.  The two types of reactions that control the concentration of 

inorganic P in the soil solution are precipitation-dissolution and sorption-desorption.   

Orthophosphates can adsorb to the surfaces and edges of hydrous oxides, clay minerals 

and carbonates by replacing H2O or OH
-
 group.

   
Phosphorus precipitation is the formation 

of discrete, solid materials when the soil solution is supersaturated with respect to variety 

of P compounds.  The nature of the precipitating compounds depends on the kind and 

amounts of cation and anions supplied by both the fertilizer and soil, soil pH and soil 

moisture (Sample et al., 1980).  Cations such as Fe, Al, Mn, Ca and Mg act as primary 

cations that take part in the P precipitation reactions in soils.  

The application of commercial P fertilizers causes an immediate increase in the P 

concentration in soil solution.  Once a fertilizer granular or band is placed in a soil, the 



26 

 

formation of a concentrated solution around the fertilizer granule establish osmotic 

gradient between the concentrated fertilizer solution and soil water.  The soil moisture is 

drawn into the concentrated zone by vapour transport in soils.  Thus, the greater inward 

movement of water will result in greater outward movement of fertilizer solution.  This 

process leads to differences in P concentration in the soil surrounding the granules or 

bands of fertilizers as observed by previous investigators (Lindsay and Stephenson, 1959; 

Moody et al., 1995a, 1995b).  Consistent with these observations, Benbi and Gilkes 

(1987) illustrated three zones characteristic of the P fertilizer-soil reactions.  These zones 

are described in detailed in the review of Hedley and McLaughlin (2005) and briefly 

explained below. 

1. The residual granule and immediate fertilizer-soil interface:  This includes 

insoluble P compounds present in the original fertilizer and compounds that 

precipitated from the concentrated fertilizer solution.  The nature of P compounds 

formed in soils is only dependent upon the chemical forms of P and other salts 

present in the initial fertilizer granule and the soil moisture.  

2. P saturated zone of soil next to granule:  In this zone, the P adsorption capacity 

has been exceeded and the concentrated fertilizer solution reacts with metal ions 

and organic matter released from soils.  The immediate soil reactions in this zone 

are controlled by concentration and speciation of P, forms and concentration of 

accompanying cations and solution pH. 

3. P unsaturated zone:  P sorption capacity of the soil has not been exceeded and the 

concentration of P and metal species in soil solution do not exceed the solubility 
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product criteria of metal phosphates.  The movement of phosphorus in this zone is 

mostly by diffusion. 

Hence, the understanding of the degree of precipitation/adsorption reactions in soils 

is essential to control the reactions that influence P solubility and movement in soils. 

Thus, further investigation of chemical processes that govern the availability of P at 

spatial and temporal scale is necessary to distinguish between the different forms of P that 

exist in soils after fertilization. 

 

1.2.2 Phosphorus Adsorption versus Precipitation in Soils 

           The reactivity of orthophosphate ions with the mineral matrix of soils depends on 

many factors such as the nature and the extent of the soil surface, environmental 

conditions such as water content, amount and nature of dissolved ions and soil 

temperature.   A variety of sorption and precipitation mechanisms have been suggested to 

explain P fixation in soils, with no real consensus as to the relative magnitude of their 

contributions.  It has been generally concluded that for P solution concentrations up to the 

millimolar range, adsorption reactions predominate (Matar et al., 1992) and researchers 

using dilute P solutions have developed several adsorption equations.  On the other hand, 

those working with concentrated P solution, usually in the molar range have observed 

precipitates forming separately at the surfaces of soil constituents (Power and Prasad, 

1997).  Therefore precipitation reactions can dominate, within suitable pH range, at 

higher P concentrations such as those produced by the contact of a dissolving fertilizer 

granule with soil particles or at the application site of a concentrated fertilizer band.  
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 Tunesi et al. (1999) have concluded that the partitioning of phosphate ions in 

calcareous soil between solid phases and solution appeared to be controlled by adsorption 

on soil mineral components only for solution concentrations lower than saturation with 

respect to Ca-P mineral phases.  They have also shown that, precipitation process 

becomes dominant under increasing concentrations either of phosphate ions in solution or 

of calcium ions released from the exchange complex or solubilized from carbonate 

phases.  According to Akinremi (1990), both sorption and precipitation reactions can 

occur simultaneously either at different points or similar surfaces in the soil.  

Phosphorus fertilizer management practices together with the soil properties affect 

the relative distribution of adsorbed P and precipitated P with different cations (Afif et al., 

1993).  Phosphorus is retained in soil by hydroxides and oxyhydroxides of Fe and Al, 

alumino-silicate minerals, soil carbonates, and soil organic matter.  Phosphate ions can be 

retained via specific sorption that involves the formation of chemical bonds with the 

surface group of mineral oxides in the soil.  It may also be retained via non-specific 

sorption on positively charged mineral surfaces by electrostatic attraction.  Phosphorus 

sorption reactions are kinetically biphasic and typified by a rapid initial reaction (one day 

or less) and followed by a much longer, slow reaction that can last for weeks or longer 

(Enfield, et al., 1981; van der Zee and Riemsdijk, 1988).  The initial reaction involve 

nonspecific adsorption and ligand exchange on mineral edges or by amorphous oxides 

and carbonates while slow reactions may involve surface precipitation or polimerization 

on mineral surfaces and/ or diffusion of adsorbed P into the interior of the solid phase  

(Sposito, 1986).   
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Talibuddin (1981) explained four steps in the precipitation process that occurs when 

dissolved P reacts with soil: 1. formation of a surface-adsorbed P complex, 2. dissolution 

of clay minerals which increases the concentration of P-reactive metal ions in solution, 3. 

slow desorption of surface-adsorbed P compounds, 4. slow nucleation, crystallization and 

recrystallization of P compounds.  Solid phases formed initially may later convert to less 

soluble forms and P adsorption can continue in soil leading to decreased P concentration 

in the soil solution.  

Phosphorus retention properties in calcareous soils are controlled by various soil 

properties (Lookman et al., 1996).  Significant correlations have been reported between P 

adsorption capacity and soil properties such as, soil texture (Yuan and Lucas, 1982; 

Mozaffari and Sims, 1994; Leclerc et al., 2001), organic matter content (Daly et al., 2001) 

and soil pH (Barrow, 1978).  Sharpley and Smith (1985) showed that the concentrations 

of labile P in calcareous soils are negatively correlated with CaCO3 content.  Sø et al. 

(2011) using batch experiments have studied P adsorption on calcite in a solution with < 

50 µM total phosphates and shown that >CaPO4Ca
o
 and either >CaHPO4Ca

+
 or 

>CaHPO4
-
 can be the adsorbed species. 

 

1.3. Phosphorus Fertilizers 

The low concentration and low solubility of P compounds in unfertilized 

(unmanured) soils limits continuous crop production (Hedley et al., 1995).  Therefore, P 

fertilization is an essential part of soil management to ensure adequate supply of P for 

plants.  McLaughlin et al. (1988) have shown that only 5 to 30% of the soluble P applied 

to soils is recovered in the first crop.  The soil solution P concentration that is required for 
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optimum plant growth is often reported as 0.2 mg P L
-1

.  However, studies have shown 

that some plants can attain optimum yields when soil solution P is as low as 0.03 mg P L
-1 

(Sims and Pierzynski, 2005).  In order to be effective, the fertilizer or their reaction 

products in soils should have greater solubility products than the natural P compounds in 

soils.  Although 70 to 90% of the applied P is retained in the soils as ‘fertilizer-soil 

reaction products’, the yield producing capability of the residual P in the next season is 

considerably low (Barrow, 1980; Bolland and Gilkes, 1998).  Therefore soil solution must 

be replenished over the time. 

Fertilizers P can be mainly divided as organic fertilizers and inorganic fertilizers.  

All inorganic P fertilizers are produced from phosphate rocks, polyphosphates being the 

only exception that is produced from elemental P.  Upon the dissolution of P fertilizers in 

the soil solution, orthophosphates become available for plant uptake.  However, some 

studies have shown that the application of liquid forms of P fertilizers are more effective 

in providing P for plant compared to their equivalent granular forms of P (Holloway et 

al., 2001; McBeath et al., 2005).  The commonly used P fertilizers are briefly described 

below. 

 

1. Ordinary (single) super phosphates – Ca(H2PO4)2 + CaSO4 

It is the oldest source of P fertilizer and is not commonly used at present.  It is made by 

reacting rock phosphate with sulphuric acid and contains 7 to 9.5% P as monocalcium 

phosphate (MCP). 

 

2. Concentrated triple superphosphates – Ca(H2PO4)2 
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It is made by reacting phosphate rock with phosphoric acid and contains 19 to 23% of P 

as MCP. 

 

3. Ammonium phosphates 

These are made by reacting ammonia with phosphoric acid.  Both monoammonium 

phosphate (MAP, NH4H2PO4) and diammonium phosphate (DAP, (NH4)2HPO4) are 

widely used.  The common MAP grades vary from 11-48-0 (21% P) to 11-55-0 (23% P), 

while DAP grades are 16-48-0 (20% P), and 21-53-0 (23% P).  

 

4. Ammonium polyphosphate – NH4H2PO4 + (NH4)3HP2O7 

Both liquid and solid ammonium polyphosphates are available. This is made by 

ammoniation of mixtures of electric-furnace superphosphoric acid and up to 30% of the P 

as wet-process orthophosphoric acid.  Before being taken up by plants, polyphosphates 

must undergo hydrolysis to orthophosphates (equation 1.5). 

 

P2 O7
4-

+ H2O   ↔   2HPO4
2-

                       [1.5]   

 

1.3.1.  Phosphorus Fertilizer Application Methods 

Due to the quick fixation of P in soils, fertilizer placement can help in enhancing P 

fertilizer efficiency.  Placement of P fertilizer close to where root development occurs is 

often desirable due to the limited mobility of P in soils.  The two general methods of P 

fertilizer application are broadcast and band application.  
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Broadcast: Application of fertilizer to the soil surface with or without subsequent 

incorporation to soils.  This method is best suited for high-speed operations and heavy 

application rates.  There is a higher possibility for P fixation in this method since it 

maximizes the contact between soil and fertilizers.  

Band application: Application of P fertilizers as a concentrated narrow zones or bands 

that provide concentrated source of nutrients.  Phosphorus fertilizers can be banded prior 

to, during or after planting.  Band application of P is advantageous for soils that have high 

P fixation capacity, soils with low test levels of P and when the early growth of plants is 

likely to be affected by limited root growth and poor nutrient uptake (Donald et al., 1999).  

Banding limits the interaction of soil with the fertilizer P. 

Dual band application: Application of non-phosphate salts with P fertilizer in a band is 

called dual banding.  Previous studies have shown that dual banding modifies soil pH as 

well as the concentration of ionic species in soil solution (Leikam et al., 1983; Westfall 

and Hanson, 1985; Beever and Racz, 1987, Akinremi and Cho, 1993; Kouboura et al., 

1995; Kumaragamage et al., 2004; Olatuyi et al., 2009a, 2009b).  Such modifications 

affect the interactions of P with soil constituents and other ions, thereby altering the 

availability of P in soils.  Beever and Rcaz (1987) conducted experiments to investigate 

the effects of various N fertilizers applied together with monoammonium phosphate.   

They showed that the solubility of P in the entire fertilizer reaction zone was increased by 

the application of urea, ammonium hydroxide and acidified urea.  On the other hand, P 

solubility was decreased by acidic N fertilizer such as ammonium sulphate or ammonium 

nitrate in calcareous soils.  

The results of a recent study showed the potential of (NH4)2SO4, K2SO4, (NH4)2CO3 

and MgSO4 salt to increase P solubility when applied together with monopotassium 



33 

 

phosphate (Olatuyi et al., 2009b).  These authors showed that the combination of several 

factors is responsible for the enhanced water solubility and diffusive transport of P in the 

resin-sand columns. These factors include pH reduction, Ca
2+

 replacing power of 

accompanying cation and anion competition of SO4
2-

 with HPO4
2-

 for precipitation with 

Ca
2+

.   A study of Hammond (1997) showed that the dual banding of P with (NH4)2SO4 or 

MgSO4 stimulated P uptake by wheat with ammonium sulphate being more effective in 

increasing P utilization.  These authors also reported that P uptake declined slightly as the 

band width decreased from 15 cm to 2.5 cm, particularly at the early growth stages 

probably an indication of the limited diffusion of P away from the band. 

 

1.4. Phosphorus Chemistry in Calcareous Soils 

Calcareous soils are formed under the influence of Ca or carbonate rich parent 

materials.  Such soils contain carbonates of the alkaline earth metals such as Ca and Mg 

and, or to a lesser degree, carbonates of the transition metal ions such as Fe, Zn and Mn 

(Brown et al., 1978; Talibudeen, 1981).  The pH of calcareous soils that is determined in 

water is in the range of 7 to 8.5 (Yaalon, 1957).  The carbonate minerals can be either 

primary carbonates that originated from carbonate rich parent materials or secondary 

carbonates formed by re-precipitation of dissolved carbonates.  Calcite is the main 

carbonate that is present in calcareous soils while dolomite is present as a minor fraction 

in soils (Hunt, 1972; Brown et al., 1978).   The soil solution and cation exchange complex 

of calcareous soils are dominated by Ca (Ulrich, 1983) while Mg is more readily leached 

from dolomite-derived soils than Ca (Dutil, 1982). 
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The chemistry of calcium phosphate is of special significance in calcareous soils.   

Phosphorus retention is dominated by precipitation reactions in neutral-to-calcareous soils 

(Lindsay et al., 1989) due to the formation of sparingly soluble Ca-P phases (Lindsay, 

1979; Freeman and Rowell, 1981).  These reaction products are metastable and with time 

will change into more stable and less soluble P compounds.  As shown by Lindsay et al. 

(1989), the solubility of calcium phosphates in soils generally decreases with the increase 

in soil pH.  It has been shown that solubility of calcium phosphates decreases in the 

following order, CaHPO4•2H2O > CaHPO4 > Ca8H2(PO4)•5H2O > β-Ca3(PO4)2 > 

Ca5OH(PO4)3) > Ca5F(PO4)3 when CO2(g) at 0.0003 atm, Ca
2+

 concentration is 10
-2.5 

M 

and pH is above  6.5 (Lindsay et al., 1989)  Often, the rates of mineral transformations are 

very slow and difficult to predict except through experimentation.  

There have been a number of studies in which researchers have successfully 

isolated and identified P reaction products.  The results of earlier studies have been given 

by the review of Sample et al. (1980).  As an example, Racz and Soper (1967) identified 

dicalcium phosphate dihydrate (CaHPO4•2H2O, DCPD) and magnesium phosphate 

trihydrate (MgHPO4•3H2O, MPTH) as the initial reaction products of pelleted 

monopotassium phosphate (KH2PO4) added to neutral and calcareous soils.  Hinman et al. 

(1962) found DCPD and dicalcium phosphate anhydrate to be dominant reaction products 

when MCP was added to calcareous soils.  In a recent study, Lombi et al. (2006) has 

shown that the formation of octacalcium phosphate or apatite like compound in the 

vicinity of P granules decreased the solubility of granular fertilizers applied to calcareous 

soils.  

The high concentration of phosphate ions in soil solution after P fertilization leads 

to calcium phosphate precipitation in calcareous soils.  The role of calcium ions released 
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from the exchange complex or solubilised from carbonate phases on the precipitation of 

Ca-P phases had been investigated by Akinremi and Cho (1991a, 1991b) and Tunesi et al. 

(1999).  Akinremi and Cho (1991a, 1991b) have shown that, at high P concentrations, 

Ca
2+

 released from the exchange complex governs the precipitation of phosphates, due to 

the low solubility of Ca-P solid phases.  These authors reported that the diffusive transport 

of P in soil columns was retarded by precipitation in a medium saturated with 

exchangeable Ca
2+

.  The contribution to P precipitation by cation exchange was greater 

than that of CaCO3 as shown by the laboratory studies (Akinremi and Cho, 1991a, 

1991b).  Tunesi et al. (1999) suggested that Ca-ion activity in the liquid phase is mainly 

responsible for the formation of insoluble Ca-P phases.  Their results showed that 

carbonate mineral surfaces were not required for the induction of P precipitation.  The 

formation of Ca-P mineral phases increased with the reaction time and was governed by 

the concentration of Ca-ions, pH and different electrolyte concentrations. 

The surfaces of calcite interact with phosphate ions in the soil solution.  The 

interaction of P with pure CaCO3 has also been studied in some detail.  Under alkaline 

conditions, P sorption on to the surface of CaCO3 involves the replacement of –OH2, 

HCO3
-
 or OH

-
 on calcite surface by H2PO4

-
 or HPO4

2-
, resulting in the formation of Ca-P 

phases (Morgan, 1997).   The adsorption of P by calcite surface at low P concentration is 

followed by the nucleation process of Ca-P crystals (Griffin and Jurinak, 1973, 1974).   

The sorbed P on the calcite surface is held less firmly than P sorbed to Al and Fe oxides 

and is therefore more available to plants.  The presence of CaCO3 in calcareous soils 

depresses the activity of Ca
2+

 and allows HPO4
2-

 activity in equilibrium with each of the 

Ca-P to increase by 100-fold for each unit rise of in pH (Lindsay et al., 1989).  Further, an 

increase in CO2 depresses the activity of Ca
2+ 

resulting in an increased activity of H2PO4
2- 
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in calcareous soils (Lindsay et al., 1989).  Tunesi et al. (1999) suggested that the main 

role of carbonate mineral phases is to maintain a constant Ca concentration on the 

exchange complex. 

  

1.4.1 Phosphorus Retention in a Fertilizer Band Applied to Calcareous Soils 

The studies presented in this dissertation were aimed at investigating P availability 

in fertilizer bands that contained very high P concentrations.  Therefore an extensive 

review of P adsorption will not be undertaken here since the main hypothesis of the 

current studies is that precipitation is the dominant mechanism for P retention at the 

concentration of P that exist in the fertilizer band applied to a calcareous soil.  Phosphorus 

adsorption experimentation generally involves exposing soil samples to solutions with 

relatively low P concentrations to determine the amount of P that must be sorbed to 

produce a desired P concentration in solution.  

Although it has been clearly demonstrated that CaCO3 sorbs P, the magnitude of 

sorption is often small.  The adsorption of P by CaCO3 cannot be the dominant 

mechanisms of P retention in calcareous soil when P concentration is of an order of 

magnitude similar to that occurring in a P-fertilizer band.  Kuo and Lotse (1972) reported 

that the adsorption maximum of phosphate on CaCO3 was 25 mg kg
-1

 and Griffin and 

Jurinak (1973) reported P adsorption maximum of 9 mg kg
-1

 for calcite.  Therefore 

adsorption of P by CaCO3 cannot be the dominant mechanism of P retention in a 

calcareous soil when phosphate concentration is of the order of moles per litre. 

Phosphorus concentration greater than 400 mmol L
-1

 has been reported by previous 

investigators in fertilizer bands applied to calcareous soils systems (Akinremi and Cho, 
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1991a; 1991b; Olatuyi et al., 2009a; 2009b).  Therefore the ensuing discussion will 

mainly emphasise factors affecting P precipitation reactions in calcareous soils and 

identification of precipitated P compounds. 

 

1.4.2. Factors Affecting Phosphorus Precipitation in a Fertilizer Band 

An understanding of factors that affect P precipitation in a saturated fertilizer 

solution is essential for identifying the immediate reactions of P in a fertilizer band.  In 

addition to P concentration and its speciation in soil solution, there are other soil 

properties and processes that affect P precipitation reactions and are briefly reviewed 

below.  An appropriate modification of these factors can limit P precipitation reactions in 

a fertilizer band and thereby enhance P solubility. 

I. pH 

 

The magnitude of the phosphate retention processes is strongly influenced by the 

pH of the soil solution.  As reviewed by Sample et al. (1980), the pH of soil-P fertilizer 

inter-phase (reaction zone) greatly influence the reactions such as, dissolution kinetics of 

P, rate and extent of P movement in soils as well as the chemistry of reaction products 

formed in soils.  Therefore, the distribution and the availability of applied P are much 

dependent on the prevailing soil pH.  Previous studies have shown that water-extractable 

P concentration was greater at the point of P fertilizer application in calcareous soils 

compared to deeper levels in a soil columns (Akinremi and Cho, 1991a, 1991b; Olatuyi et 

al., 2009a, 2009b).  This was attributed to the prevalence of monovalent orthophosphate 
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anions (H2PO4
-
) in the surface layer due to the reduction of pH from approximately 8.8 to 

7 in model calcareous soils. 

II. Cations present in soil solution 

 

Phosphate in soil solution is in a dynamic state and is continuously reacting with the 

cations in the soil solution.  As the soil is contacted by the moving front of the fertilizer 

solution, some soil minerals may undergo dissolution releasing large amounts of reactive 

cations to the soil solution.  Cations such as Ca, Fe and Al directly participate in P 

retention in soils.  An extensive removal of Ca from soil minerals has been shown by 

reacting successive increments of soils with solutions derived from monocalcium 

phosphates (Lindsay et al., 1959; Lindsay and Stephenson, 1959).  The presence of larger 

amounts of Na in sodic soils results in large amounts of readily available P due to the 

existence of P that is associated with Na.  Cao et al. (2007) reported that Mg in the 

solution promoted formation of relatively unstable amorphous calcium phosphate, with 

the net effects of minimizing Ca phosphate precipitation and maintaining higher P 

concentrations in solution. This inhibitory effect was attributed to the incorporation of Mg 

in the precipitated solids, which could prevent long-range order of a Ca phosphate phase.   

III. Cation exchange reactions 

 

The cation exchange reaction in soil is a significant factor of P retention due to the 

interaction of cations in P compounds/fertilizers with the soil exchangeable cations.  

Previous studies have shown that the accompanying cations in P fertilizers undergo cation 

exchange reaction with exchangeable Ca and/or Mg in alkaline or calcareous soils 

(Sample et al., 1980; Akinremi, 1990; Akinremi and Cho, 1991a, 1991b) or with the 

exchangeable Fe and/or Al in acid soils (Ro and Cho, 2000; Hao et al., 2000).  In the 
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study of Akinremi (1990), movement of P was significantly retarded in a Ca-saturated 

resin system that was treated with KH2PO4, due to the precipitation of HPO4
2-

 with the 

reactive Ca
2+

 displaced into solution by K
+
. This was not the case when Na was on the 

exchange site, indicating the role of cation exchange reactions and the type of cation in P 

retention (Akinremi 1990). 

IV. Anion effects 

 

The phenomenon by which the accompanying anions added by non-phosphate salts 

in a P fertilizer dual band compete with phosphates for adsorption sites or reactive cations 

in the soil solutions is referred to as anion competition.  In a study by Kumaragamage et 

al. (2004), the solubility of MCP was enhanced by more than two fold when mixed with 

ammonium sulphate or magnesium sulphate.  A similar observation was made by Olatuyi 

et al. (2009a, 2009b) with the use of model calcareous soils systems.  Such results were 

attributed to the competition between sulphate and phosphate anions for precipitation 

with Ca by reducing the magnitude of Ca-P precipitation.  The findings of Satnam et al. 

(1996) showed that P adsorption decreased significantly in the presence of molybdate and 

sulphate in the equilibrium solution.  These authors also showed that the effectiveness of 

the anion to reduce P adsorption was in the order of, MoO4
2- 

> SO4
2- 

> NO3
- 

> Cl
-
. 

Although anion competition has been inferred when the solubility of P is enhanced by the 

addition of sulphate, no evidence for the formation of CaSO4 as a result of this 

competition has been presented thus far. An identification of a Ca-sulphate compound 

will further strengthen the hypothesis of an anion competition as a mechanism for the 

enhancement of P solubility by the addition of sulphate salts.    
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1.5. Solid-State Identification of Phosphorus Species  

Identification of the exact form or compound of phosphorus in soils as well as the 

quantitative distribution of the different chemical forms of P (speciation) is essential for 

understanding P retention mechanisms in soils.  Therefore the development of soil and 

fertilizer management strategies to increase bioavailability of P is directly benefitted by 

the P speciation information.  The methods that can be used to identify P species in soil 

environment can be categorized into two main groups, physical methods and chemical 

methods and various methods in each category are illustrated in the Figure 1.2.  

Comparison and explanation of each method is beyond the scope of this discussion but 

thorough reviews of various methods used in P speciation are given elsewhere (e.g. 

Sample et al., 1980; Arai and Sparks, 2007; Hesterberg, 2010; Akinremi et al., 2011; 

Kizewski et al., 2011).  

The proceeding section will focus on the two solid-state and element specific 

techniques, nuclear magnetic resonance spectroscopy (NMR) and X-ray absorption 

spectroscopy (XAS).  The advantages of these two methods over the other methods are: 1. 

identification of P compounds without prior manipulation of the samples, 2. identification 

of P species regardless of the crystalline nature or form of P in soils (i.e. amorphous or 

adsorbed P phases).  These non-destructive methods avoid possible alterations caused by 

chemical extractions in the analysis of intact samples and provide better opportunity for 

the identification of P compounds in soils.  Moreover, only direct investigations with 

techniques such as NMR or XAS can confirm the existence of a specific P compound due 

to the slow kinetics of mineral P transformations causing non-equilibrium conditions and 

the heterogeneity of P minerals in soil systems.  Therefore indirect approach like 
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Figure 1.2  Various methods used for P speciation in soils. 
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solubility equilibria is recognised as insufficient as the sole indicator of P solubility and 

mineral P dynamics (Sims and Pierzynski, 2005).  In the context of the current study, the 

primary limitation to the use of chemical equilibria is the non-equilibrium conditions in 

soil systems due the downward diffusion of P in the soil systems under investigation.  The 

solubility equilibrium experiments require the assumption that the soil solids are either in 

equilibrium with the aqueous phase or that a steady-state condition exists in which the 

indicators of equilibrium are time invariant within the experiment (Sims and Pierzynski, 

2005).  This cannot be the case in a soil column where both anions and cations diffuse 

downward in response to the concentration gradient created by the addition of a P band at 

the soil surface.  Another limitation is the possibility of forming amorphous compounds 

and/or intermediate reaction products in soils due to the modification of the multi-ionic 

environment in the soil solution.  In such situations, additional limitation arises in the 

uncertainty and unavailability of the established solubility products for such compounds.  

Therefore, spectroscopic techniques that are sensitive to local molecular environment of P 

are needed to provide qualitative and quantitative information on precipitated P in a 

fertilizer band.  

 

 

1.6. Solid-State Nuclear Magnetic Resonance Spectroscopy 

1.6.1.  Theory 

A brief overview of NMR spectroscopy and its applications in studying P speciation 

in environmental samples is given in this section. The following texts were consulted 
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during preparation of this section: Solid-state NMR: basic principles & practice (Harris 

and Hodgkinson, 2012); Solid-state NMR Spectroscopy of Inorganic Materials 

(Fitzgerald, 1996); NMR spectroscopy in inorganic chemistry (Iggo, 1999); A complete 

introduction to modern NMR spectroscopy (Macomber, 1998). 

Nuclear magnetic resonance spectroscopy is a technique based on the magnetic 

properties of the atomic nuclei.  Some isotopes of elements have nuclei that exhibit 

magnetic moments depending on whether or not they possess non-zero values of a 

quantum mechanical property known as spin.  Nuclear spin arises from the unpaired 

proton and neutron in the nucleus.  All isotopes with an odd atomic number and/or an odd  

atomic mass will therefore have a nuclear spin. Nuclei that have a spin have a magnetic 

moment that is called the nuclear magnetic moment, µ. The magnetic moment is 

proportional to the spin, I and the constant of proportionality is called the gyromagnetic 

ratio, γ.  The nuclear spin is quantized and is given the quantum number, I (Iggo, 1999).  

Based on the number of protons and neutrons, I can take integer or half integer values 

(Table 1.2). 

When the nuclei of certain atoms are immersed in a static magnetic field, different 

orientations of the nuclear magnetic moments will have different energies depending on 

the relative orientations of the nuclear magnetic moment and the applied field (the 

Zeeman interaction).  The possible ways the nuclei can align themselves is given by 2I + 

1, since the nuclear spin is quantized and only certain orientations with respect to the 

applied field are allowed.  The energy difference between these orientations can be 

detected when a much larger static magnetic field is applied.  For example, 
31

P with a spin 

number of ½ has two allowed orientations that correspond to two energy levels.  It is 

therefore referred to as a dipolar nucleus and can be either aligned with or against the  



44 

 

 

Table 1-2  Selected NMR properties of some common nuclei (Source: Iggo, 1999). 

Isotope Spin 
Gyromagnetic ratio 

(10
7
 rad. T

-1
 s

-1
) 

Natural abundance 

31
P 1/2 10.8401 100 

1
H 1/2 26.7510 100 

13
C 1/2 6.72804 1.1 

33
S

 
3/2 2.08591 0.8 

15
N 1/2 -2.7117 0.3 

11
B 3/2 8.58406 80.3 

27
Al 5/2 6.9759 100 

133
Cs 7/2 3.52768 100 

19
F 1/2 25.1803 100 
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magnetic field.  The lower energy state, in which the nuclear magnetic moment is parallel 

to the applied magnetic field B0, corresponds to mI = +½.  The higher energy state in 

which the magnetic moment is antiparallel to B0 corresponds to mI = -½.  The transition 

between these two energy states is the basis of NMR spectroscopy.  Under an applied 

magnetic field, the two energy states are unequally populated with slightly more nuclei 

aligned with the applied magnetic field than opposing it.  Thus there will be a net (bulk) 

magnetization aligned with the field which is the sum of the magnetizations of the 

individual spins.  The population difference in the two energy states is dependent both on 

the field and the nucleus being observed and corresponds to a bulk magnetization (M).  

Irradiation of the nuclear spins at the Larmor frequency (equation 1.6) will cause 

transitions between the nuclear spin energy levels (i.e. the nuclei are in resonance with the 

applied radiation).  The net energy absorption occurs as the lower energy state flips to the 

higher energy state.  The exact amount of energy necessary for resonance depends upon 

the strength of the magnetic field and on the nuclei being examined.  Since each isotope 

has a distinct gyromagnetic ratio, the nuclear spins of each element will resonate at 

characteristic, distinct frequencies. When a radiofrequency pulse with appropriate energy 

equal to the difference in energies of the two levels (or at Larmor frequency) is applied, 

transitions between the two energy levels will be induced.  Following the radiofrequency 

pulse, a signal termed free induction decay can be detected as a result of the voltage 

induced in the sample by the energy absorption. The nuclear spin system eventually 

relaxes and come to the thermal equilibrium situation. 

𝒱 = γ B0
2π

   [1.6] 

where, 𝒱 is the resonant frequency (Larmor frequency) in hertz.  
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The electrons in the molecule produce additional magnetic fields as they move in 

the molecular orbitals.  The additional magnetic fields created by electrons can either 

reinforce the spectrometer magnetic field (paramagnetic term) or opposes the 

spectrometer magnetic field (diamagnetic term).  As a result nucleus sees a smaller 

(shielding of nucleus) or greater magnetic field (deshielding of nucleus) than the 

spectrometer magnetic field.  The shielding effect of the magnetic field created by 

electrons depends on the element present and the type of the chemical environment of the 

nucleus.  Shielding changes the separation of the nuclear spin energy levels and hence the 

resonance frequency (Chemical shielding).  The chemically different atoms of the NMR 

element of concern therefore will see a slightly different magnetic field.  

Chemical shielding depends on the strength of the magnetic field because it arises 

from the interaction between electron and the spectrometer field.  Therefore chemical 

shielding is reported as the shift of the resonance line of a compound from that of a 

reference compound.  This parameter is called chemical shift (δ) and given in part per 

million (equation 1.7, Iggo, 1999).  For the analysis of 
31

P NMR usually the standard is 

85% H3PO4.  

 

δ = 
frequency of signal  -  frequency of reference

frequency of spectrometer
 × 10

6 
       [1.7] 

 

Most solid-state 
31

P NMR studies of environmental samples are implemented with 

cross polarization (CP) and magic angle spinning (MAS) techniques.  The main interest 

of the CP MAS technique is that CP increases the sensitivity and MAS enhances the 

resolution of the spectra of solid samples (Fitzgerald, 1996; Macomber, 1998).  The static 
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spectra of powdered samples are poorly resolved due to the random orientation of nuclear 

momenta in solid samples.  This can be overcome by physical rotation of the whole 

sample around an axis inclined at an angle of 54.7
o 

(referred to as the magic angle) 

relative to the static magnetic field, B0 at high spinning frequencies.  This will remove the 

anisotropic portions of the chemical shift leaving narrow line at the isotropic chemical 

shift positions.  Rapid spinning imposes motional averaging similar to solution NMR 

where isotropic tumbling of the molecules causes the averaging to zero of the line 

broadening due to the anisotropic interactions (Fitzgerald, 1996). 

The MAS is usually combined with the method of cross polarisation (CP) whereby 

the sensitivity enhancement results as a consequence of the transfer of polarization from 

an abundant nucleus with a high gyromagnetic ratio, usually 
1
H (Macomber, 1998; 

Fitzgerald, 1996).  The efficiency of this transfer is dependent on the distance between the 

proton and the P nucleus.  The P species in solid phases that have protons or water 

molecules on fixed crystallographic positions in close proximity are selectively enhanced 

by CP MAS while the unprotonated P species are suppressed (Figure 1.3).  Therefore 

combination of CPMAS and single pulse MAS NMR often allow unambiguous 

identification of P species in a complex sample.  

The identification of species in a MAS NMR spectrum is achieved by comparing 

the chemical shift of resonances produced by different compounds in the samples with 

that of standard compounds.  For example, peak locations for P species in phosphorus 

compounds tend to fall between 25 to -25 ppm in reference to environmental samples 

(Cade-Menun, 2005).  The chemical shifts of pure P standard compounds have been well 

reported by numerous authors (e.g. Rothwell et al., 1980; Belton et al., 1987) that can be 

used in peak assignments of unknown samples.  However, peak overlap and inability to  
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Figure 1.3 Phosphorus-31 MAS NMR spectrum obtained using single pulse (solid line) 

and CP MAS (dashed line). 

 

 

 

 



49 

 

obtain distinct resonances can be a problem in CP MAS NMR analysis of complex 

samples like soils.  This problem can be solved partly by peak deconvolution, a technique 

in which the original signal is split into the deferent smaller peaks composing the total 

signal (Lookman et al., 1996).  These authors have shown that peak deconvolution instead 

of ordinary peak integration provided more reliable quantitative interpretation of the 
31

P 

and 
27

Al MAS NMR spectra obtained using fertilized sandy soils. 

 

1.6.2.  Applications and Limitation of 
31

P MAS NMR 

Solid-state NMR spectroscopy has a great potential to identify and isolate inorganic 

P in environmental samples.  Because 
31

P is the only naturally occurring P isotope, all P 

species within a sample can potentially be detected both qualitatively and quantitatively 

by NMR spectroscopy.  McBeath et al. (2006) used solid-state 
31

P NMR to identify the 

hydrolysis product of polyphosphates in soil.  Their results showed that NMR technique 

was able to quantify more of the pyrophosphate added to the soil compared to that of the 

extraction method.  McDowell et al. (2002) used 
31

P CP MAS NMR to determine the 

chemical nature of potentially mobile P associated with Al and Ca in some arable soils.  

Potentially mobile P in these soils were largely present as a combination of soluble and 

loosely adsorbed P forms that are largely associated with Ca as monetite, dicalcium 

phosphate dihydrate, and wavellite (Al-P form). Lookman et al. (1997) conducted 
31

P and 

27
Al MAS NMR experiments on slightly acid-to-acid, sandy and excessively fertilized 

soils to study the chemical environments of P present in soils.  They found that most of 

the P was associated with Al and part of the P exhibited a chemical shift (2.7 ppm) that 

could be attributed to octacalcium phosphate, amorphous calcium phosphate or apatite.  



50 

 

Hinedi et al. (1992) investigated the sorption of inorganic phosphate by two calcium 

carbonates, characterized by specific surface areas equivalent to 0.37 and 22 m
2
 g

-1
 using 

1
H and 

31
P MAS NMR spectroscopy.  The 

31
P MAS and CP-MAS NMR spectra of 

samples obtained from the low-phosphate-concentration conditions (0.79 µmol P sorbed 

g
-1

 CaCO3) showed that the sorbed phosphate is most likely unprotonated.  The sorbed 

phosphate was not in the form of hydroxyapatite, nor does its spectrum resemble the 
31

P 

CP-MAS NMR spectra of amorphous calcium phosphates. 

 Although solid-state NMR spectroscopy is an ideal non-destructive tool for the 

analysis of P, some limitations exist with respect to sensitivity, accuracy and 

interpretation of spectra.  These problems can compromise the quality of data generated 

from complex environmental samples.  One of the major limitations of NMR for 

analysing soil is the presence of paramagnetic ions such as Fe and Mn that cause peak 

broadening, reducing the ability to distinguish peaks from one another.  This can be a 

major problem in identifying P species in soils rich in Fe because P tends to precipitate 

with Fe in acidic soil environments (Table 1.1).  For the same reason, identification of 

organic P species by solid-state NMR is difficult than with the solution NMR.  According 

to Sparks (2003), median concentrations of Fe and Mn in soils are 26 000 mg kg
-1

 and 

550 mg kg
-1

, respectively.  Therefore direct NMR analysis seems to be more powerful for 

characterising waste materials with less Fe and Mn contents such as 330 mg kg
-1

 and 150 

mg kg
-1 

(Ajiboye et al., 2007).  Some authors have reported techniques to remove 

paramagnetic ions from soils prior to the NMR analysis.  McDowell and Stewart (2005) 

showed that the extraction of soils with Ca-EDTA preferentially remove paramagnetic 

ions, Fe and Mn without extracting organic P species.  Skjemstad et al. (1994) showed 

that extracting soils with 2% HF can remove paramagnetic ions, (Fe and Mn) from the 
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inorganic phase of the soil. Moreover, a number of studies have been conducted to 

investigate the issue of paramagnetic ions in solid state NMR (e.g. Aguiar et al., 2009 and 

Ouyang et al., 2006). 

 

1.7. X-ray Absorption Near Edge Structure Spectroscopy 

1.7.1.  Theory 

X-ray absorption spectroscopy generally involves the interaction of X-rays with 

atoms and molecules.  The electrons in an atom move in quantized orbits with discrete 

energies.  X-ray absorption occurs when an atom acquires all the energy of X-ray and 

excites electrons in core level (K, L or M) into higher energy electron orbitals.  Then the 

atom becomes ionized and is promoted to an excited state.  The exited electrons are 

termed photoelectrons.  The excitation process is usually followed by relaxation process 

within approximately a femto second (10
-15 

s), which involves the filling of the core hole 

by a higher level electron.  The transition is accompanied by a release of energy in the 

form of fluorescence radiation, Auger electron production, secondary electron or photon 

production.  X-ray fluorescence occurs when an electron from a higher-energy orbital fills 

the core hole by releasing an X-ray which is equal to the difference in the energy of two 

orbitals.  Thus the fluorescence energy for a given electronic transition is unique for each 

element.  Auger electrons production results when an electron from higher energy orbitals 

fills a core hole and loses its energy by the emission of another electron from the same or 

different shell.  During the XAS experiment, the energies of the photon absorbed or 

emitted photo-electron or the intensity of the emitted fluorescence is measured in a high 
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vacuum absorption chamber.  The signal that is recorded over a range of incident photon 

energies is then used to create an XAS spectrum.  

The X-ray absorption is characterised by a sharp increase in absorption at specific 

X-ray photon energy that is characteristic to the absorbing element.  This sudden increase 

in absorption is called the ‘absorption edge’ and it approximates the binding energy of the 

orbital (K, L, or M) electrons.  The absorption edge is known as K-edge when the 

photoelectron originates from a 1s core level and as L-edge if the ionization is from a 2s 

or 2p electron.  As shown in the Figure 1.4, X-ray absorption near edge structure 

(XANES) is the part of the absorption spectrum near the absorption edge ranging from 

approximately 20 eV before the edge (pre-edge) to +100 eV after the edge (post-edge) 

relative to the edge energy (Kelly et al., 2008).  

The three detection modes commonly used in XAS are transmission, fluorescence 

yield (FY), and total electron yield (TEY).  In the transmission mode, the intensity of the 

beam is measured before and after passing through the sample.  The transmission mode is 

best used at high photon energies (> 4000 eV) that can pass through the sample and also 

for samples with a reasonably high concentration (3-5 wt%).  To avoid the distortion of 

the signal acquired in experiments with the transmission mode, it is important to ensure 

that the sample is homogeneous and its thickness uniform over the entire area irradiated 

by the X-ray beam.  The FY signal can be recorded either as a total fluorescence yield or 

in energy dispersive mode in which only the fluorescence line of interest is collected.  

The FY is best suited for less concentrated and thin samples.  The TEY includes the 

initial photo-electron created by the excitation process and any Auger electrons created by 

various decay processes of the core-hole excited state.  The TEY is a surface sensitive  
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Figure 1.4  Phosphorus K-edge XANES spectrum of dicalcium phosphate dihydrate 

(CaH2PO4•2H2O) with the pre-edge, post-edge and absorption edge (2152 

eV) noted. 
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technique with the escape depth of the electron from the sample being less than 0.1 μm.  

Total electron yield is suitable especially for light elements with low FY. 

The XANES is not a species specific technique. Therefore finger printing 

techniques are implemented to recreate the unknown sample spectrum using known set of 

standards.  Qualitative comparison of normalized spectra can be conducted by visual 

comparison of the unknown spectra and spectra of pure standards to reveal unique 

spectral features in the unknown spectra.  The linear combination fitting (LCF) is 

currently the most common approach to model an unknown spectrum (Kelly et al., 2008; 

Manceau et al., 2002).  The LCF is based on the assumption that an XAS spectrum 

represents the weighted average of signals contributed by all atoms of the X-ray 

absorbing element (Kelly et al., 2008).  Thus LCF involves finding the best combinations 

of relatively pure standards of P species that gives a satisfactory fit for unknown sample. 

The LCF procedure can be combined with a statistical technique called principal 

component analysis (PCA).  The PCA uses matrix operations to determine eigen vectors 

that represent the variation in the set of spectra, it thereby helps to determine the number 

of unique species in a set of samples that are meaningfully related.  The statistically 

significant eigen vectors are called principal components or species in the samples.  The 

significance of different standards to represent the species in the unknown sample is 

given by the SPOIL value.  A higher SPOIL value indicates a poor fit suggesting that the 

standard is not well represented by the principal components (Malinowski, 1991).  Target 

transformation is the next step of PCA analysis to determine the likelihood of a given 

standard spectrum to explain the variance of the set of spectra.  The application of PCA in 

XANES analysis for P and S speciation is given by Beauchemin et al. (2002; 2003) and 

Ressler et al. (2000). 
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1.7.2.  Applications and Limitations 

Several researchers have used P K-edge XANES technique to understand P 

speciation in bulk soils and soil silt-clay fraction (Hesterberg et al., 1999; Beauchemin et 

al., 2003; Ajiboye et al., 2008; Sato et al., 2005; Lombi et al., 2006; Katiwada et al., 

2011; Kar et al., 2012).  Beauchemin et al. (2003) investigated P speciation in Canadian 

soils with slightly acidic and alkaline soil pH (5.5-7.6) and found sorbed P on Fe and Al 

oxides in all the soils.  They have also identified amorphous Fe-P minerals in the A 

horizon of the acidic soils.  The presence of hydroxyapatite was also suggested by the 

XANES results of two soils with alkaline pH.  

Sato et al. (2005) assessed the forms of Ca-P formed in acidic soils in response to 

different length of poultry manure applications using XANES spectroscopy.  They 

suggested that short term manure amended soil contain both Fe and Ca associated P 

species while the long-term manure amended soils contained predominantly Ca-

associated P.  Ajiboye et al. (2008) reported that between 5% and 50% of total P was 

present as Ca-P in two calcareous soil samples that were incubated with different 

amendments.  They also identified strengite (9% and 28%) in two alkaline soils treated 

with dairy cattle manure.  In both studies of Ajiboye et al. (2008) and Sato et al. (2005), 

aqueous phosphate was used as a surrogate for adsorbed phosphates rather than actual 

standards of P adsorbed on Fe or Al-oxides in soils.  Sato et al. (2005) identified up to 

73% adsorbed P in soil samples while Ajiboye et al. (2008), reported that >50% of total P 

was present as adsorbed P in Osborn and Lakeland soils.  These results show that 

adsorption may be a dominant P retention mechanism in manured soils. 
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Lombi et al. (2006) used P K-edge XANES to identify reaction products of granular 

and liquid P fertilizers in a highly calcareous soil.  They found that P was associated with 

Ca rather than Fe in the calcareous soils and P precipitation was most likely in the form of 

octacalcium phosphate and apatite like compounds.  They also found that P precipitation 

was less prominent in soils when liquid fertilizers were applied.  Further, recent studies of 

Katiwada et al. (2011) and Kar et al. (2012) have used the P K-edge XANES analysis to 

identify P reaction products in soils.  Schefe et al. (2008) used XANES to demonstrate 

that the addition of carboxylic acids modified P sorption processes on acid soil surfaces.  

They have shown that the addition of oxalic acid stripped away surface-bound Al, 

exposing fresh soil P, which may then be available for further reactions. 

One of the main limitations in XANES is the inherent uncertainty in selecting 

standards to fit the data.  The set of standards used in LCF should account for all P 

species in a sample but the chemical complexity in soil environment may contain diverse 

and heterogeneous structural components of mineral and organic matter that may not be 

represented by the selected standards.  As a result, some spectral features of the sample 

spectrum might not be identified in the fitting process.  The lack of distinguishing spectral 

features in various P species can also increase the uncertainty of the fitting results.  This 

will result in several combinations of standards that yield fits of comparable accuracy 

(Hesterberg, 2010).  

Another limitation is self-absorption that can distort the XANES spectrum when the 

data is collected in fluorescence mode.  This is more problematic for samples that are 

highly concentrated in absorbent element.  Although spectra acquired in the TEY mode 

are free of self-absorption, the TEY mode is less sensitive than the FY mode (Ajiboye et 

al., 2008).  Another common problem with TEY measurement is the charging of samples 
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with low concentration of the element of interest.  This creates a strange irreproducible 

background features resulting in a low signal relative to the background (Hesterberg et 

al., 1999).  Therefore sample dilution using chemically inert substance such as boron 

nitride or petroleum jelly is advised to avoid self-absorption in FY mode.  Application of 

XANES can be challenging for soil samples with low P concentration due to the low X-

ray energy at P K-edge.  Poor spectral quality can be a problem for soils with total P 

concentration of 300 mg kg
-1

 or less (Lombi et al., 2006) as P in most soils varies in the 

range of 50-1000 mg P kg
-1

 (Hesterberg, 2010).  

 

1.8.  Use of Model Calcareous Soils to Investigate Phosphorus Chemistry in 

Fertilizer Bands 

It has been shown that a model calcareous soil provides a system that allows one to 

investigate P precipitation reactions that occurs under high P concentration regime.  Since 

P precipitation reactions predominate at high concentration of P at the fertilizer band, a 

model soil provides a means of further investigating such reactions in the absence of 

complicating effect of P adsorption that is presumed to occur at low P concentration.  On 

the other hand, a model soil system also provides an excellent medium for the qualitative 

and quantitative identification of P species using spectroscopic techniques such as NMR 

due to the absence of paramagnetic ions (Fe, Mn) that are present in soil mineral 

component and organic matter. 

Model calcareous soil systems have been used in previous studies to gain a better 

understanding of the governing processes of P solubility in the fertilizer band.  For 

example, the role of cation exchange reactions on the diffusive transport of P on a 
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fertilizer band has been demonstrated using model calcareous soils (Akinremi, 1990, 

Akinremi et al., 1991a, 1991b and 1993).  In these studies, transport equations for 

phosphates, accompanying cations, and Ca and H ions, were applied and experimentally 

verified on cation exchange resin models.  These studies have clearly shown that 

exchangeable Ca contributed more to P precipitation in a fertilizer band than Ca from 

CaCO3.  In a later study Olatuyi et al. (2009b), reported on how anions and cations 

influence the reactions of P using model calcareous soil system.  Using chemical analysis 

of P and accompanying cations they concluded that the use of sulphate salts have the 

potential to enhance the solubility and mobility of P in model calcareous soils.  

The model soil used in studies mentioned above consisted of quartz sand, cation 

exchange resin and CaCO3.  The use of such a model calcareous soil system to investigate 

P behaviour in a fertilizer band is mainly dependent on the following three characteristics 

of P fertilizer-soil interaction zone of a calcareous soil: 1. cation exchangeable complex in 

a calcareous soil is dominated with Ca , 2. precipitation reactions of P predominate in a 

fertilizer band, 3. exchangeable Ca contributes more to the P precipitation in a fertilizer 

band.  Therefore, a model calcareous soil that can mimic cation exchange complex of the 

natural soil can be used to model P reactions that are controlled by the exchangeable Ca.  

Cation-exchange resin is an excellent medium that mimics the cation exchange complex 

of a natural soil.  Further, composition of the cation exchange resin can be easily 

manipulated to investigate the effect of different cation composition on P precipitation 

which may not be possible with a natural soil.  

It is well known that there are limitations when using model systems to mimic 

natural soil systems due to the complexity and heterogeneity of the natural soils.  

However, the aim of using a model soil in the current work is not to equate the reactions 



59 

 

that take place in a model soil to that of a whole soil but to simulate the reactions that are 

governed by the exchangeable cations in a natural calcareous soil.  In the context of the 

current work there are more advantages than disadvantages in using a model calcareous 

soil due to the use of spectroscopic techniques to identify P species.  In addition to the 

model soil used in the current work, there are numerous examples for using synthetic ion- 

exchange resin in soil and environmental studies as reviewed by Skogley and Dobermann 

(1996). 
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2. PHOSPHORUS SOLUBILITY IN TEN MANITOBA SOILS AS 

INFLUENCED BY SALT APPLICATION WITH MONOAMMONIUM 

PHOSPHATE AND MONOPOTASSIUM PHOSPHATE 

 

2.1. Abstract 

The objective of this study was to determine the soil specific effect on the solubility of 

P when applied as a dual fertilizer band composed of a P source and sulphate or carbonate 

salt.  It was hypothesised that the application of carbonate or sulphate salts in a fertilizer 

dual band can enhance solubility of P in Manitoba soils. Different salt mixtures were 

prepared by mixing either monopotassium phosphate (MPP) or monoammonium 

phosphate (MAP) with K2SO4, (NH4)2SO4, MgSO4 or (NH4)2CO3 in powder form. Ten 

soil types investigated in this study namely, Red River, Osborne, Ladywood, Glenhope, 

Thalberg, Balmoral, St. Claude, Ramada, Eigenhof, and Scantebury soil series.  The P:S 

mole ratio in treatments containing sulphate salts was 2:1 and a treatment with P:S mole 

ratio of 1:1 was carried out using (NH4)2SO4 only.  Soil pH and P were determined after 

two weeks of incubation. Soil pH was significantly decreased by both P sources but 

addition of sulphate salts did not significantly affect pH in most of the soils.  There was a 

significant salt effect on water-extractable P in all soils (P < 0.001), a significant soil 

effect (P < 0.001) and a significant soil by salt interaction (P < 0.001).  The response of 

each soil to sulphate salt addition with MPP or MAP was similar while greater P 

solubility and lower pH were obtained from MAP compared to MPP in all soils.  The 
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solution species simulation by CHEAQS Next model provided evidence that 

accompanying cations in salts can enhance P solubility by forming soluble complexes 

with P in soil solution and the concentration of soluble complexes can vary with the salt 

type.  Application of K2SO4, (NH4)2SO4 and MgSO4 enhanced P solubility by a factor that 

ranged from 6% to 44% in Osborne, Red River, Balmoral and St. Claude soils.  The 

application of (NH4)2CO3 significantly increased P solubility (11%-14%) in Glenhope, 

Ramada and Eigenhof soils while the other salts decreased P solubility in these soils.  

Ladywood, Thalberg and Scantebury soils showed a negative response to sulphate salts 

addition to both P sources.  There was no significant effect of the increased sulphate 

concentration in the salt mixture on P solubility in all soils with both P sources.  The 

varying response of different soils to sulphate salt application can be mainly expressed 

using two soil properties, acid-extractable Ca and exchangeable Ca.  Application of 

sulphate salts is a promising agronomic practice for soils with greater exchangeable Ca 

and smaller acid extractable Ca.  

 

2.2. Introduction 

Many of the agricultural soils in Manitoba are calcareous because they are derived 

mostly from fragments of limestone rocks.  Therefore, substantial amounts of P applied to 

soils precipitate due to the reactions between Ca and P rendering P only sparingly soluble.  

According to Fixen et al. (2010), 57% of Manitoba soils do not have sufficient P for 

optimum crop production.  Further, Manitoba soils that contained Olsen P concentration 

lower than 10 ppm are considered low in available P for crop production (Manitoba 

Agriculture and Food, 2001).  Enhancing P fertilizer efficiency in Manitoba soils has both 
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agronomic and environmental benefits. According to the studies by Manitoba 

Conservation, agricultural lands are a major source of P loading in Manitoba streams.  

This was attributed to the accumulation of P in soils which increases the potential loss of 

P into water bodies as runoff from agricultural fields.  Thus, there is an urgent need to 

seek strategies to enhance P fertilizer efficiency in Manitoba soils.  On the other hand 

world resources of P are the smallest compared with the other major nutrients.  Therefore, 

P should be used as efficiently as possible in order to ensure the agricultural productivity 

as well as to conserve the resource base of P on a global scale. 

Phosphorus fertilizer efficiency depends on the complex chemical and physical 

properties of soils and the processes that take place in soils such as precipitation and 

adsorption.  Therefore, two possible options for improving P fertilizer efficiency is by 

either managing P sources or managing soil properties to modify the fertilizer P reaction 

zone.  One of the effective strategies for managing P source in soil is minimizing the 

reactions between Ca and P in calcareous soils.  In previous studies, it has been 

speculated that anion competition between phosphate and other anions such as sulphate 

and carbonates in fertilizer mixtures can facilitates P solubility in model calcareous soils 

(Olatuyi et al. 2009b).  Therefore further investigations are needed to identify an effective 

competitor for phosphate anion for precipitation reactions with Ca in calcareous soils 

found in Manitoba.  

Up to date, only few studies have been conducted on Manitoba soils to 

investigate the potential impact of anion competition to enhance P solubility.  Hammond 

(1997) reported that ammonium sulphate was the most effective salt at increasing P 

availability in a silty clay loam soil (Riverdale association) in Manitoba when banded 

with monoammonium phosphate (MAP) fertilizer.  Kumaragamage et al. (2004) found 
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that the solubility of monocalcium phosphates (MCP) was enhanced in an Almasippi 

loamy sand soil by more than two fold when MgSO4 or (NH4)2SO4 was applied with 

MCP.  Olatuyi (2006) reported that the co-application of K2SO4, MgSO4 and (NH4)2SO4 

salts modified the chemical interactions of monopotassium phosphate (MPP) in the soil-P 

reaction zone of two Manitoba soils, Ramada loam and Dezwood loam soils.  Moreover, 

some of the previous studies have shown the effect of NH4
+
-nitrogen on the solubility and 

uptake of P in Manitoba soils (Sangakkara et al., 1987; Flaten, 1989; Kumaragamage et 

al., 2004).  However, a comprehensive study with various Manitoba soils has not been 

conducted up to date to investigate the effect of co-application of salts with phosphate 

fertilizer on the solubility of P.  

Manitoba soils are highly variable as reported by Ige et al. (2005).  These authors 

showed that Manitoba soils have varying amounts of exchangeable cations, CaCO3 

content, texture, P sorption parameters etc.  Therefore, it is expected that the salts that are 

added with P undergo various reactions with soil constituents and/or other ions in the soil 

solution leading to varying responses.  Such reactions perhaps can cause negative impact 

on the P fertilizer efficiency.  Therefore, a single P fertilizer treatment may not be 

effective in all Manitoba soils and soil specific responses should be investigated for each 

anion under consideration.  Hence, investigating salts behaviour in Manitoba soils as 

affected by various soil properties is mandatory in a process to formulate efficient P 

fertilizers for Manitoba soils.  Determination of most promising salts to enhance P 

solubility in different Manitoba soils will help in generating fertilizer recommendations 

with high agronomic efficiency.  Such information does not exist for the neutral to 

alkaline soils found in Manitoba.  
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In the current study, it was hypothesised that: 1. application of sulphate or carbonate 

salts enhances P solubility in a fertilizer band applied to Manitoba soils, 2. varying soil 

properties have an effect on soil reactions in dual fertilizer bands thereby resulting in 

varying responses to salt application with P.  Therefore, this experiment was conducted as 

an exploratory study with the following broad objectives: 1. To identify the soil specific 

responses to the application of sulphate or carbonate salts with MAP or MPP, 2. To 

identify key soil properties that can be used to explain soil specific responses to dual 

fertilizer band application.  The outcome of this study will provide grounds to further 

expand the research needed to formulate dual fertilizer bands appropriate for different soil 

types in Manitoba. 

 

2.3. Materials and Methods 

 

Ten Manitoba soil series were used in this study namely, Osborne (OBO), Red 

River (RIV), Ladywood (LDW), Glenhope (GHP), Balmoral (BAM), St. Claude (SUE), 

Eigenhof  (EGF), Ramada (RAM), Scantebury (SCY) and Glenhope (GHP).  Surface (0 – 

15 cm) soils were collected from different locations in Manitoba.  The soils were air dried 

and gently crushed to pass a 2 mm sieve prior to being used in the experiment.  

 

2.3.1.  Laboratory Incubation Study 

An incubation experiment was conducted using ten soil types, two P sources and 

four salts types.  Plastic sample cups with a volume of 120 mL were used as soil 
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containers during the incubation. Either MPP or MAP was mixed with K2SO4, 

(NH4)2SO4, MgSO4, and (NH4)2CO3 to achieve different salt mixtures as given in the 

Table 2.1.  The treatments abbreviation given in the Table 2.1 will be used to denote each 

treatment hereafter.  All the treatments which contained sulphates with MPP will be 

denoted as ‘MPP + sulphate’ and all the treatments which contained sulphates with MAP 

will be denoted as ‘MAP + sulphate’ in general.  The effect of two P:S mole ratios was 

also investigated in this study.  Salt mixtures with P:S mole ratio of 2:1 were prepared 

using all four salt types whereas, salt mixtures with a P:S mole ratio of 1:1 were prepared 

using (NH4)2SO4 only.  The effect of the two P:S mole ratios were investigated using both 

MAP and MPP.  Reagent grade salts in powder form were used for all treatments and 

salts were thoroughly mixed to obtain a well homogenized mixture prior to treatment 

application to the soil. 

Twenty five grams of processed soil were weighed into the sample cups and wetted 

to water content at field capacity for each soil (Table 2.2).  Then the soils were left for 24 

hours to equilibrate, after which, salt mixtures were applied uniformly to the soil surface 

without further mixing the salt mixture with soil.  Both P sources were applied at a rate of 

801 mg P kg
-1

 soil to simulate a dual fertilizer band.  The sample cups with soils were 

closed with lids having holes which permit air circulation and the cups were then 

arranged in a plastic tub with free water at the bottom to provide a humid environment.  

The plastic tub was sealed to prevent evaporation of moisture and then placed in
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 Table 2-1 Salt combinations and mass of salts per treatment 

P source† P:S mole ratio Treatment abbreviation Mass of salt per column 

MAP 

 

 

 

2:1 

MAP ALONE (NH4)2H2PO4 (0.076 g) 

MAP + K2SO4 (NH4)2H2PO4 (0.076 g) + K2SO4 (0.057 g) 

MAP + MgSO4 (NH4)2H2PO4 (0.076 g) + MgSO4•7H2O (0.089 g) 

MAP + (NH4)2SO4 / (MAP 1:1) (NH4)2H2PO4 (0.076 g) + (NH4)2SO4 (0.44 g) 

MAP + (NH4)2CO3 (NH4)2H2PO4 (0.076 g) + (NH4)2CO3 (0.032 g) 

MPP 

 

 

 

2:1 

MPP ALONE KH2PO4 (0.088 g) 

MPP + K2SO4 KH2PO4 (0.088 g) + K2SO4 (0.057 g) 

MPP + MgSO4 KH2PO4 (0.088 g) + MgSO4•7H2O (0.089 g) 

MPP + (NH4)2SO4 / (MPP 1:1) KH2PO4 (0.088 g) + (NH4)2SO4 (0.44 g) 

MPP + (NH4)2CO3 KH2PO4 (0.088 g) + (NH4)2CO3 (0.032 g) 

MAP 1:1 MAP 1:1 (NH4)2H2PO4 (0.076 g) + (NH4)2SO4 (0.88 g) 

     MPP 1:1 MPP 1:1 KH2PO4 (0.088 g) + (NH4)2SO4 (0.86 g) 

              

              †   MAP, monoammonium phosphate; MPP, monopotassium phosphate.



76 

 

Table 2-2 General soil properties of Manitoba soils. 

 

    †    Cation exchange capacity 

           ‡    Single point P sorption parameter at 400 mg P L
-1

 

           §    PH2O, water-extractable P; PHCl, HCl-extractable P; POlsen, NaHCO3-extractable P 

 

 

Soil 

series 
Texture 

Carbonate

% 
pH 

CEC† 

cmolc kg
-1

 

P400‡ 

mg kg
-1

 

Extractable – P§ mg kg
-1

 
 

 

Field Capacity 

%  PH2O 

 

PHCl 

 

POlsen 

 

OBO High clay 5.7 8.2 58.7 873 7.3 262 49.2 35 

RIV High clay 1.4 8.3 46.8 902 14.5 320 43.8 35 

LDW Very fine sandy loam 8.6 8.7 28.8 573 1.4 260 39.2 18 

GHP Loamy fine sand 1.6 8.4 26 552 3.2 212 25.7 17 

THG Sandy clay loam 6.6 8.8 54 930 4.6 333 19.4 40 

BAM Silty clay loam 1.8 7.8 53 690 14.3 292 87.4 46 

SUE Loamy sand 0.6 8.3 20 297 7.7 299 20.1 20 

RAM Loam 0.6 6 27 500 9.8 254 24.4 26 

EGF Sandy loam 0.6 6.7 27 565 9.4 242 22.7 30 

SCY High clay 3.5 8.3 50 925 4.0 235 29.3 45 
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an incubator (Fisher Low Temperature Incubator, Model 307) for a period of 2 weeks at a 

constant temperature of 21
o 

C.  The experiment was carried out in triplicates and 

replicates of all treatments were blocked in time during the incubation.  A control 

experiment was carried out using each soil in triplicate without applying any treatment to 

identify the changes of native soil P during the incubation period. 

 

 

2.3.2.  Soil Sampling and Extraction 

At the end of two weeks of incubation, soil in the sample cup was thoroughly mixed 

and 5 g of soil was sampled for pH, water-extractable P and acid-extractable P.   

Approximately 10 g of soil was used to determine the gravimetric water content by the 

thermo-gravimetric method (Gardner, 1986).  

To measure soil pH, 5 mL of deionised water was added to 5 g of soil in a 

centrifuge tube which was then placed on a vortex machine (Fisher Vortex Genie 2
TM

, 

Fisher Scientific Ltd.) for 60 s.  The mixture was then allowed to equilibrate for 60 s and 

the pH was measured using a pH meter fitted with a combination electrode (Accument 

Model AR50 digital pH meter, Fisher Scientific Ltd.).  The pH electrode was then rinsed 

with 10 mL of water into the centrifuged tube and extra 10 mL of water was added for a 

total volume of 25 mL.  The mixture at a soil-to-solution ratio of 1:5 was then shaken for 

1 hour at 120 strokes per min and centrifuged at 1930 × g for 10 min.  The clear solution 

was filtered (Whatman No. 42, Fisher Scientific Ltd.) and defined as the “water-

extractable P fraction”.  Following water extraction, the same soil sample was extracted 

with 1 M HCl.  Two successive extractions with 25 mL of 1 M HCl were carried out in 
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order to extract soil with a total of 50 mL of 1 M HCl.  The mixture with soil and acid 

solution was then shaken for 30 min at 120 strokes and centrifuged at 1930 × g for 3 min. 

The total acid extractant was defined as “acid-extractable P fraction”.  It was assumed 

that the water-extractable fraction is composed of mobile or readily soluble P phases in 

soil while the acid-extractable fraction contains immobile or more stable solid phases of P 

in the soil.  Inorganic P in both fractions was determined by the ascorbic acid-ammonium 

molybdate method of Murphy and Riley (1962).  

 

2.3.3.  Determination of Background Soil Properties 

Soil pH was determined using 2 g of soil in 20 ml of deionized water.  Calcium 

carbonate content was determined using the gravimetric analysis which is based on the 

reaction of HCl with calcium carbonate and gravimetric loss of CO2 from the sample as 

described in a method by the U.S. Salinity Laboratory Staff (1954). 

The water-extractable Ca, Mg, Na, K were determined by extracting 2 g of soil with 

25 ml deionized water and shaking for 1 hour at 120 strokes per min.  Acid-extractable 

Ca, Mg, Na, K were determined by extracting 2 g of soil with 25 ml of 1 N HCl and 

shaking for 1 hour at 120 strokes per min. The exchangeable cations and the cation 

exchange capacity (CEC) of the soils were determined using the ammonium acetate 

method (McKeague, 1978).  

Water-extractable P in untreated soils (PH2O) was determined by extracting 2 g of 

soil with 20 ml of deionized water and shaking the suspension for 1 hour on a 

reciprocating shaker (Self-Davis et al., 2000).  Acid-extractable P in untreated soils (PHCl) 

was determined by extracting 2 g of soil using 20 ml of 1N HCl.  The soil suspension was 
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then shaken for 1 hour at 120 strokes per min and filtered using Whatman® No 40 filter 

paper.  Sodium bicarbonate-extractable P (POlsen) of the untreated soil was extracted by 

adding 20 mL of 0.5 M NaHCO3 (pH = 8.25) and 0.25 g charcoal to 1.0 g of soil sample 

(Olsen and Sommers, 1982).  The soil suspension was shaken for 30 min at 120 epm and 

filtered using Whatman® No 40 filter paper.  Phosphorus in all three extracts was 

determined colorimetrically (Murphy and Riley, 1962). 

As an estimate of the P adsorption maxima, a single point adsorption experiment 

(P400) was conducted at 400 mg P L
-1 

concentration (Ige et al., 2005).  Two grams of air 

dried and sieved soil was weighed into 50 ml centrifuge tube and 20 mL of P solution in 

0.001 M KCl was added.  Then, two drops of toluene were added to inhibit microbial 

activity and the suspension was placed on an end to end shaker.  Samples were shaken for 

24 hours at room temperature and then centrifuged at 3000 × g for 10 min and filtered 

through a 0.45 µm filter. Phosphorus in solution was determined calorimetrically 

(Murphy and Riley, 1962). 

 

2.3.4.  Simulation of Soluble P Complexes Formation in Soils 

Chemical equilibrium software, CHEAQS Next (P2014.1) was used to simulate the 

solution phase P speciation in each soil treated with different salt mixtures. The main 

objective for conducting such simulation was to understand the effect of cations that were 

applied with salts on the formation of soluble P complexes in soil.  Although CHEAQS is 

a program that was designed to simulate chemical equilibria in aquatic systems (Verweij, 

2014), an equilibrium condition cannot be expected in the soils used in the current 

experiment set-up.  In the present study, P diffusion was the main process in soils since 
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salt mixtures were surface applied.  In addition, changes in cation concentration in the soil 

solution due to cation exchange were not considered in the simulation.  Therefore 

CHEAQS program was conducted assuming a hypothetical condition where the soil 

solution is composed of the cations and anions introduced by the salts and the 

concentration of cations in soil solution are not affected by the cation exchange reactions.  

The concentration of ions in soil solution of different soil types were calculated based on 

the total amount of ions in the soil solution that was applied with the salt mixture and the 

field capacity of each soil.   Simulation was conducted only for the treatments including 

MPP due to the limited reactions associated with K
+
 in the soil solution compared to that 

of NH4
+
 introduced with MAP.  

 

2.3.5.  Statistical Analysis  

Analysis of variance (ANOVA) tests were conducted on the measured 

concentration of P in water and acid extracts using PROC MIXED procedure of SAS 

software for Windows, version 9.2 (SAS Institute, Inc., Cary, NC).  The effects of P 

source, soil, salt and their interactions were tested for pH, water-extractable P and acid-

extractable P data.  The PROC MIXED procedure was treated as a split-split-plot design 

whereby soil type is the main plot and P source and salt are the sub plots.  Mean 

comparison was conducted using Tukey test at the 5% level of significance.  Correlation 

analysis was conducted using PROC CORR procedure of SAS 9.2 to determine 

correlations between the soil properties.  

Principal component analysis (PCA) of soil properties and water-extractable P data 

was conducted using PRINCOMP procedure in SAS 9.2.  Principal components (PCs) are 
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considered useful if their cumulative percentage of variance approached 80% (Li et al., 

2008).  In order to determine main components, only the principal components with eigen 

values greater than one were selected (Kaiser, 1960).  The components with an eigen 

value of less than one accounted for less variance than did the original variable, as such 

were not extracted.  The two plots, loading plot and score plots of PC1versus PC2 were 

used to explore relationships amongst soils.  

 

2.4. Results and Discussion 

2.4.1.  Soil Characteristics 

General properties of the soils used in this study are presented in the Table 2.2.  The 

alkaline and calcareous nature of most of the soils is evident from the measured soil 

properties.  The lowest pH was reported for RAM soil with a pH of 6 while the greatest 

pH of 8.8 was measured in THG and LDW soils.  All soils were mostly alkaline with an 

average pH of 7.9, which is greater than the average pH of 7.2 reported for Manitoba soils 

by Ige et al. (2005).  The carbonate content in our soils ranged between 0.6% (SUE, RAM 

and EGF) and 8.6% (LDW) with an average of 3%.  Although Manitoba soils have 

developed from calcareous parent material, a decrease in the carbonate content is possible 

in the surface soils due to soil development and leaching processes.  Therefore, carbonate 

content in Manitoba soils vary in a wide range as shown in previous studies by Ige et al. 

(2005) and Racz and Soper (1967).  The lowest CEC was measured in the SUE soil as 20 

cmolc kg
-1

 which has a loamy sand texture with relatively low clay content.  The greatest 

CEC values were reported for the high clay and clay loam soils such as OBO, THG and 
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BAM soils.  According to the findings of Ige et al. (2005), the mean CEC value of 

Manitoba soils was 27.1 cmolc kg
-1 

while the average CEC value of our soils was 39.4 

cmolc kg
-1

.  

Figure 2.1 illustrates the amounts of water-extractable, HCl-extractable and 

ammonium acetate-extractable cations.  The average ammonium acetate-extractable Ca 

(CaEX) was reported as 26.2 cmolc kg
-1 

for our soils.  The greatest CaEX was measured in 

BAM soil and the smallest CaEX in SUE soil.  The smallest HCl-extractable Ca content 

(CaHCl) was measured in RAM, SUE and EGF soils while EGF soil also had the smallest 

water-extractable Ca content (CaH2O).  The greatest amounts of exchangeable Mg (MgEX), 

HCl-extractable Mg (MgHCl) and water-extractable Mg (MgH2O) were measured in THG 

soil.  Only THG soil contained greater amount of Mg than Ca in the water and the 

ammonium acetate extracts.  The greatest amounts of water extractable Na (NaH2O) were 

also measured in THG soil.  Therefore the reason for greatest pH observed in THG soil 

may be the presence of larger amounts of dolomite and NaHCO3.  Most of the K in soil 

was present in the exchangeable form than the water-extractable form.  The amounts of 

Na were equally measured in both exchangeable and water-extractable pools. 

In the current study P400 was used to determine P sorption properties in Manitoba 

soils.  Zhou and Li (2001) also have shown that P sorption value estimated from the P400 

strongly correlated with the Langmuir P maximum-sorption value for calcareous soils (R
2 

= 0.94).  These authors have showed that in calcareous soils, the slope of the P sorption 

isotherm increased abruptly as the P concentration increased from 400 to 600 µg mL
-1

.  

Moreover, if a much lower initial solution P concentration is used, P sorption may be too 

low to determine a sorbed-P value that is comparable with the sorbed–P maximum (Zhou  
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Figure 2.1  Concentrations of Ca, Mg, K and Na in a) ammonium acetate b) water and c) 

HCl extracts of different soils (Error bars indicate standard deviation). Note 

the differences in the units of the different graphs. 
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and Li, 2001).  Therefore P400 has been used in the present study as the measure of P 

sorption in soils.  The P adsorption capacities as determined using P400 varied between 

300 mg kg
-1

 and 930 mg kg
-1 

(Table 2.2).  The wide variation in soil properties such as 

CEC, exchangeable cations, CaCO3 and texture can collectively results in such variation 

in P400.  A discussion on the correlations between different soil properties and P400 is 

given in section 2.4.2. 

Phosphorus concentration in the soil solution can be decreased due to the P 

adsorption on CaCO3 and soil mineral surfaces in these soils.  However in the current 

study, P adsorption was considered minor compared with the precipitation reactions in the 

fertilizer band due to the high concentration of P at the application site.  Therefore, role of 

P adsorption in controlling solubility of P in the fertilizer band was considered smaller in 

comparison with the precipitation reactions.  As explained in Akinremi et al. (1991a), the 

adsorption of P by CaCO3 cannot be the dominant mechanism of P retention in a 

calcareous soil when phosphate concentration is of the order of magnitude of that 

occurring in a fertilizer band.  Moreover, some of the adsorptive surfaces may be 

dissolved in the fertilizer band following the dissolution and diffusive movement of P and 

other ions.  According to the findings of Ige et al. (2005), CaEX and MgEX explained 68% 

and 58% of the variation in P sorption capacity (P400) of Manitoba soils, respectively.  

Such findings suggest the dominating contribution of exchangeable Ca and Mg in 

controlling the P solubility in calcareous Manitoba soils.  

The PH2O in our soils ranged between 3.2 mg kg
-1 

and 14.3 mg kg
-1

 while POlsen 

ranged between 12.5 mg kg
-1 

and 87.4 mg kg
-1

.  The range of soil test P level was 

relatively smaller than that reported by Ige et al. (2005).  They reported that the POlsen 

values in Manitoba soils ranged between 5 and 205 mg kg
-1

.  
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2.4.2.  Correlation Analysis of Soil Properties  

Results of the correlation analysis between major soil properties are given in 

Table 2.3.  The soil properties most correlated with P400 are MgEX, pH, CEC, MgH2O, 

carbonate%, and CaEX in the order of decreasing correlation coefficient.  Ige et al. (2005) 

has reported that P retention in calcareous Manitoba soils could be estimated using CaEX 

and MgEX in soils.  However, our results showed that the MgEX and the readily available 

MgH2O were highly correlated with P400 than CaEX.  Figure 2.1 shows that the MgEX 

varied in a wider range (2.6-28 cmol kg
-1

) amongst the ten soils while the CaEX varied in 

a narrow range (17-34 cmol kg
-1

).  This may be the reason for the greater correlation 

coefficients between MgEX and P400 compared to CaEX.  Findings of Racz and Soper 

(1967) showed that water soluble Ca and Mg provided a good indicator of the P reaction 

products that would form in some Manitoba soils.  They speculated that dolomite could 

be a possible source of water soluble Ca and Mg in soils. 

The soil pH was significantly correlated with CaHCl and carbonate% with 

correlation coefficients of 0.65 and 0.74, respectively.  Both CaHCl and MgHCl showed 

significant correlations with carbonate% indicating that magnesium carbonate could be a 

major component in our soils.  On the other hand, significant correlations between CaHCl 

and MgHCl could be an indicator of the presence of dolomite, CaMgCO3.  Therefore, it is 

possible that, carbonates of Ca and Mg present in our soils resulted in a strong 

relationship between Mg and P sorption properties.  Racz and Soper (1967) have 

reported that the role of Mg in fixing phosphate in soils containing carbonates of Ca and 

Mg should not be ignored.  Unlike Ca, MgH2O and MgEX of our soils are strongly  
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Table 2-3  Correlation matrix of soil properties 

 
        pH 

Carbonate 

% 
   CEC P400 CaEx MgEx CaH2O MgH2O CaHCl 

Carbonate % 0.74**         

CEC 0.36ns 0.31ns        

P400 0.74** 0.65* 0.76**       

CaEx 0.35ns 0.24ns 0.69* 0.64*      

MgEx 0.26ns 0.48ns 0.85** 0.79** 0.21ns     

CaH2O 0.13ns -0.04ns -0.05ns 0.17ns 0.40ns -0.36ns    

MgH2O 0.26ns 0.31ns 0.76** 0.73* 0.22ns 0.94*** -0.24ns   

CaHCl 0.65* 0.92** 0.39ns 0.43ns 0.12ns 0.30ns   0.06ns 0.36ns  

MgHCl 0.6ns 0.84** 0.52ns 0.54ns 0.17ns 0.60ns -0.28ns 0.65* 0.92** 

 

     *, **, ***     Significant at 0.05, 0.01 and 0.001 probability levels, respectively; ns, not significant 
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correlated.  It could be due to the greater water solubility of Mg species present in soils 

which is the source for Mg on the cation exchange complex of soils.  

Determining the magnitude of P sorption pathways by CaCO3 in calcareous soils is 

difficult because there are at least three possible pathways for P retention: 1. adsorption to 

active sites on CaCO3, 2. reactions with Ca
2+

 from the exchange sites, and 3. reactions 

with Ca
2+ 

from the dissolution of CaCO3.  Adsorption of P in calcareous soils has been 

frequently related to the CaCO3 content by many investigators (Oskay, 1986; Samadi and 

Gilkes, 1999; Samadi, 2001, 2006).  The adsorption mechanism of P by CaCO3 was 

attributed to adsorption of P as a mono layer on CaCO3 at low P concentrations (Halford 

and Mattingly, 1976).  Since considerably high P concentrations prevailed in our soils, 

dissolution of carbonates may be the major role of carbonate in P retention.  Carbonate 

dissolution can increase the solution concentration of Ca and Mg and thereby enhance P 

precipitation.  The contribution of Ca from CaCO3 dissolution on the P sorption 

mechanisms in calcareous soils was considered in a theoretical formulation of P diffusive 

transport in soil by Cho (1991).  

 

2.4.3.  Principal Component Analysis of Soil Properties 

The PCA of soil properties was performed to identify the main variables which 

determine the P retention properties in soils.  Principal component analysis differs from 

the correlation analysis due to the fact that PCA reduces the complexity of correlated 

data. Principal component analysis extracts only variables that have significant 

contributions among a set of variables or principal components which account for most of 

the variance in the observed variables (Johnson and Wichern, 2002).  The first principal  
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component (PC1) explained 41% of the variation while the second principal component 

(PC2) explained 30% of the variation of the soil properties (Figure 2.2).  Although the 

eigen values of the third and fourth PCs were greater than 1, they accounted for only 11% 

and 6% of the total variation, respectively.  Therefore, only first two PCs were considered 

in this discussion. 

The result of PCA shows the direct relationship of CEC, CaEX and MgEX with P400 

which confirms the results of correlation analysis (Table 2.3).  Most of the soil properties 

are located on the positive side of the PC1 with high PC loadings showing that they are 

evenly correlated to PC1.  The PC2 discriminates between P400 and pH although these 

two soil properties showed a strong correlation in the correlation analysis.  As shown in 

Figure 2.2, pH and pH related soil properties are not directly related to P400, CEC and 

CEC related properties. Therefore it is clear that, the effect of pH and carbonate 

percentage on P400 is indirect whereas CEC, MgEX, MgH2O, and PHCl directly govern P400 

in our soils.  As shown by Akinremi et al. (1991a; 1991b), P movement was retarded with 

increasing CEC following the addition of MPP to cation-exchange columns saturated 

with Ca
2+

.  The greater the CEC, the greater was the amount of Ca displaced from 

exchange sites into solution causing a retardation of P movement.  This may be the reason 

for strong relationship observed between CEC and P400 in Manitoba soils in the PCA 

analysis.  

Results of the PCA clearly indicate that P400 is more closely related to MgEX and 

MgH2O than CaEX.  Both, PCA and correlation matrix provided similar relationship 

between P400 and CEC.  However, Ige et al. (2005) reported that the sum of exchangeable 

cations showed a poor relationship accounting for only 64% of the variation in P sorption 

capacity of Manitoba soils. The CaH2O although exists in relatively large amounts, was not  
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Figure 2.2    Loading plot of PC1 versus PC2 given by principal component analysis of 

                                soil properties. 
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a governing factor of P retention in our soils as revealed by the results of correlation 

analysis and PCA. 

The score plot of PC1 vs PC2 indicates the differentiation of soil series according 

to the soil properties (Figure 2.3).  The THG soil is at the extreme right while the SUE 

soil is at the extreme left.  The soils with a loamy texture like SUE, RAM, EGF and GHP 

are positioned close to each other on the negative side of the PC1 while the fine textured 

soils are positioned on the right side of the PC1.  Therefore, variability explained by the 

PC1 was attributed to the soil textural changes.  The LDW soil was located in between 

the two soil groups indicating intermediate soil properties in LDW soil compared to the 

other soils.  As given in the Table 2.1, LDW soil has a very fine sandy loam texture but 

exhibited more calcareous soil properties such as high amounts of carbonate, CaEX and 

high pH similar to the fine textured soils.  The variation explained by PC2 is not obvious 

but PC1 confirmed that the soil texture governs 61% of the variation in soil chemical 

properties. 

 

2.4.4.  Soil pH 

The results of ANOVA showed significant effects of P source, soil type and 

treatments on soil pH (Table 2.4).  The significant interactions between these factors 

indicate that the soil pH was influenced differently by the combinations of factors.  In 

general, MAP application resulted in a lower pH in all soil types compared to the MPP 

application (Figure 2.4).  Previous studies have shown that the application of MAP 

reduced pH in soils (Lambert et al., 2007; Levi-Minzi et al., 1984) and model calcareous 

soils (Olatuyi et al., 2009a).  The pH reduction in model calcareous soil by the application  
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Figure 2.3  Score plot of PC1 versus PC2 given by principal component analysis of soil 

properties 
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Table 2-4  Effects of treatments and their interactions on soil pH, water-extractable 

P and acid-extractable P. 

Model effect 

Degree 

of 

freedom 

pH Water-extractable P Acid-extractable P 

P source 1 *** ** *** 

Soil 9 *** *** *** 

P source × soil 9 *** *** * 

Salt 3 *** *** ns 

P source × salt 3 ** ** ns 

Soil × salt 27 *** *** ns 

P source × soil × salt 27 * *** ns 

  

*,**, ***   Significant at 0.05, 0.01 and 0.001 probability levels, respectively; ns, not 

significant. 
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Figure 2.4   Soil pH under different treatments with a) monopotassium phosphate b) 

monoammonium phosphate. The treatment means indicated by same letters 

are not significantly different at 0.05 significant level.  
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of MPP has been previously reported by Olatuyi et al. (2009a, 2009b).  The pH of a 

solution which is in equilibrium with MAP and MPP has been reported as 3.5 and 4, 

respectively (Sample et al., 1980). 

Both MAP and MPP application significantly reduced the pH in all soils compared 

to that of the control soil except in RAM soil (Figure 2.4).  The pH range in soils treated 

with MPP ALONE was between 7.3 and 5.6 while with MAP ALONE it was between 6.7 

and 5.2.  The THG soil showed the greatest pH with both P sources.  The RAM and EGF 

soils showed lowest pH with MPP ALONE and MAP ALONE, respectively.  Moreover, 

RAM soil showed the lowest initial pH of 6 amongst the ten soils.  The pH of RAM soil 

was not significantly affected by the application of either of P sources showing a higher 

buffer capacity in the RAM soil.  The EGF soil also showed a relatively low pH with both 

P sources, but pH response varied with the P source.  Application of MAP ALONE 

significantly reduced the pH in EGF soil than that of the control soil while the application 

of MPP ALONE did not make a significant change in soil pH.  

A significant pH change was observed in some soils when the salts were applied 

with P than when P was applied alone.  The pH variation between treatments in most of 

the soils was greater when salts were applied with MPP, but relatively smaller pH 

changes were observed when salts were applied with MAP.  The reason for such 

observations could be the greater acidification effect created by the dissolution of MAP 

than MPP.  The greater acidification of MAP can mask the acidification effect of salts 

applied with MAP.  A considerable pH drop at the application site in a soil column has 

been observed after applying salts with MPP, (Olatuyi et al., 2009b) with MAP (Olatuyi 

et al., 2009a and Manimel Wadu et al., 2013) and with MCP (Kumaragamage et al., 

2004).  The pH drop in the surface layers of soil columns were attributed to the salt 
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dissolution and initial precipitation reactions of P in soils.  It is possible that similar 

conditions prevailed in our soils near the application site of salt mixtures.  However, a 

significant pH change in every soil was not noticeable in the present study probably due 

to the mixing of soil before sampling.  Initial pH changes in soils can affect the solubility 

of P and subsequent movement of P in soils.  

Amongst the four salts, (NH4)2SO4 and MgSO4 showed greater acidification effect 

on soils.  A significant pH drop was observed in SUE and GHP soils upon the application 

of MAP + MgSO4 compared to MAP ALONE treatment.  Application of MPP + MgSO4 

resulted in a significantly lower pH in LDW, GHP, SUE and EGF soils compared to the 

MPP ALONE treatment.  Application of (NH4)2SO4 with MPP reduced the pH in RIV, 

LDW, GHP and EGF soils.  Similar findings have been reported by Kumaragamage et al. 

(2004) when (NH4)2SO4 and MgSO4 were applied with MCP.  They reported a greater 

production of H
+
 ions compared to the MCP alone treatment in soil columns when these 

salts were applied together with MCP.  The acidification effect of (NH4)2SO4 was 

considered in part due to the nitrification of NH4
+

 in the soil solution.  Application of 

MAP + (NH4)2SO4 did not significantly decrease pH in any soil in the present study, but 

MAP + (NH4)2SO4 treatment significantly increased the pH in LDW soil compared to 

MAP ALONE (Figure 2.4). 

The amount of H
+
 ions retained in the soil solution is governed by soil properties as 

evident in the significant soil effect on pH (Table 2.4).  As an example, CaCO3 acts as a 

potential sink for the H
+
 ion produced from the dissolution of salts in soils.  Therefore, the 

presence of free CaCO3 in soils ensures a very high buffer capacity (Bache, 1984) 

resulting in a small pH change after applying salts.  Accordingly, pH of soils with larger 

amounts of carbonates such as THG, SCY and BAM was not significantly affected either 
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by P alone treatments or P and salt treatments.  However, LDW soil showed significant 

pH changes upon salt additions although the carbonate percentage was as high as 8.6 in 

the soil.  In contrast, RAM soil showed a greater buffering capacity although the 

carbonate percentage was as low as 0.6 in the soil. The exact reasons for such exceptions 

were not clear but further investigation on soil mineralogy and organic matter in these 

soils may provide more insight into the underlying mechanisms of such pH variations.    

 

2.4.5.  Phosphorus Speciation in Soil Solution as Affected by Salt Application 

The formation of soluble complexes with P can reduce the interaction between Ca and 

P in soil solution and thus the formation of Ca-P solid phases.  Thus, P solubility in the 

dual band can be further modified due to the effect of various cations applied with the salt 

mixture.  Therefore the simulation of soluble P complexes that can be formed in soil 

solution can provide insight into the role of various cations in making soluble P 

complexes.  Chemical speciation modelling is commonly conducted in studies to 

understand toxic element behaviour in soils (Evans et al., 2010) and P reactions in dilute 

solutions (e.g. Zhang et al., 2014).  In previous studies, CHEAQS Pro has been used to 

simulate the concentration of ions and precipitated P content in digested sludge 

supernatant (Karabegovic et al., 2013).  It has also been used to determine P recovery 

from municipal solid waste incineration fly ash by simulating reactions in a leaching 

solution (Kalmykova and Fedje, 2013).  The two main limitations of using CHEAQS 

model in the current study however are: 1. CHEAQS model has been applied to a 

dynamic soil system with significant changes, in time and space, in the concentration of 

all chemical species in the soil solution, 2. cation exchange reactions which influence 
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both cations and anions in solution have not been taken into consideration in the chemical 

equilibrium model.  Cation exchange reaction is a very important soil process in the 

current study due to the dominant role of exchangeable Ca in reacting with P in 

calcareous soils as shown by previous studies (Akinremi and Cho, 1991a, 1991b). 

The distribution of K-, Mg- and NH4- complexes in soils as generated using 

CHEAQS are given in Figures 2.5-2.7. The solution phase speciation of P varied 

depending on the salt type indicating the controlling effect of cations applied with salt on 

the formation of soluble complexes of P.  In all soil types, orthophosphate concentration 

was greatest with the MPP ALONE treatment and reduced with the application of salts 

with MPP.  This shows that the formation of soluble P complexes can further reduce the 

initial reactions between Ca and P in the soil solution in addition to possible anion 

competition that can reduce Ca concentration in soil solution.  However, cation exchange 

is a dynamic and rapid process that takes place in soils which can alter the concentration 

of a particular cation in the soil solution.  Therefore, effective concentration of cations in 

the soil may be different from the concentrations used in the simulation as a result of not 

taking cation exchange reactions into consideration.  

The soluble K complexes that can be formed in soils are KHPO4
-
, KH2PO4(aq) and 

K2HPO4(aq).  Application of MPP + K2SO4 can result in the greatest concentration of 

soluble K complexes in all soil types.  The concentration of KH(PO4)
-
 was greater than 

the concentration of KH2PO4(aq) and K2HPO4(aq) in all soil types except in RAM soil.  In 

RAM soil, concentration of KH2PO4(aq) was greater than other soluble K complexes under 

each treatment with non-phosphate salts.  This fact was also in agreement with the greater 

H2PO4
-
 concentration in RAM soil than HPO4

2-
 under all treatments.  The lowest pH 

 



 

98 
  

 

 

MPP ALONE

MPP+K2SO4

MPP+MgSO4

MPP+(NH4)2SO4

MPP+(NH4)2CO3

0 20 40 60 80 100

Percentage

Percentage

 Orthophosphate ions

 K-P complexes

 Mg-P complexes

 NH
4
-P complexes

Percentage

0 20 40 60 80 100

MPP ALONE

MPP+K2SO4

MPP+MgSO4

MPP+(NH4)2SO4

MPP+(NH4)2CO3

0 20 40 60 80 100

BAMOBO

Percentage

0 20 40 60 80 100

SUERIV

 

Figure 2.5    Composition of soluble P complexes given by CHEAQS model for RedRiver 

(RIV), St. Claude (SUE), Osborn (OBO), Balmoral (BAM) under different 

fertilizer treatments. 
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Figure 2.6  Composition of soluble P complexes given by CHEAQS model for        

Glenhope (GHP), Eigenhof (EGF), Ramada (RAM), Ladywood (LDW) 

soils under different fertilizer treatments. 

 

 

 



 

100 
  

 

 

 

MPP ALONE

MPP+K2SO4

MPP+MgSO4

MPP+(NH4)2SO4

MPP+(NH4)2CO3

0 20 40 60 80 100

Percentage

MPP ALONE

MPP+K2SO4

MPP+MgSO4

MPP+(NH4)2SO4

MPP+(NH4)2CO3

0 20 40 60 80 100

THG

SCY

 Orthophosphate ions

 K-P complexes

 Mg-P complexes

 NH
4
-P complexesPercentage

 

Figure 2.7  Composition of soluble P complexes given by CHEAQS model for         

Scantebury (SCY) and Thalberg (THG) soils under different fertilizer 

treatments. 
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recorded for RAM soil compared to all other soil types (Table 2.2) explains such 

variation in P speciation.  The EGF soil which showed a pH of 6.7 also contained greater 

H2PO4
-
 concentration than other soils except RAM soil.  Moreover, this analysis showed 

that the pH of all soil types except RAM and EGF were conducive to the formation of 

divalent orthophosphate ions indicating greater potential to form sparingly soluble 

CaHPO4 phase.  Therefore formation of soluble P complexes with accompanying cations 

in P source and non-phosphate salt is beneficial in such soils to hinder the initial reactions 

between HPO4
2-

 and Ca.  

The two possible Mg complexes that can be formed in soil solution are MgPO4
-
 and 

MgHPO4(aq).  There is a possibility for the formation of MgH2(PO4)
+
 as a minor fraction 

(<1%) only in RAM and EGF soil.  The dominant soluble Mg-P species in all soil types 

was MgH(PO4) and concentration of MgH(PO4) varied between soil types.  The greatest 

concentration of MgH(PO4) was given for GHP and LDW soil that accounted for ~ 35% 

of total P species in solution.  The lowest amount of Mg complexes was formed in RAM 

that accounted for 13% of total soluble P.  In all soil types, application of MPP + MgSO4 

resulted in the least amount of free orthophosphate in soil solution.  Another common 

observation for all soil types was that the concentration of K complexes in all soil types 

were reduced by the application of MgSO4, NH4SO4 and NH4CO3 compared to that with 

MPP ALONE treatment.  Application of either (NH4)2SO4 or (NH4)2CO3 resulted in 

similar amounts of K, ammonium and orthophosphate ion concentrations in most of the 

soils.  Only LDW and SUE soils resulted in varying amounts of ammonium ions with 

MPP + (NH4)2SO4 and MPP + (NH4)2CO3 treatments.  

The varying amounts of exchangeable cations, soluble cations and cations 

introduced by the dissolution of soil minerals can significantly affect the effective 
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concentration of cations that can react with P.  However, simulation based on a 

hypothetical soil solution showed that the effect of cations introduced with salts in a 

fertilizer band can also play an important role in controlling P speciation.  In order to 

obtain a better simulation close to the real soil condition, the concentrations of Ca, Mg 

ions in the soil solution that is in equilibrium with added P should be included in the 

model.  It is unavoidable that such simulation of solution phase speciation in equilibrium 

makes an overestimate of the concentration of highly mobile species that can rapidly 

diffuse away in a P fertilizer band.  Therefore caution must be excised when applying 

chemical equilibrium models to non-equilibrium situations.  

  

2.4.6.  Water-Extractable P Concentration in Soils 

Water is known to extract more labile P (Preush et al., 2002; He, 2011) whose 

dynamics may not mimic the more traditional extracts such as Olsen and Mehlich-3 (Ige 

et al., 2011).  Water-extractable P concentration was affected by the main effects of soil 

and treatment (Table 2.4).  The effect of P source was evident as significant interaction 

effects of P source by soil, P source by treatment and three way interaction of P source by 

soil by treatment.  Such findings indicate that unlike the results obtained in a model soil 

system by Olatuyi et al. (2009b), the changes in P solubility due to the addition of 

sulphate and carbonate salts was soil dependent.  Figure 2.8 illustrates the water-

extractable P concentrations measured in each soil after two weeks incubation.  Similar 

trends in P behaviour with salts application were observed in soils with both P sources.   
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Figure 2.8  Water-extractable P under different treatments with a) monopotassium   

phosphate b) monoammonium phosphate. The treatment means indicated 

by same letters are not significantly different at 0.05 significant level 

(Control soil was not included in the mean separation). 
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The P concentration in control soils were in the range of 0.2-1.5 mmol L
-1

 showing 

very low extractable P contents in all the soils. Once applied to soils, P in salt mixture can  

undergo various reactions that control the P concentration in soil solution. Some of the 

various phosphate reactions that possibly can take place in soils are summarized in the 

Table 2.5.  However, identification of different forms of precipitated P in soils is beyond 

the scope of the current study due to the large number of soils and the number of 

treatments applied to each soil. Therefore, only a general discussion on P solubility 

changes in soils after applying various salt mixtures will be given in the following 

sections.    

A significant increase in water extractable-P was measured in some soils with the 

co-application of (NH4)2SO4 or MgSO4 with P.  There was a significant increase in water-

extractable P when (NH4)2SO4 was added to SUE soils either with MAP or MPP.  

Addition of MgSO4 to MAP resulted in a significant increase in water-extractable P 

concentration in BAM, OBO and RIV soils while application of (NH4)2SO4 significantly 

increased the P solubility in BAM and SUE soils compared to MAP ALONE treatment.  

The increase in water-extractable P content by (NH4)2SO4 and MgSO4 may be partly due 

to the acidification effect of these salts. Moreover, formation of greater amount of cation 

complexes with P and least amount of orthophosphates can also be a reason for increased 

P solubility with the MgSO4 treatment in comparison to P alone. Unlike sulphate salts, 

co-application of (NH4)2CO3 with P caused a significant decrease in the water-extractable 

P concentration in most of the soils.  
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Table 2-5   Phosphate precipitation reactions and their equilibrium constants at 25
o
C   (Sources: Lindsay, 1979 and CHEAQS 

NEXT program) 

Compound  Equilibrium reaction 
log K 

(Lindsay, 1979) 

log K
1 

(CHEAQS) 

Monocalcium phosphate 𝐶𝑎(𝐻2𝑃𝑂4)2 ∙ 𝐻2𝑂  ↔ 𝐶𝑎2+ + 𝐻2𝑃𝑂4
− + 𝐻2𝑂 -1.15 40.3 

Brushite 𝐶𝑎𝐻𝑃𝑂4 ∙ 2𝐻2𝑂 +  𝐻+ ↔ 𝐶𝑎2+ +  𝐻2 𝑃𝑂4 
− +  2𝐻2𝑂 0.63  

Monetite 𝐶𝑎𝐻𝑃𝑂4  +  𝐻+  ↔  𝐶𝑎2+ +  𝐻2 𝑃𝑂4 
− 0.30 19.3 

Octacalcium phosphate 𝐶𝑎4𝐻(𝑃𝑂4)3 ∙ 2.5𝐻2𝑂 + 5𝐻+ ↔ 4𝐶𝑎2+ + 3𝐻2𝑃𝑂4
− + 2.5𝐻2𝑂 11.76 47.1 

Tricalcium phosphate 𝛼 − 𝐶𝑎3(𝑃𝑂4)2 + 4𝐻+  ↔ 3𝐶𝑎2+ + 2𝐻2𝑃𝑂4
− 13.61 30 

 𝛽 − 𝐶𝑎3(𝑃𝑂4)2 + 4𝐻+  ↔ 3𝐶𝑎2+ + 2𝐻2𝑃𝑂4
− 10.18  

Hydroxyapatite 𝐶𝑎5(𝑃𝑂4)3𝑂𝐻 + 7𝐻+ ↔ 5𝐶𝑎2+ + 3𝐻2𝑃𝑂4
− + 𝐻2𝑂 14.46 58.3 

Fluorapatite 𝐶𝑎5(𝑃𝑂4)3𝐹 + 6𝐻+ ↔ 5𝐶𝑎2+ + 3𝐻2𝑃𝑂4
− + 𝐹− -0.21  

Newberyite 𝑀𝑔𝐻𝑃𝑂4 ∙ 3𝐻2𝑂 +  𝐻+ ↔ 𝑀𝑔2+ +  𝐻2𝑃𝑂4
− + 3𝐻2𝑂 1.38 18.2 

 𝑀𝑔𝐾𝑃𝑂4 ∙ 6𝐻2𝑂 +  2𝐻+ ↔ 𝑀𝑔2+ +  𝐾+ + 𝐻2𝑃𝑂4
− +  6𝐻2𝑂 8.93  

Struvite 𝑀𝑔𝑁𝐻4𝑃𝑂4 ∙ 6𝐻2𝑂 +  2𝐻+ ↔ 𝑀𝑔2+ + 𝑁𝐻4
+ + 𝐻2𝑃𝑂4

− +  6𝐻2𝑂 6.40 21.8 

 𝑀𝑔3(𝑃𝑂4)2  + 4𝐻+ ↔ 3𝑀𝑔2+ +  2𝐻2𝑃𝑂4
− 24.51  

Bobierrite 𝑀𝑔3(𝑃𝑂4)2 ∙ 8𝐻2𝑂 + 4𝐻+ ↔ 3𝑀𝑔2+ +  2𝐻2𝑃𝑂4
− +  8𝐻2𝑂 14.10  

 𝑀𝑔3(𝑃𝑂4)2 ∙ 22𝐻2𝑂 + 4𝐻+ ↔ 3𝑀𝑔2+ +  2𝐻2𝑃𝑂4
− +  22𝐻2𝑂 16.01  

 𝐹𝑒𝑃𝑂4 + 2𝐻+ ↔  𝐹𝑒3+ +  𝐻2𝑃𝑂4
− -5.37  

Strengite 𝐹𝑒𝑃𝑂4 ∙ 2𝐻2𝑂 + 2𝐻+  ↔  𝐹𝑒3+ +  𝐻2𝑃𝑂4
− +  2𝐻2𝑂 -6.85  

Vivianite 𝐹𝑒𝑃𝑂4 ∙ 8𝐻2𝑂 + 4𝐻+  ↔  3𝐹𝑒2+ + 2𝐻2𝑃𝑂4
− +  8𝐻2𝑂 3.11  

 𝑀𝑛𝐻𝑃𝑂4 + 𝐻+  ↔  𝑀𝑛2+ + 𝐻2𝑃𝑂4
− -5.74 15.8 

 𝑀𝑛3(𝑃𝑂4)2 + 4𝐻+  ↔  3𝑀𝑛+ + 2𝐻2𝑃𝑂4
− 11.78  

Berlinite 𝐴𝑙𝑃𝑂4 + 2𝐻+  ↔  𝐴𝑙3+ + 𝐻2𝑃𝑂4
− 0.50 17.5 

Variscite 𝐴𝑙𝑃𝑂4 ∙ 2𝐻2𝑂 + 2𝐻+  ↔  𝐴𝑙3+ + 𝐻2𝑃𝑂4
− +  2𝐻2𝑂 -2.50  

1 
Equilibrium constants obtained from the data base of CHEAQS Next 2014 program.    
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The percentage change in water-extractable P concentration within salt treatments 

relative to water-extractable P in P alone treatment are illustrated in the Figure 2.9.  The 

percentage change in water-extractable P concentration varied widely with a range of 

44% to -62%.  A higher percentage increase in water-extractable P was observed with 

MAP than with MPP.  Correspondingly, the percentage decrease in water-extractable P 

was larger with MPP compared to MAP.  Therefore only the treatment effect of MAP 

ALONE and the salt treatments with MAP will be discussed in the proceeding sections.  

The specific effect of MPP ALONE or salt treatments with MPP will be discussed only 

when the soil response varies from that of the corresponding treatment with MAP.  

Four soils types, BAM, RIV, OBO and SUE showed an increase in the water-

extractable P with the application of sulphate salts.  Application of sulphate salts 

enhanced P solubility in these soils by a factor that ranged from 6% to 44%.  On the other 

hand, application of (NH4)2CO3 reduced water-extractable P in BAM, RIV, OBO and 

SUE soils irrespective of the P source.  In contrast, EGF, RAM and GHP soils showed an 

increase in P solubility in the range of 11%-14 % when (NH4)2CO3 was added to MAP. 

The remaining three soils SCY, LDW and THG did not show a positive change in water-

extractable P with any of the applied salts.  Moreover, substantial reduction in water-

extractable P occurred when (NH4)2CO3 was applied to SCY soil with either MAP or 

MPP.  The mechanisms and reactions responsible for salt dependent soil P responses will 

be discussed in a later section. 
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Figure 2.9  Percentage of change water-extractable P under different salt treatments    

applied with a) monopotassium phosphate b) monoammonium phosphate. 
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2.4.7.  Acid-Extractable P Concentration in Soils 

Acid-extractable P concentrations in soils are illustrated in Figure 2.10.  The 

treatment means were not significantly different within a soil type.  Acid-extractable P 

data did not compliment the results of water-extractable P data in most of the soils in 

contrast to the previous results obtained using model calcareous soil systems (Akinremi 

and Cho, 1991a, 1991b; Olatuyi et al., 2009a, 2009b; Manimel Wadu et al., 2013).  The 

reason for such results could be the experimental error associated with the acid extraction 

probably due to the reaction between HCl and carbonates in soils.  This reaction can 

significantly affect the amount of acid available to react with P in the soils with larger 

amounts of carbonates.  This fact is supported by the greater variability in the acid-

extractable data compared to that of water-extractable P data.  The background or native 

P that was extracted by acid varied between 0.7-25 mmol L
-1

 in control soils. Moreover, 

the acid-extractable P data between treatments varied in a very narrow range in some 

soils.   Hence, the acid-extractable P results may not reflect the exact treatment effect.  As 

such, the comparison of different treatments with respect to acid-extractable P 

concentration will not be undertaken here.  One general observation in the acid-

extractable P data is that the soils treated with MAP ALONE showed a greater acid-

extractable P concentration compared to treatments where sulphate salt was added with 

MAP.   This may be an indication of reduced P precipitation with salt addition as reported 

previously in model soil systems (Akinremi and Cho, 1991a; Olatuyi et al., 2009b). 
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Figure 2.10  Acid-extractable P under different treatments with a) monopotassium 

phosphate b) monoammonium phosphate. (Error bars indicate 1 standard 

deviation). 
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2.4.8.  Principal Component Analysis of Water-Extractable P Data 

Principal component analysis was applied to the whole set of water-extractable P 

data.  The results of PCA show that there was a clear segregation of soil types according 

to the changes in the water-extractable P concentration (Figure 2.11).   The first two PCs 

accounted for about 85% of the total variation with PC1 explaining 61% of the variation 

in the data set while PC2 explained the remaining 25% of the variation.  The PC1 

discriminated soil types according to the positive or negative response of each soil for the 

salt application.  The four soil types, RIV, OBO, SUE and BAM were highly positively 

correlated with PC1 while GHP, RAM and EGF soils correlated highly but negatively 

with the PC1.  The PC2 discriminated GHP soil from EGF and RAM soils, although GHP 

soil showed a negative response to sulphate salt application.  The three soils, SCY, THG 

and LDW highly correlated with the PC2 compared to other soils. Further, PCA provides 

indication of the soil types with close similarity in terms of water-extractable P 

concentration.  The two soil pairs, RAM-EGF and SUE-OBO were grouped within the 

same proximity on the loading plot irrespective of textural differences between SUE and 

OBO.   

According to the water-extractable P data, it is possible to identify three groups of 

soils to further explain P behaviour in our soils with respect to salt application.  They are: 

Group 1: soils with positive response to sulphate salts application (RIV, OBO, SUE and 

BAM), Group 2: soils with positive response to (NH4)2CO3 application (RAM, GHP and 

EGF), Group 3: soils with negative response to salt application (SCY, LDW, THG).  

Since the grouping of soil types is strongly related to the type of anion in salts, it is clear  
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Figure 2.11     Loading plot of PC1 vs PC2 given by principal component analysis of 

water-extractable P data. 
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that varied soil response for the application of dual bands is governed by the type of anion 

in non-phosphate salt than the type of cation.   

The score plot of PC1 versus PC2 shows the similarity between treatments with 

respect to the water-extractable P concentration in soils (Figure 2.12).  The water-

extractable P concentration in soils treated with (NH4)2CO3 did not vary with P source.  

However, water-extractable P concentration in soils treated with K2SO4 and MgSO4 

varied depending on the P source.  Results from the application of (NH4)2SO4 with MPP 

did not differ from the application of (NH4)2SO4 with MAP.  Due to the significant salt 

effect on the water-extractable P data, MAP ALONE and MPP ALONE treatments were 

not correlated with the salt treatments.  The PC1 shows that the carbonate and sulphate 

salts behaved differently in soils since the treatments with two types of salts showed 

opposite correlations with PC1. 

 

2.4.9.  Salt Effect on P Solubility in Relation to Soil Properties 

Investigating P behaviour in each soil is important due to the significant interaction 

between soil and treatment effects.  Understanding the role of salts in soils in relation to 

soil properties is essential in selecting the best salt mixture for each soil.  This discussion 

will be based on the soil groups created above for a better comparison between soils.  

Moreover, in accordance with the PCA analysis, effect of anion (sulphate or carbonate) 

will be considered as the main factor for controlling P solubility changes in soils treated 

with dual bands.  
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Figure 2.12   Score plot of PC1 versus PC2 given by principal component analysis of    

water-extractable P data. 
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Soil Group 1: RIV, OBO, BAM and SUE soils 

The common feature of the soils in this group is the enhanced water-extractable P 

concentration by the application of sulphate salts.  The RIV and OBO soils showed a 

20%-40% increase in water-extractable P content with MAP + sulphate treatments while 

the BAM soil showed an increase of 14%-36% water-extractable P with similar 

treatments (Figure 2.9).  The SUE soil showed the least net increase of 6%-17% of P 

solubility in MAP + sulphate treatments compared to other soils in this group.  The three 

fine textured soils in this group (OBO, RIV and BAM) have a high CEC as well as high 

Ca saturation on the soil exchange complex.  The presence of greater amounts of CaEX in 

these soils is an indication of their potential to form CaSO4 in soils.  This fact is 

confirmed by smallest net increase in water-extractable P upon the addition of sulphates 

to SUE soil which had the smallest amount of CaEX.   The CaEX in these four soils varied 

in the following order, SUE < OBO < RIV < BAM (Figure 2.1).   The water-extractable P 

with both MAP ALONE and MPP ALONE in these soils showed a trend that was the 

reverse of this order (Figure 2.8) showing the controlling effect of CaEX on the P 

solubility. 

The SUE soil showed the greatest water-extractable P concentration with MAP 

ALONE and MPP ALONE treatments.  The application of MAP ALONE increased the 

water-extractable P concentration in SUE from 0.7 mmol L
-1

 (control soil) to 38 mmol L
-1 

(Figure 2.8).  The greatest water-extractable P concentration measured in SUE soil with 

all the treatments is indicative of less P retention properties compared to the other soils.  

That could be due to two main soil properties, 1. low CEC, 2. low CaEX.  For the same 

reasons, SUE soil differs from the other fine textured soils in the group 1 with high CEC 
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and high CaEX.  In contrast, significantly smaller amounts of extractable P in manure 

treated OBO soil has been reported by Ige et al. (2011) which was attributed to the high 

CEC and CaEX of this soil.  

There was a negative impact of the application of (NH4)2CO3 on P solubility in all 

four soils of this group.  That may be attributed to the lack of anion competition by CO3
2-

 

since all four soils showed a positive change in P solubility when (NH4)2SO4 was applied.  

Further, results of the simulation of soluble P species showed that the similar amounts of 

K, ammonium and orthophosphate ions are formed under each ammonium salt (Figure 

2.5).  Therefore, the different responses of the same soil for the two ammonium salts can 

be attributed to the effect of anions on P speciation.  Unlike CaSO4, the formation of 

CaCO3 in soil is controlled by pH due to the pH dependence of CO3
2-

/HCO3
-
 equilibrium 

in the soil solution (equation 2.1).  

 

CaCO3(s)  +  H2O(l)  + CO2(g)  ↔   Ca2+ + 2HCO3
−                           

[2.1] 

 

Since the pH of all four soils in this group is close to 8, the CO3
2-

 introduced with 

(NH4)2CO3 exist mainly as HCO3
-
 (Nakayama, 1969).  The CO3

2-
 become the dominant 

species when pH is increased beyond pH 8.5.  Therefore CaCO3 precipitates only at very 

high pH since the second dissociation constant (pK) of carbonic acid is 10.33 

(Kumaragamage et al., 2004).  As a result, HCO3
-
 may not effectively participate in anion 

competition unlike SO4
2-

.  The HCO3
-
 in the soil solution can only results in the formation 

of CaHCO3
+
 as ion pair in the aqueous phase but Ca

2+
 could still be easily precipitated 

with P.  At the same time, NH4
+
 in the salt can undergo cation exchange reactions which 
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in turn increase Ca
2+

 concentration in the soil solution.  Thus, application of (NH4)2CO3 

can increase P precipitation compared to MAP ALONE treatment in RIV, OBO, BAM 

and SUE soils compared to the sulphate salts.  

 Application of sulphate salts seems to be an effective method for enhancing P 

solubility of soils in this group.  The increased solubility of P by sulphate salts may be 

due to the anion competition between sulphate and phosphate to precipitate with soil 

exchangeable Ca as suggested by previous investigators (Olatuyi et al. 2009a; 

Kumaragamage et al. 2004).  In addition, the formation of soluble P complexes with 

cations added with sulphate salts can further enhance the P concentration in soil solution.  

Therefore, further experiments are needed to understand the mechanisms by which 

sulphate salts enhanced solubility of P in soils with greater amount of CaEX.  

 

Soil Group 2: RAM, GHP and EGF soils 

Similar to SUE, all three soils in this group showed a greater P solubility with MPP 

ALONE or MAP ALONE treatments (Figure 2.8) showing that the P precipitation 

reactions are relatively low in these soils.  This fact is further supported by the smaller 

CEC values (20-27 cmol kg
-1

) and relatively low values of P400 (500-565 mg kg
-1

).  The 

GHP soil differed from the other two soils in this group with an alkaline pH of 8.8 while 

both RAM and EGF soils are slightly acidic with a pH of 6 and 6.72, respectively.  The 

amount of water-extractable P in the three soils with MAP ALONE was in the order of 

RAM < EGF < GHP, which also follows increasing order of initial soil pH.  Therefore, it 

is possible that soil pH has a controlling effect on the P solubility in these soils with the 
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low CEC.  As given by the simulation of soluble P complexes, both EGF and RAM soils 

contained greater monovalent orthophosphate ion concentration than the other soil types.  

There was a 10-15% increase in the water-extractable P content in these soils when 

(NH4)2CO3 was added with MAP.  In contrast, application of (NH4)2SO4 to MAP resulted 

in an opposite effect with decreased water-extractable P concentrations compared to that 

of MAP ALONE treatment in these soils.  Such findings further explain the opposite 

response of the soils in group 1 and group 2.  The application of sulphate salt with MAP 

facilitated P precipitation reactions in the soils of this group, instead of the expected 

positive response caused by the formation of CaSO4.  Since the similar amounts of 

soluble P complexes can be formed in each soil with either (NH4)2SO4 or (NH4)2CO3 

(Figure 2.6) the observed variation in soil response to ammonium salts should be due to 

the reactions associated with anion. There was a slight difference in the soluble 

complexes formed in GHP soil with greater pH than the EGF and RAM soil due to the 

decreased orthophosphate ion concentration in GHP soil (Figure 2.6).  However, the 

increased water-extractable P content by (NH4)2CO3 was similar in all three soil types.  

Moreover, further reduction in soil pH due to the dissolution of sulphate salts can 

facilitate other reactions such as carbonate dissolution in the soils. However, the exact 

reaction mechanisms by which sulphate salts facilitated the P precipitations could not be 

ascertained with the measured soil properties in the present study.   

The prevalence of more H2PO4
-
 at the initial pH of RAM and EGF soils can results 

in high solubility of P upon adding MAP ALONE and MPP ALONE treatments (Figure 

2.4).  However, the addition of cations that is associated with sulphate in the salt 

treatments can increase the amount of Ca
2+

 concentration in the soil solution through 

cation exchange reactions.  Hence, application of sulphate salts with P can enhance Ca-P 
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precipitation by increasing the Ca concentration in soils in the absence of anion 

competition.  At the slightly acidic pH of RAM and EGF soils, nitrification reactions can 

reduce the concentration of NH4
+
 which reduces the exchange reaction with Ca

2+
.  

Therefore, application of salts of NH4
+
 might be beneficial for the RAM and EGF soils 

compared to other salts.  The prevalence of H2CO3/HCO3
-
 at the soil pH of 6-6.7 in RAM 

and EGF soils does not favour the precipitation of CaCO3 when (NH4)2CO3 was added 

with MAP.  Therefore, the mechanism by which (NH4)2CO3 enhanced the solubility of P 

in these soils is unknown. 

The GHP soil, although different from RAM and EGF soils, can favour the 

presence of CO3
2-

 to some extent while some of the NH4
+
 could be lost by NH3 

volatilization at the pH of 8.4.  The net effect of these two processes can enhance P 

solubility by precipitating CaCO3 and reducing cation exchange reactions. The 

investigation of the exact mechanism by which SO4
2-

 reduced the P solubility in GHP 

warrants further experiments.  In contrast to our results, Olatuyi et al. (2009a) reported 

that the application of (NH4)2SO4 and (NH4)2CO3 with MPP and MAP enhanced P 

solubility at the application site of a model calcareous soil.  They postulated that the 

formation of CaSO4 and CaCO3 reduced the precipitation of P by Ca
2+

 upon adding 

(NH4)2SO4 or (NH4)2CO3 to P fertilizer.  

 

Soil Group 3: SCY, THG and LDW soils 

Application of K2SO4, (NH4)2SO4 and (NH4)2CO3 significantly reduced P solubility 

in LDW soil compared to the P alone treatments.  There was a dramatic increase in the 

solubility of P in LDW soil with MPP ALONE treatment compared to that of MAP 
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ALONE treatment.  The concentration of P with MPP ALONE was about twice the 

concentration measured in MAP ALONE in LDW soil.  This effect may be due to a 

smaller acidification effect of MPP compared to MAP as, LDW contained the greatest 

amount of carbonates and CaHCl amongst the ten soils.  Nitrification of NH4
+
 will further 

reduce pH causing further dissolution of carbonate in LDW soil.  High amounts of 

carbonates in LDW soil may be the reason for the negative effect of salt application on P 

solubility due to possible carbonate dissolution and enhanced P precipitation upon the 

application of salts.   

None of the sulphate salt treatments significantly changed the water-extractable P 

concentration in the THG soil.  Thalberg soil had a carbonate content of 6.6% and a CEC 

of 54 cmol kg
-1

. The two soils, LDW and THG contained greater amount of CaHCl than 

the other soils. In such a situation, salt application can have a negative effect by 

solubilising carbonate which may override the effect of anion competition.  The SCY 

soils contained the greatest amount of CaEX amongst the three soils in this group.  That 

may be the reason for the lowest water-extractable P concentration measured in SCY soil 

with both P sources.  Although anion competition is a possible reaction, the negative 

impact of sulphate salts could be due to the instability of CaSO4 at the high pH of these 

soils.  Calcium sulphate becomes more soluble than DCPD as the pH of the system 

increases (Moreno et al., 1963).  Enhanced cation exchange reactions upon the 

application of salts can also increase P precipitation in these soils (Akinremi and Cho 

(1993). 

The negative impact of (NH4)2CO3 on the solubility of P could be due to the 

reactions that are specific to calcareous soils.  Fenn and Kissel (1979) reported that, 

ammonium compounds react with the solid-state CaCO3 when applied to the surface of a 
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calcareous soil.  They have shown that (NH4)2CO3 is unstable in calcareous soils and 

decomposes according to equation 2.2.  Therefore, co-application of (NH4)2CO3 and P 

fertilizer may not enhance P solubility in calcareous soils.  The increased partial pressure 

of CO2 in the soil environment can lower soil pH causing further dissolution of CaCO3 

(equation 2.2), releasing more Ca for precipitation reactions with P following the 

application of (NH4)2CO3. 

 

             (NH4)2CO3  +  H2O   →   2NH3 + H2O +  CO2
                      

[2.2] 

 

2.4.10.  General Relationships between Soil Properties and Salt Effect 

In general, the effect of salt application on water solubility of P depended on two 

main soil properties, CaEX and CaHCl.  A negative effect of sulphate and carbonate salts 

application was obtained when salts were applied to the soils with high amount of CaHCl.   

The soils with high CaEX and low CaHCl showed a positive response to sulphate salt 

application but a negative response to (NH4)2CO3 application.  In contrast, soils with low 

CaEX and low CaHCl showed a positive response to (NH4)2CO3 application but a negative 

response to sulphate salt application with P.  The two soils, GHP and SCY showed some 

exceptions to this generalized concept.  Our results showed that the behaviour of salts 

applied with P is specifically controlled more by the Ca
2+

 than any other soil property and 

application of sulphate salts could be a promising agronomic practice for some Manitoba 

soils.  However, direct identification of CaSO4 in soils is essential to confirm the 

assumption of anion competition by sulphate.  Moreover, identification of P solid phases 

in soils will provide information on the cations that involve in P precipitation reactions. 
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Therefore, further research is needed to understand reactions between exchangeable Ca 

and P in fertilizer bands containing sulphate salts.   

 Application of (NH4)2CO3 with P was not effective like sulphate salts although it 

enhanced P solubility in some soils.  Since both negative and positive responses to 

applied salts were observed, further studies are recommended to derive more precise 

relationships between the salt effect and soil properties.  Since the complexity of soils 

varies in a wide range, a study with a larger number of soils will provide more accurate 

relationships and conclusions.  It may be possible to derive a relationship between the P 

solubility and the ratio of CaEX to CaHCl using a larger number of soils.  Thus, the ratio of 

CaEX to CaHCl could be used as an indicator of the potential of sulphate salts to enhance P 

solubility in a particular soil.  

 

2.4.11.  Effect of P:S Ratio on the Water-Extractable P Concentration 

Water-extractable P concentrations under the two P:S mole ratios are given in the 

Figure 2.13.  There was no significant difference between the water-extractable P 

concentrations obtained using P:S mole ratios of 1:1 and 2:1 with either MAP or MPP.  

Therefore, anion competition by sulphate was not enhanced in these soils by the increased 

sulphate concentration. However, a slight increase in P solubility was noticeable in GHP, 

OBO, SCY and SUE soils with P:S mole ratio of 1:1 and with MPP or MAP.  The water-

extractable P concentration was further reduced by the increased P:S mole ratio in LDW, 

THG, RAM and EGF soils when the P source was MPP. 

Greater mobility of sulphate ions in soils compared to phosphate ions has been 

reported by Olatuyi et al. (2009b) and Lefroy et al. (1995).  As a result, the anions 
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remaining in the soil-P interaction zone may not be increased although the sulphate 

concentration was doubled.  Therefore, the degree of anion competition in soils may not 

be significantly changed.  Yan (2008) reported that the solubility of calcite increases with 

increasing sulphate concentration.  It is also possible that enhanced CaCO3 dissolution 

resulted in decreased P solubility with increased amount of sulphate.  Therefore, P:S mole 

ratio of 2:1 is sufficient for the maximum effect of anion competition in soils that show a 

positive effect on P solubility due to anion competition (RIV, OBO, BAM and SUE 

soils). 
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Figure 2.13       Water-extractable P under treatments with different P:S mole ratios.  MPP 

is monopotassium phosphate and MAP is monoammonium phosphate 

(Error bars indicate standard deviation). 
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2.5. Conclusions 

The effect of sulphate and carbonate salt application on the solubility of MAP and 

MPP in different Manitoba soils was significantly influenced by the soil type, P source 

and the salt type.  As revealed by water-extractable P data, different responses of soils for 

the application of various dual bands were mainly explained by the type of anion than the 

type of cation in non-phosphate salt.  The two main soil properties which controlled the 

behaviour of salts and their effect on P solubility were CaEX and CaHCl while the effect of 

pH on the P solubility was indirect.  Co-application of salts reduced the water solubility 

of P in soils with high amount of CaHCl.  Sulphate salt application can increase P 

solubility in soils with high CaEX.  Soils with low CaEX and low P sorption properties 

showed a negative response to sulphate salt application with P.  The P:S mole ratio of 2:1 

in the sulphate salt and P mixture is sufficient to achieve enhanced P solubility in soils 

with greater exchangeable Ca. There is no significant effect on P solubility by increasing 

P:S mole ratio to 1:1 in the fertilizer band. It was surprising that, unlike the results 

obtained in a model soil system, the enhancement of P solubility with the addition of 

sulphate salts was soil dependent.  While some soil reacted positively to sulphate salt 

addition, other showed a negative response.  There is therefore the need to probe deeper 

into the mechanism for the effect of sulphate salt on P movement as a first step to 

understanding the varying responses of Manitoba soils to sulphate salt addition. This calls 

for further experiments using both the model and real soils. Identification of P and S 

compounds using direct methods is suggested to understand the role of sulphate salt 

application on P chemistry in the fertilizer dual band.  Identification of CaSO4 precipitates 
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in soils will provide direct evidence for the anion competition by sulphate in calcareous 

soils. 
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3. EXCHANGEABLE Ca:Mg RATIO AFFECTS PHOSPHORUS BEHAVIOUR 

IN MODEL CALCAREOUS SOILS: A 
31

P MAS NMR INVESTIGATION 

 

 

3.1. Abstract 

Calcium (Ca) and magnesium (Mg) are two dominant cations in calcareous soils 

which undergo precipitation reactions with applied P fertilizers.  Unlike Ca, the reactions 

of Mg with P have not been thoroughly studied.  The objectives of this study were to 

determine the effect of exchangeable Ca:Mg ratio on the solubility and mobility of P in 

model calcareous soils and to identify the P species using 
31

P magic-angle spinning 

nuclear magnetic resonance (MAS NMR).  It was hypothesised that P precipitation can be 

reduced by decreasing the Ca content on the cation exchange complex of a model 

calcareous soil.  A cation exchange resin was saturated to achieve five different saturation 

ratios approximately as 100%Ca, 60Ca:40Mg, 50Ca:50Mg, 30Ca:70Mg and 100%Mg.  

The resin was mixed with quartz sand and CaCO3 to form model calcareous soils.  

Fertilizer monoammonium phosphate (MAP) was surface applied on soil columns.  

According to the analysis of 2 mm segments, water-soluble P increased with decreasing 

Ca saturation while the acid-soluble P decreased with decreasing Ca saturation.  The 

decreasing Ca saturation (or increasing Mg saturation) enhanced deeper penetration of 

added P.  Dicalcium phosphate dihydrate (DCPD) was the dominant P species formed in 

soils with 100% to 50% Ca saturation.  Magnesium phosphate trihydrate (MPTH) was 

identified as a prominent P phase with a poorly ordered structure in soils with 70% to 
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100% Mg saturation.  DCPD and MPTH were identified as minor P phases in 30Ca:70Mg 

and 60Ca:40Mg soils, respectively.  Both chemical and NMR results confirmed that Mg, 

unlike Ca, was not a strong cation for P precipitation.  The role of exchangeable Mg in 

reducing the formation of Ca-P precipitates could have a positive effect on the P 

availability in soils with low Ca:Mg saturation.  

 

3.2. Introduction 

Precipitation is one of the major reactions that reduce the solubility of P in soils.  As 

a result, applied P typically moves only a short distance from the point of application.  

Phosphorus in soil reacts with Ca to form a series of less soluble products such as DCPD, 

octacalcium phosphate (OCP) and ultimately, hydroxyapatite (HA) (Sample et al., 1980; 

Freeman and Rowell, 1981; Tunesi et al., 1999).  This process reduces the available or 

extractable orthophosphate content over time and reduces the agronomic efficiency of 

added P fertilizers (Hooker et al., 1980; Ibrahim and Pratt, 1982; Ryan et al., 1985).  As 

shown in the previous study (chapter 2), exchangeable Ca relates to the positive effect of 

sulphate salt application on P solubility in some Manitoba soils.  Therefore, further 

studies aimed at exploring the role of exchangeable Ca in calcareous soils are needed to 

improve the understanding of P reactions in calcareous soils. 

Unlike Ca, the role of Mg in P retention reactions in soils has not been widely 

investigated.  In an attempt to understand the role of Mg in calcareous soils, Lindsay et al. 

(1962) identified MgNH4PO4•6H2O (struvite) as a reaction product when 

monoammonium phosphate (MAP) solution was brought in contact with a calcareous soil 

high in exchangeable Mg.  Racz and Soper (1967) identified MgHPO4•3H2O (MPTH) as 
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one of the major P precipitates formed after adding KH2PO4 to calcareous soils with high 

magnesium carbonate content.  Despite the fact that Mg is involved in the formation of 

sparingly soluble P compounds, increased mobility of P upon addition of magnesium salts 

along with KH2PO4 to a calcareous soil system has been reported by some authors 

(Olatuyi et al., 2009a; Kumaragamage et al., 2004), but the mechanisms for the enhanced 

P mobility are not clearly understood.  In a study using waste water systems, Cao and 

Harris (2008) noted a severe inhibition of precipitation rate and precipitate crystallinity of 

P compounds in the presence of Mg.  They postulated that such inhibition was due to the 

incorporation of Mg into the Ca phosphate structure.  However, there has not been much 

research on the reaction mechanisms by which exchangeable Mg affect P precipitation.  

According to the findings of Ige et al. (2005), the amount of exchangeable Ca varied from 

1.4-39.6 cmol kg
-1

 and Mg from 0.3-21 cmol kg
-1

 in neutral to alkaline soils.  Racz and 

Soper (1970) reported that ammonium acetate displaceable Ca:Mg ratio varied from 7.6 

to 0.46 in calcareous soils showing that some soils contained as much as twice the Mg as 

Ca.  Therefore studies aimed at specific role of exchangeable Mg are essential to quantify 

P solubility in the P fertilizer reaction zone in calcareous soils. 

Identification of solid phase reaction products which contain Ca and Mg has been 

widely used to characterize the reactions of P fertilizers in soil and direct spectroscopic 

examination of solid phase P can be successfully used in this task (Sample et al., 1980).  

One way of doing this is through the use of solid-state 
31

P MAS NMR spectroscopy, a 

powerful technique which can be used to examine complex and heterogeneous 

environments of P compounds in soils (Williams et al., 1981).  Phosphorus-31 nucleus 

has a nuclear spin of 1/2 and 100% natural isotopic abundance making it approximately 

400 times more receptive than 
13

C.  These factors make 
31

P MAS NMR a valuable tool 
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for structural information of non-crystalline P phases (Hunger et al., 2004) including 

surface adsorbed P phases (Hinedi et al., 1992) and guest-host adsorbed phases (Dionisio 

et al., 2012) which are not amenable to other techniques like X-ray diffraction.  When 

these favorable properties are combined with magic-angle spinning (MAS) and cross-

polarization (CP), solid-state MAS NMR provides a useful method for analyzing P 

compounds in soils due to enhanced resolution and sensitivity (Akinremi et al., 2011).  

Furthermore, the use of 
31

P{
1
H} CP, provides valuable insights into the relative proximity 

of protons to particular phosphorus sites. 

 Solid-state 
31

P NMR has been used to characterize inorganic P in wastewater 

sludges and animal manures (Hinedi and Chang, 1989, Hinedi et al., 1989; Frossard et al., 

1994; Hunger et al., 2004; Jayasundara et al., 2005) and soils (Lookman et al., 1996; 

Shand et al., 1999; McDowell et al., 2002, 2003; McBeath, 2006), but the use of 
31

P 

NMR in understanding the fate of inorganic P fertilizers in soils is not common.  Part of 

the problem may be due to the low P concentration in soil samples which render the NMR 

signal much weaker (smaller signal-to-noise ratio in NMR spectra) and the presence of 

paramagnetic ions (Fe and Mn) which causes peak broadening, reducing the ability to 

distinguish individual peaks from one another (Hinedi et al., 1989).  

Investigating the effect of exchangeable Ca and Mg on P reactions in soils is 

challenging due to interference from other sources of Ca and Mg in soils and other 

possible side reactions of P such as adsorption.  A way of addressing this challenge is 

through the use of a model calcareous soil system made up of cation exchange resin to 

simulate the soil exchange complex (Akinremi and Cho 1991a, 1991b; 1993; Olatuyi et 

al., 2009a, 2009b).  Such a system lends itself to the use of 
31

P NMR for P speciation due 

to the absence of paramagnetic ions.  A model system also provides a means of 
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examining the precipitation reactions of P in the absence of adsorption reactions by soil 

minerals and organic matter.  While several studies that have used cation exchange 

system have inferred the precipitation of P, possibly as DCPD, (Akinremi and Cho, 

1991a, 1991b; Olatuyi et al., 2009a, 2009b) none of these studies have made a direct 

identification of the P precipitates that were formed in this system. 

The objectives of this study were to determine the effect of exchangeable Ca and 

Mg on P solubility and mobility using model calcareous soil systems with different 

exchangeable Ca:Mg ratios and to identify Ca-P and Mg-P reaction products that are 

formed using 
31

P MAS NMR.  It was hypothesised that a decrease in soil exchangeable 

Ca saturation can increase P solubility and formation of solid phase P is affected by the 

varying exchangeable Ca:Mg ratios in model calcareous soils. To the best of our 

knowledge, this is the first time that the presence of Ca-P and Mg-P resulting from cation 

exchange reactions has been studied in a model cation exchange resin system. 

 

3.3. Materials and Methods 

3.3.1.  Preparation of the Model System 

A column study using a model calcareous soil was carried out and the experimental 

procedure is well documented elsewhere (Akinremi and Cho, 1991a, 1991b; 1993; 

Olatuyi et al., 2009a, 2009b).  Columns were made according to the method of 

Khasawneh and Soileau (1969) using a wax-petroleum jelly mixture.  The rectangular 

wax columns were 10 cm in height with a cylindrical cavity of 4.5 cm diameter which 

contained the soil.  The block of wax was closed at the bottom with an acrylic plate.    
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The model soil was made up of a cation exchange resin and inert quartz sand.  The 

resin (Amberlite IRP-69; sulfonic acid functionality, sodium form; CEC 430 cmolc kg
 -1

; 

30-150 μm in diameter) was saturated with Ca and Mg to achieve five different Ca:Mg 

ratios.  The targeted Ca:Mg ratios were 100:0, 70:30, 50:50, 30:70 and 0:100.  The 

amounts of CaCl2 and MgCl2 which can be used to achieve the target Ca:Mg ratios were 

determined in a preliminary experiment.  Re-extraction of Ca and Mg from the resin 

confirmed that the actual Ca:Mg ratios in the resin were very close to the target ratios 

(Table 3.1).  The different soil types will be denoted using Ca:Mg ratios that approximate 

the actual Ca:Mg ratios of the resin, namely: 100%Ca, 60Ca:40Mg, 50Ca:50Mg, 

30Ca:70Mg, and 100%Mg.  The resin was saturated by placing 40 g of resin in a Büchner 

funnel.  This was leached with a solution containing CaCl2 and/or MgCl2 (as given in 

Table 3.1) in aliquots of 40 ml.  A total of 1000 mL solution was used to saturate 40 g of 

resin and the resin was then washed with distilled water until the silver nitrate test was 

negative for chloride ions.  The resin was air-dried and a sub sample of resin from each 

Ca:Mg ratio was extracted with 1.0 M NH4OAc to confirm the Ca:Mg ratio and the 

complete saturation of the exchange sites by Ca and/or Mg.  

The quartz sand (Unimin Silica Sand, Unimin Corporation, Le Sueur, Mn) was first 

washed with 5% concentrated HCl and then washed with distilled water until the pH was 

in the neutral range.  The sand was air dried, crushed with a pulverizing grinder and 

sieved in order to obtain sand with particles in the range of 50-150 μm the same size 

range as the resin.  Before mixing with resin, the crushed sand was coated with CaCO3 

using a method of Akinremi (1991b).  Briefly, the crushed sand was spread over a plastic  
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Table 3-1. Molarity ratio of the required CaCl2 and MgCl2 solutions to achieve 

specific Ca:Mg ratio in the resin. 

Target Ca:Mg ratio Solution ratio 

M CaCl2: M MgCl2 
Actual Ca:Mg 

100%Ca 1:0 100:0 

70Ca:30Mg 0.25:0.25 62:38 

50Ca:50Mg 0.125:0.37 45:55 

30Ca:70Mg 0.125:0.75 30:70 

100%Mg 0:1 0:100 
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tray and reagent grade CaCO3 powder was added at a rate of 5 g kg
-1 

and thoroughly 

mixed, while water was sprayed over the mixture.  The mixture was allowed to dry so that 

CaCO3 can adhere onto the sand particles.  Adhered CaCO3 onto sand particles simulate a 

calcareous soil and it also provides a pH buffer to the model soil system. 

Finally, resin with varying Ca and Mg saturation and CaCO3 coated quartz sand 

were mixed at a ratio of 1:20 to produce a mixture with a CEC of 22 cmolc kg
-1

.  The final 

mixture will be referred to here as ‘soil’ hereafter, and five soils with different Ca:Mg 

saturation on the exchange complex were considered as the main treatments in this study.  

The wax columns were packed with soil up to 10 cm height at a bulk density of 1.4 Mg 

m
-3

.  The soil was wetted at the surface to a water content of 15% w/w and allowed to 

equilibrate for 24 hours prior to the application of P fertilizer.  Finely ground MAP 

fertilizer was applied uniformly onto the soil surface at a rate of 0.4 g per column (85.6 

mg P per column) to simulate one dimensional movement of P, simulating a fertilizer 

band in a soil (Akinremi and Cho, 1993; Kumaragamage et al., 2004; Olatuyi et al., 

2009a, 2009b).  The columns were then arranged in an upright position on a raised stand 

in a plastic tub with free water at the bottom to provide a humid environment.  The plastic 

tub was sealed to prevent evaporation of moisture and then placed in an incubator (Fisher 

Low Temperature Incubator, Model 307) for a period of 2 weeks at a constant 

temperature of 20
o 

C.  The experiment was carried out in triplicate (per soil type) and 

replicates of all five treatments were blocked in time during the incubation.  

 



 

139 
  

3.3.2.  Column Segmentation and Physico-Chemical Analysis 

After two weeks of incubation, columns were segmented at 2 mm intervals using a 

meat cutter (model UL8, International Edge Tool Co., Roseland, NJ) to a depth of 80 mm.  

Samples were taken from each depth section for both moisture and chemical analysis.  

Exactly 2 g of soil from each section was weighed into a centrifuge tube for chemical 

analysis.  Approximately 2 g of soil from the sections from 0-10 mm depth of each 

column was air dried and stored for 
31

P MAS NMR analysis.  Remaining soil from each 

section was used to determine the gravimetric water content by the thermo-gravimetric 

method (Gardner, 1986).  

To determine soil pH, 2 mL of deionized water was added to 2 g of soil in a 

centrifuge tube which was then placed on a vortex machine (Fisher Vortex Genie 2
TM

, 

Fisher Scientific Ltd.) for 60 s.  The mixture was allowed to equilibrate for 60 s and the 

pH was measured using a pH meter fitted with a combination electrode (Accument Model 

AR50 digital pH meter, Fisher Scientific Ltd.).  The pH electrode was then rinsed with 5 

mL of water into the centrifuged tube and extra 3 mL of water was added for a total 

volume of 10 mL.  The mixture with soil/solution ratio of 1:5 was then shaken for 15 min 

at 150 stokes per min and centrifuged at 1930 × g for 5 min.  The clear solution was 

filtered (Whatman No. 42, Fisher Scientific Ltd.) and defined as the “water-extractable P 

fraction”.  Following water extraction, the same soil sample was extracted with 1 M HCl.  

Two successive extractions with 20 mL of 1 M HCl were followed by rinsing the soil on 

the filter paper with two aliquots of 10 mL of the acid in order to extract soil with a total 

of 60 mL of 1 M HCl.  This was defined as “acid-extractable P fraction”.  It was assumed 

that the water-extractable fraction is composed of mobile or readily soluble P phases in 
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soil while the acid-extractable fraction contains immobile or more stable solid phases of P 

in the soil.  Inorganic P in both fractions was determined by the ascorbic acid-ammonium 

molybdate method of Murphy and Riley (1962).  

 

3.3.3.  Phosphorus Mass Balance and Statistical Analysis 

The mass balance of P in each column was calculated and used as a measure of the 

recovery of P by the sequential extraction.  The mass of P in each depth section was 

calculated separately for water and acid-extractable fractions and total P per section was 

calculated as sum of both fractions.  The total P mass over the depth of 80 mm was 

summed and compared with the amount of P added (85.6 mg) to calculate the recovery 

which was then expressed as a percentage.  Comparison of the treatment means was 

conducted on the total water-extractable P mass, total acid-extractable P mass and the 

maximum depth of P and H
+
 penetration using the Least Significance Difference (LSD) 

test at 5% level of significance.   

 

3.3.4.  Identification of Phosphorus Compounds by 
31

P MAS NMR 

Air-dried samples from 0-2 mm, 2-4 mm and 6-8 mm depth sections of all soil 

types and a subsample of fertilizer MAP were used for NMR experiments to characterize 

phosphate species.  Solid-state MAS NMR experiments were carried out using a Varian 

Inova
UNITY

 600 (14.1T) spectrometer with a 
31

P larmor frequency, νL of 242.75 MHz.  All 

the spectra were acquired with MAS on a 5 mm double resonance (H(F)-X) Varian-

Chemagnetics probe using a 5 mm o.d. ZrO2 or SiN rotors with a 160 μL fill volume 
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(~160 to 210 mg).  The single-pulse (Bloch-decay, SP) spectra were acquired using a 45
o
 

tip angle (νrf = 38 kHz), recycle delays of 25-30 s-optimized for each sample to ensure 

complete relaxation of all peaks and co-added transients of 840 to 3000.  Cross-

polarization MAS (CP MAS) spectra were acquired under similar conditions using a 2 to 

4 ms contact time, between 1 and 5 s recycle delays and 4k to 16k co-added transients.  

Samples were acquired at a spinning frequency of 7 kHz (± 0.004) and referenced to 85% 

H3PO4 (0.0 ppm).  Table 3.2 summarizes the chemical shift values used for the peak 

assignment. 

 

3.4. Results and Discussion 

3.4.1.  pH of the Soil Column 

The background pH of the soil was approximately 9 for all soil types with different 

Ca:Mg ratios.  This value is greater than the pH of 8.4 reported by Griffin and Jurinak 

(1973) for a solution that is in equilibrium with CaCO3 and atmospheric CO2.  The high 

pH of this soil system is expected to facilitate the precipitation of added P due to the 

prevalence of the divalent orthophosphate species (HPO4
2-

) at this pH range (Cho, 1991; 

Akinremi and Cho, 1993; Schachtman et al., 1998; Havlin et al., 1999). 

The pH of the soils was reduced below the background value upon addition of MAP 

regardless of the Ca:Mg ratio on the exchange complex (Figure 3.1).  The pH at the soil 

surface (0-2 mm) was about 6 after two weeks of incubation.  This was due to the 

production of protons from the dissolution of MAP at the application site.  Sample et al. 

(1980) reported the pH of a solution in equilibrium with NH4H2PO4 as 3.5, which is  
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Table 3-2  Possible phosphate compounds and 
31

P NMR chemical shifts. 

Phosphate compound δiso (ppm) Reference 

NH4H2PO4 0.9 Turner, 1986 

CaHPO4•2H2O 1.6 Cheetham, 1986 

MgHPO4•3H2O -8 Scrimgeour et al., 2007 

α-Ca2P2O7 -7.8,-10.7 Cheetham, 1986 

β-Ca2P2O7 -6.3,-7.8,-9.1,-10 Cheetham, 1986  

Amorphous Mg2P2O7 -6.5  Scrimgeour et al., 2007 

Amorphous MgHPO4•3H2O -5  Scrimgeour et al., 2007 
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Figure 3.1  Soil pH of columns with various Ca:Mg ratios on the exchange complex.  
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considerably lower than the value we obtained at the application site of MAP.  The reason 

for the observed high pH in this study may be the pH buffering action of the added 

CaCO3 to the model soil.  Olatuyi et al. (2009b) reported a pH change from the initial 

value of 8.8 to 7.4 after two weeks following the addition of MAP to a Ca-saturated 

cation exchange resin system.  There was no marked difference in the pH among different 

soils at the site of salt application, i.e., the first 2 mm depth of the column.  

The H
+ 

ion concentration was greatest closer to the application site in all soils and 

declined with increasing distance from the surface of the column.  The extent of H
+
 

penetration into the soil column is demarcated by the sharp rise in pH to the background 

value at depth (Figure 3.1).  Similar features of model soil pH have been reported by 

other authors using Ca saturated resin systems (Akinremi and Cho, 1991a; Olatuyi et al., 

2009a, 2009b).  There was a marked effect of exchangeable Ca:Mg ratio on the soil pH 

and the depth of H
+
 penetration along the soil columns.  The movement of H

+
 was 

promoted by a decreasing Ca saturation possibly due to the greater movement of 

dissolved salts in soils.  The minimum depth of H
+
 penetration was 54 mm with 100%Ca 

increasing to 68 mm with 60Ca:40Mg and then to 70 mm with 50Ca:50Mg.  The greatest 

depth of H
+ 

penetration was 72 mm with both 30Ca:70Mg and 100%Mg.  Beyond these 

depths, the pH reverted to background values as lower portions of the column were not 

affected by diffusing H
+ 

ions.  

There was a distinct pattern in the pH of the five soils.  The pH of 100%Ca soil was 

greater than all the other soils at every depth traversed by H
+
.  The lowest pH was 

observed in 50Ca:50Mg and 30Ca:70Mg soils and the intermediate pH was observed in 

60Ca:40Mg and 100%Mg soils. There was a reduction of pH with decreasing Ca 

saturation from 100% to 30% on the soil exchange complex.  Olatuyi et al. (2009a) also 
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reported the specific role of Mg in decreasing the pH in a Ca-saturated cation exchange 

resin system when Mg salts were added.  The pH of the 100%Mg soil was higher and 

close to the pH of 60Ca:40Mg soil and the reason for increased pH in 100%Mg soil is not 

clear.  However, the reduction of pH in the soils with less Ca saturation than 100%Ca soil 

is expected to favour P solubility and transport due to the shift of the dominant phosphate 

species to (H2PO4
-
) resulting more soluble Ca(H2PO4)2 in soil (Sample et al., 1980; 

Lindsay et al., 1989; Schachtman et al., 1998; Havlin et al., 1999).  

 

3.4.2.  Water-Extractable Phosphorus 

The distribution of the water-extractable P of each soil followed the pattern for one-

dimensional diffusive transport of phosphorus along the soil columns (Figure 3.2).  The 

water-soluble P fraction was greatest at the top of the column in all soils except for 

100%Mg soil.  In general, water-soluble P content in all five soils gradually declined 

down the soil column.  The greatest water-soluble P mass at 0-2 mm depth was observed 

for 100%Ca soil as 3.52 mg while the smallest water-soluble mass was observed for 

30Ca:70Mg soil as 2.42 mg.  Although 100%Mg soil contained water-soluble P mass of 

2.55 mg at 0-2 mm depth, it showed the greater water-soluble P fraction at each depth 

beyond the first 2 mm of the soil column compared to all other soils.  

Overall, our results showed that water-soluble P increased with decreasing Ca 

saturation in soils.  This fact was confirmed by the significant difference in total water-

soluble P fraction for each soil as shown in Table 3.3.  The dramatic decrease of soluble P  
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Figure 3.2  Distribution of water-extractable P in soil columns with various Ca:Mg ratios 

on the exchange complex. 
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Table 3-3  Total acid and water-extractable P fraction in each soil with standard 

deviations given in parenthesis. 

Soil type 
Total acid 

extractable P† 

(mg) 

Total water 

extractable P† 

(mg) 

Total P 

(mg) 

Input P 

(mg) 

Recovery 

% 

100%Ca 68.5 (0.25)a 16.5 (0.48)a 85.1 85.6 99 

60Ca:40Mg 67.18 (0.31)b 19.42 (0.6)b 86.6 85.6 101 

50Ca:50Mg 52.80 (0.62)c 32.84 (0.09)c 85.6 85.6 100 

30Ca:70Mg 50.51(0.25)d 40.27 (0.56)d 90.8 85.6 106 

100%Mg 39.80 (0.27)e 47.09 (0.21)e 86.9 85.6 102 

 

†     Mean values followed by different letters are significantly different at the 0.05   

probability level.      

 

 

 

 

 

 

 

 

 



 

148 
  

fraction in 100%Ca soil compared to 100%Mg soil indicates a high rate of P precipitation 

in the presence of Ca than in the presence of Mg.  Therefore Ca seemed to be a stronger 

driver of P precipitation than Mg in these calcareous model soil systems.  The maximum 

distance traveled by P increased with increasing Mg saturation on the soil exchange 

complex.  Phosphorus was detected down to 42 mm depth in 100%Ca soil while it 

diffused to 78 mm depth in 100%Mg soil.  For the 60Ca:40Mg, 50Ca:50Mg and 

30Ca:70Mg soils, the depth of P penetration were 56 mm, 64 mm and 72 mm 

respectively. 

 

3.4.3. Acid-Extractable Phosphorus 

The acid-extractable P represents the amount of P precipitated in each soil.  In all 

soils, the greatest amount of P was precipitated at the surface and decreased with 

increasing depth (Figure 3.3).  The greatest amount of acid-extractable P in the surface 

layer (0-2 mm depth) was observed in 100%Ca and 60Ca:40Mg soils as 18.2 mg and 19 

mg respectively.  This amount decreased with increasing Mg saturation as 14.7 mg, 11.7 

mg and 10.8 mg of acid-extractable P in the 50Ca:50Mg, 30Ca:70Mg and 100%Mg soils, 

respectively.  The distribution of the acid-extractable P complemented that of the water-

extractable P as the soil with the greatest water-extractable P concentration had the 

smallest amount of acid-extractable P and vice-versa.  The greatest total acid-extractable 

P fraction was measured in 100%Ca and there was a gradual decrease in the total acid-

extractable P which followed the order of 60Ca:40Mg > 50Ca:50Mg > 30Ca:70Mg > 

100%Mg (Table 3.3).   
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Figure 3.3 Distribution of acid-extractable P in soil columns with various Ca:Mg ratios on 

the exchange complex. 
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Precipitation of P was limited to the first 40 mm depth in all soil types. Nearly 54% 

of the applied P was precipitated within the first 10 mm depth in 100%Ca soil, which may 

make a significant proportion of the applied P unavailable.  Only 26% of the applied P 

was precipitated in 100%Mg soil while it was about 40% in 50Ca:50Mg soil.  These 

results show that the chemical reactions within the first 10 mm of the P fertilizer band 

may play an important role in the availability of P in soils especially with high degree of 

Ca saturation.  Therefore identification of P reaction products within the top 10 mm of the 

soil columns was given priority in this study in order to better understand the precipitation 

reactions of P with Ca and Mg.   

 

3.4.4.  Phosphorus-31 MAS NMR Results 

The 
31

P MAS NMR spectra of MAP showed that it contained ~97% of NH4H2PO4 

with a strong resonance at 0.9 ppm and a lower intensity resonance at ~ -8 ppm (~3%) 

with a line width on the order of 4 ppm (Figure 3.4) which was assigned to a mixture of 

α/β-Ca2P2O7 (α/β calcium pyrophosphate, Cheetham, 1986).  Calcium pyrophosphate 

comprises four phosphorus sites for the beta-phase and two phosphorus sites for the 

alpha-phase.  These six sites appear within a narrow 4 ppm range and appear to overlap 

with one another in terms of isotropic chemical shift (Cheetham, 1986).  Although the 

resolution of multiple sites is possible in highly crystalline species, any disorder in this 

compound will hampers resolution and causes a single broad resonance to be observed. 
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Figure 3.4. Phosphorus-31 magic angle spinning nuclear magnetic resonance spectrum 

(single pulse) of the monoammonium phosphate fertilizer sample; inset 

shows an increase in the vertical scale (6), demonstrating the resonance 

centered at -8 ppm, which was assigned to Ca pyrophosphate. 
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We speculate that Ca pyrophosphate was present as an impurity, which could have 

formed during
 
the production of commercial MAP fertilizers.  In a study to characterize 

the impurities in MAP fertilizers, the presence of AlNH4HPO4F2, MgNH4PO4, 

FeNH4(HPO4)2, MgAl(NH4)2H(PO4)2F2 have been reported (Sikora et al., 1992) but 

pyrophosphate compounds have not been identified.  

Both SP and CP spectra of the soil samples within the top 8 mm revealed valuable 

information regarding the role of each cation on the formation of solid phase phosphates.  

MAS NMR spectra for 0-2 mm depth section of all the soil types are shown in Figure 3.5.  

The spectra for the 100%Ca soil showed a strong resonance at 1.3 ppm (~97%) that was 

assigned to DCPD (CaHPO4•2H2O).  A second site of phosphate phase (~3%) which was 

identical to Ca-pyrophosphate in MAP was also observed with the center-of-gravity shift 

(c.g.s) of ~ -8 ppm (Figure 3.5a).  When the spectroscopic analysis was continued further 

down in the soil column, both SP and CP revealed the presence of DCPD in 2-4 mm and 

6-8 mm depth sections as a strong resonance (Figure 3.6).  The appearance of DCPD 

confirms that the formation of more soluble calcium phosphates can be favoured 

kinetically over more stable phases of Ca-P, presumably because of faster nucleation. 

It has been previously shown by X-ray diffraction (XRD) analysis that DCPD is the 

main initial crystalline phosphate after reacting MAP with the soils (Lindsay et al., 1962; 

Bell and Black, 1970).  In addition, some other workers have identified DCPD as the first 

Ca-P compound to precipitate with KH2PO4 (Racz and Soper, 1967) and monocalcium 

phosphate (Hinman et al., 1962) when added to calcareous soils.  Some researchers, using 

the solubility approach, suggested that DCPD and OCP constituted the P fertilizers 

residues in near neutral and calcareous soils (Fixen and Ludwick, 1982; Olsen et al., 

1983).  This study is the first attempt to determine the P reaction products by applying  
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Figure 3.5 Phosphorus-31 magic angle spinning nuclear magnetic resonance spectra 

(single pulse) of the of the 0-2 mm soil section: a) 100%Ca, b) 60Ca:40Mg, 

c) 50Ca:50Mg, d) 30Ca:70Mg, e) 100%Mg with 0.4 g MAP addition and f) 

100%Mg and g) 30Ca:70Mg with 0.6 g MAP addition. The spectra on the 

left contain the full spectrum with spinning side-bands, while the spectra to 

the right are an enlargements of the isotropic region for all seven samples. 
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Figure 3.6  Phosphorus-31 magic angle spinning nuclear magnetic resonance spectra  of 

the 2-4 mm (a,b) and 6-8 mm (c,d) soil sections of 100%Ca soil. a,c are 

cross polarization spectra and b,d are single-pulse spectra. 
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solid-state NMR analysis to a model calcareous soil.  Our results confirmed the formation 

of DCPD as the initial P reaction product in a Ca saturated model soil system as 

speculated by previous authors with the use of chemical analysis (Akinremi and Cho, 

1991a; Olatuyi et al., 2009a, 2009b).  

The NMR spectrum of the sample of 0-2 mm in the 60Ca:40Mg soil showed identical 

resonances as observed in 100%Ca at 1.3 ppm and -8 ppm which were attributed to 

DCPD (~83%) and Ca-pyrophosphate (~17%) respectively (Figures 3.5b and 3.7a).  The 

peak assigned to Ca-pyrophosphate had an enhanced relative intensity of 17% compared 

to the 3% it had in the 100%Ca soil.  This may be due to a decrease in the amount of 

DCPD that was precipitated in this soil leading to a decrease in the relative amount of 

DCPD in the 60Ca:40Mg soil, since an increase in pyrophosphate amount is chemically 

not possible.  According to the analysis of the 6-8 mm depth section of the same soil, 

CPMAS revealed a broader component underneath the strong DCPD (~70%) resonance 

that contains a source of protons which was absent in samples from 100%Ca soil (Figure 

3.7c).  Considering the centre of the broad resonance (-5 ppm), a reasonable assignment 

of this peak is a disordered MPTH (MgHPO4•3H2O) phase (Scrimgeour et al., 2007).  The 

breadth of this resonance indicates that the species lacks a long-range order (i.e. not 

crystalline, or nano-crystalline) which may be as a result of the low availability of Mg
 
in 

the soil solution.  However, it is the first evidence for the presence of a Mg phosphate 

phase with Mg on the exchange complex.  Nevertheless, DCPD was the dominant species 

in the solid P phase over the depth of 0-8 mm in the soil.  
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Figure 3.7  Phosphorus-31 magic angle spinning nuclear magnetic resonance single-pulse 

excitation spectra of 60Ca:40Mg soil: a) 0-2 mm, b) 2-4 mm and c) 6-8 mm.  

The spectra on the left are full spectra with spinning side bands, while the 

spectra to the right are enlargements of the isotropic region. 
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In 50Ca:50Mg soil, DCPD (71.5%) was identified as the main P compound with a 

strong resonance at 1.3 ppm (Figure 3.5c).  Similar to what we observed with the 

60Ca:40Mg soil, a third broad resonance was situated underneath the calcium containing 

phosphates with a peak shift of ~ -5 ppm in the 0-2 mm and deeper sections.  As above, 

this peak is tentatively assigned to a poorly crystalline form of MPTH due to its presence 

in both SP and CP spectra (Figure 3.8a,d).  The increased intensity of the MPTH peak 

compared to 60Ca:40Mg soil may be directly related to the increased availability of Mg 

in the soil solution as Mg on the exchange site increased from 40% to 50%.  The presence 

of both MPTH and Ca-pyrophosphate phase in this soil has increased the intensity of the 

resonance at -8 ppm peak (28.5%) as observed in SP spectra of 0-2 mm depth (Figure 

3.5c).  However, DCPD was the dominant P species in this soil when all of the three 

depth sections within 0-8 mm were considered (Figure 3.8).  

Another interesting feature was the increased intensity of the peak assigned to Ca-

pyrophosphate in the 0-2 mm depth section in the 50Ca:50Mg soil (Figure 3.5c).  There 

was evidence for the occurrence of this compound in deeper layers as a more disordered 

phase (Figure 3.8b,c) which was notably absent in the CP spectra (Figure 3.8e,f).  Such 

results suggested that, this trace compound was undergoing some reactions making it 

more soluble in the 50Ca:50Mg soil compared to 100%Ca and 60Ca:40Mg soils in which 

it was identified only at 0-2 mm layer.  Such evidence strongly supports our assignment 

of this peak as Ca-pyrophosphate but not amorphous Mg-pyrophosphates (Mg2P2O7) 

which has a chemical shift value of -6.5 ppm (Scrimgeour et al., 2007).  It is possible that 

Mg has exchanged for Ca in Ca-pyrophosphate due to the increased concentration of Mg 

in 50Ca:50Mg soil. This may result in a Ca-Mg-pyrophosphate form which is more 

soluble than Ca-pyrophosphate.  The substitution of Mg in Ca phosphate minerals to form  
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Figure 3.8  Phosphorus-31 magic angle spinning nuclear magnetic resonance single-pulse 

(a-c) and cross polarization (d-f) spectra of 50Ca:50Mg soil, a,d) 0-2 mm, 

b,e) 2-4 mm and c,f) 6-8 mm soil sections. 
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magnesium-containing whitlockite, (Ca,Mg)3(PO4)2 has been well documented (Cao et 

al., 2007; Cao and Harris, 2008) but such inclusion in Ca-pyrophosphate has not been 

reported previously to the best our knowledge.  However, there has been evidence for the 

complex ion CaP2O7
- 

reacting with NH4
+
 to form several kinds of Ca-ammonium 

pyrophosphates depending on pH (Lehr et al., 1967).  

According to these NMR results, it is clear that Mg was not the main candidate for 

P precipitation in 60Ca:40Mg and 50Ca:50Mg soil types.  Although Mg phosphate 

compounds were not identified in abundance in all depth sections analyzed using 

50Ca:50Mg, they may have formed as “immediate” reaction products, but short lived in 

the soil environment having solubility too high to persist when more insoluble DCPD 

were formed.  The DCPD resonance was not affected even at 50% Mg saturation in the 

soil exchange complex, indicating that Mg did not have any effect on the crystallization 

of DCPD.  This agrees with the findings of Salimi et al. (1985) who noted almost no 

effect on the growth of DCPD in a solution with equimolar concentrations of Ca and Mg.  

This was attributed to the presence of lattice water in DCPD (unlike in HA), which 

decreases the adsorption of foreign ions like Mg.  

The NMR spectra for 30Ca:70Mg showed a drastic change from the other three 

types of soils with lower Mg saturation i.e., 100%Ca, 60Ca:40Mg and 50Ca:50Mg 

(Figure 3.5d).  It is possible that the high availability of Mg in the soil due to the 70% Mg 

saturation on the cation exchange complex had a controlling effect on the solid phase P.  

As a result of the dominance of Mg phosphate in the 30Ca:70Mg soil, a broad resonance 

with a full width at half maximum (FWHM) of ~15 ppm, (~3.6 kHz) was clearly 

observed with only a small crystalline phase containing calcium phosphate (Figure 3.5d).  

All three depth sections (0-2 mm, 2-4 mm and 6-8 mm) showed the presence of DCPD, 



 

160 
  

evident also in the CPMAS experiments even with Ca saturation as low as 30% (Figure 

3.5d and Figure 3.9).  The heterogeneous chemical environment of phosphate associated 

with Mg is thought to have resulted in a broad resonance with a chemical shift of -7 ppm.  

Differentiation between MPTH and the possible Ca-Mg-pyrophosphate peaks was 

difficult due to the overlap in SP spectrum.  However, changes in the breadth of the 

CPMAS peaks suggest that both were present throughout the 0-8 mm depth.  This result 

indicates that the model soil environment was not conducive to forming crystalline Mg 

phosphate species even with 70% Mg saturation on the exchange complex.  

Co-precipitation of Mg with Ca phosphates to form amorphous calcium phosphates, 

Ca3(PO4)2•xH2O (ACP) and to kinetically hinder nucleation and growth of OCP (Salimi, 

1985) and HAP is well documented (Suchanek et al., 2004).  In a study by Cao and Harris 

(2008), XRD analysis revealed the formation of soluble ACP in the presence of Mg with 

the net effect of reducing Ca-P precipitation.  Such interference of Mg on the crystallinity 

of Ca-P in 30Ca:70Mg soil is likely to happen with the greater availability of Mg in the 

soil solution.  However, positive identification of ACP species with a resonance at a 

chemical shift of 2.6 ppm (Belton, 1987) is not possible due to the poor resolution caused 

by the broad disordered environment(s) of the spectra for the 30Ca:70Mg soil column. 

In 100%Mg soil, the spectra for all three depth sections (0-2 mm, 2-4 mm and 6-8 

mm) revealed almost identical resonances with respect to peak shape, position and width, 

to the peaks observed in 30Ca:70Mg soil (Figures 3.5e and 3.10).  Deconvolution of the 

peak into proton-containing (MPTH) and non-proton (pyrophosphate) species was not 

feasible due to the disorder of the solid phase P. Multi-dimensional correlation 

spectroscopy (e.g. 
1
H-

31
P HETCOR) could potentially aid in these circumstances, but due 

to the very low concentrations (2 mg P g
-1 

soil) the inherently low sensitivity precluded  
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Figure 3.9  Phosphorus-31 magic angle spinning nuclear magnetic resonance spectra of 

the 2-4 mm (a,b) and 6-8 mm (c,d) soil sections of 30Ca:70Mg soil. a,c are 

cross polarization spectra and b,d are single-pulse spectra. 
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Figure 3.10  Phosphorus-31 magic angle spinning nuclear magnetic resonance spectra of 

the 2-4 mm (a,b) and 6-8 mm (c,d) soil sections of 100%Mg soil. a,c are 

cross polarization spectra and b,d are single-pulse spectra. 
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multi-dimensional spectroscopy. Comparison between SP and CP spectra however 

confirms that both a proton-containing and non-protonated P species exist.  The low 

signal:noise ratio of the spectra for 30Ca:70Mg and 100%Mg soils (Figure 3.5d,e), 

indicates that the concentration of the solid phase P was significantly smaller in these 

soils compared to the other soils with smaller proportions of Mg.  Such results from NMR 

analysis are comparable to the results from chemical analysis showing decreased acid-

soluble P contents in 70Ca:30Mg and 100%Mg soils compared to 100%Ca, 60Ca:40Mg 

and 50Ca:50Mg soils. 

In an attempt to further understand phosphate speciation in 60Ca:40Mg and 

100%Mg soils, the experiment was repeated with greater amount of MAP (0.6 g).  The 

important finding at the 0-2 mm depth section of the soil with greater amount of P was 

that the 30Ca:70Mg soil showed a broad disordered component composed of amorphous 

MPTH, pyrophosphate and a crystalline phase of MPTH (Figure 3.5g).  However in the 

100%Mg soil, a strong crystalline site was observed and assigned to a highly crystalline 

MPTH with an isotropic shift of -8.5 ppm (Figure 3.5f).  According to chemical analysis, 

the fraction of added phosphorus remaining in solution increased with increasing rate (0.6 

g versus 0.4 g MAP) of phosphorus added.  The water-extractable P mass measured at the 

0-2 mm depth section in 100%Mg and 30Ca:70Mg soils after treating with 0.6 g MAP 

were 5.4 mg and 4.4 mg, respectively.  The lower depths revealed identical situations and 

identifiable species for both soils as stated above for soils treated with 0.4 g MAP. 

The concentration of phosphate ions in the soil solution that is in equilibrium with 

MPTH should be greater than that for DCPD for a given solution due to the greater 

solubility of MPTH with pKsp (solubility product) of 5.82 (Taylor et al., 1963) than 

DCPD with pKsp of 6.56 (Moreno et al., 1960).  This may be the reason for the improved 
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crystallinity of MPTH phase at the surface layers of both 60Ca:40Mg and 100%Mg soils 

after increasing the amount of MAP to 0.6 g.  Since the occurrence of solid P fraction in 

these two soils was considerably less with 0.4 g of MAP, we suspect that there could be 

another process other than precipitation which reduced the effective concentration of 

phosphate ions in the soil solution.  It was assumed that the enhanced downward 

movement of phosphate ions in the two high Mg soils reduced the availability of 

phosphate ions for precipitation.  It was evident by the results of the chemical analysis 

which showed an increase in the maximum distance of P penetration in soils with 

decreasing Ca:Mg ratio on the soil exchange complex.   

The mechanism by which P mobility was enhanced by Mg may be due to two 

possible reactions: 1. formation of ion pairs and complex ions, and 2. cation exchange 

reactions on the soil exchange complex.  Formation of ion pairs between Mg and 

phosphate ions could possibly decrease the effective concentration of free phosphate ions 

in solution thereby reducing its precipitation with Ca.  The two initial reactions of Mg
2+

 in 

soil solution are to form a complex (MgHPO4) and ion-pairs (equations 3.1 and 3.2).  We 

postulate that Mg
2+

 competed with Ca
2+

 for orthophosphate ions, with greater association 

constants for Mg
2+

-orthophosphate ion-pairs than for calcium ion pairs (equations 3.3 and 

3.4).  This reduced the concentrations of phosphate ions in equilibrium with Ca
2+

 and 

caused phosphate to diffuse further down in the soil column.  This argument is also 

supported by the fact that the Ca phosphate precipitation follows a second-order 

dependence on P concentration (Brown, 1981; Cao et al., 2007).  Cao et al. (2007) 

assumed a spontaneous precipitation method and showed that Ca-P precipitation rate 

constant was reduced by 96% in the presence of Mg.  These authors reported that as much 

as 65% Ca and 75% P were in solution after 24h in the presence of Mg. Their 
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observations indicated an inhibition of Ca phosphate precipitation by Mg in agreement 

with relatively low OH
-
 consumption.  

 

Mg2++ H2PO4
-
  ↔  MgH2PO4

+
  (K=18.9 mol L-1 )    [3.1]          (Verbeeck et al., 1984) 

Mg2++ HPO4
2-

  ↔  MgHPO4
0
   (K=712 mol L-1 )       [3.2]          (Verbeeck et al., 1984) 

Ca
2+

+ H2PO4
-
  ↔  CaH2PO4

+   
 (K=10 mol L-1)         [3.3]         (McDowell et al., 1971) 

Ca
2+

+ HPO4
2-

  ↔  CaHPO4
0
   (K=380 mol L-1)          [3.4]         (McDowell et al., 1971) 

 

There is a significant role of cation exchange interactions on the mobility of P ions 

as reported by Akinremi and Cho (1991a, 1991b) and Cho (1990).  We postulate that 

NH4
+
 from the dissolution of MAP undergoes exchange reactions with Ca and Mg, 

bringing these cations into soil solution.  Amongst the two cations, Ca is more strongly 

adsorbed to the exchange site due to the smaller hydrated ionic radius of Ca
2+

 than Mg
2+

.  

Therefore, Mg is more preferentially exchanged and released into the soil solution than 

Ca and the opportunity for Ca to react with phosphates ions in the soil solution is reduced.  

This will allow phosphate ions to diffuse down the soil columns with high proportion of 

exchangeable Mg since Mg phosphate compounds are more soluble than Ca phosphate 

compounds (Lindsay et al., 1989).  

Overall, the presence of Mg on the soil exchange complex reduced the amount of 

Ca-P precipitates and enhanced the mobility of P in soils.  Such Mg induced movement of 

P was expected to happen in all the soils with Mg on the exchange complex but the 

degree of mobility should be proportional to the Mg saturation level in each soil.  This 

process may be responsible for the increasing P solubility and mobility with decreasing 
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Ca:Mg ratio in soils in addition to the decreased Ca content on soil exchange complex.  

The effect of local pH changes on the dissolution of calcite, which is another source of Ca 

for precipitation reaction with P, was also considered by Cho (1991) in a phosphate 

transport model.  But in this study, the contribution by the cations from the exchange 

complex appeared to be greater than that from CaCO3 since all the soils had the same 

amount of CaCO3. 

 

3.5. Conclusions 

The results of this study provided insights into the role of Ca and Mg in the 

formation of phosphate species in model calcareous soils.  This study also showed the 

applicability of 
31

P MAS NMR spectroscopy in understanding the soil chemical reactions 

by characterizing phosphate species to elucidate valuable information on phosphorus 

fertility in calcareous soils.  Overall, this study confirmed that P solubility was enhanced 

by the decreasing Ca:Mg ratio on the soil exchange complex with the improved 

downward diffusion of P.  Dicalcium phosphate dihydrate was the dominant P solid phase 

which formed in soils with Ca saturation of 100% to 50% in the exchange complex.  

Poorly crystalline magnesium phosphate trihydrate was tentatively identified as the 

prominent P phase when the soil exchange complex contained 60% to 100% Mg 

saturation.  The NMR results provided no evidence of depth effects on the formation of 

different P reaction products.  
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4. APPLICATION OF SULPHATE SALTS AFFECTS PHOSPHORUS 

SOLUBILITY AND SPECIATION IN FERTILIZER BANDS: A 
31

P MAS NMR 

AND S K-EDGE XANES INVESTIGATION 

 

4.1. Abstract 

Precipitation reactions of P with Ca decrease the P fertilizer efficiency in calcareous 

soils.  The objective of this study was to investigate anion competition between sulphate 

and phosphate for precipitation reactions with Ca in calcareous soils by applying K2SO4, 

(NH4)2SO4 or MgSO4 salts with monopotassium phosphate (MPP) in a fertilizer dual 

band.  It was hypothesised that the application of sulphate salt in a fertilizer band 

facilitates the formation of CaSO4 solid phase and as a result P solubility in the fertilizer 

band is increased.  A laboratory incubation experiment was conducted using a model 

calcareous soil and a natural soil (Dezwood Loam, DL) soil. The model soil was used to 

simulate the P precipitation reactions that are controlled by the exchangeable Ca and Mg. 

Chemical analysis was conducted to determine P solubility in soils.  Phosphorus-31 

magic-angle spinning nuclear magnetic resonance (
31

P MAS NMR) was used to identify 

Ca- and/or Mg-P formed in soils.  Sulphur K-edge X-ray absorption near edge 

spectroscopy (XANES) was used to identify the Ca-S precipitates formed in soils.  

Addition of sulphate salts significantly increased the water-extractable P concentration 

compared to the treatment containing only MPP (MPP ALONE).  The enhanced P 

solubility in both soils was in the order of K2SO4 > (NH4)2SO4 > MgSO4.  The results of S 
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– K edge XANES showed that CaSO4•2H2O was formed in the DL soil.  Dicalcium 

phosphate dihydrate (DCPD) was formed in the 0 – 3 mm depth of both soils in all 

treatments as shown by MAS NMR.  The model soil treated with MPP ALONE contained 

100% DCPD while the percentage of DCPD decreased in the presence of sulphate salts 

due to the formation of a new P compound with a chemical shift of -1.5 ppm.  In the DL 

soil, DCPD was identified as the only Ca-P compound when treated with MPP ALONE 

and both DCPD and new P compound with the chemical shift of -1.5 ppm was identified 

in sulphate treated DL soils.  Both chemical and XANES analysis confirmed that the 

addition of sulphate salts increased the solubility of P in calcareous soil due to anion 

competition. The precipitation reactions of P were also affected by the addition of 

sulphate salts by altering the P reaction products.  Application of sulphate salts together 

with P in a dual band is a promising agronomic strategy to enhance the solubility of P in 

calcareous soils. 

 

4.2. Introduction 

The ultimate goal of a P fertilizer management program is to improve the solubility 

of P at the point of fertilizer application in soil and enhance its movement towards plant 

roots.  Upon addition to soil, fertilizer P undergoes several chemical reactions that 

influence its availability to plants.  In calcareous soils, P is mainly precipitated at higher 

concentrations (Castro and Torrent, 1998, Tunesi et al., 1999) and Ca
2+

 plays a dominant 

role in the formation of solid P phases in calcareous soils (Manimel Wadu et al., 2013).  

During precipitation reactions, formation of more soluble, metastable Ca-P phases is 
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followed by the formation of more stable Ca-P phases in soils (Campbell et al., 1984; 

Sharpley et al., 1994; Simard et al., 1995; Sims et al., 2000).  Such Ca-P precipitates 

include dicalcium phosphate dihydrate (DCPD), octacalcium phosphate (OCP), tricalcium 

phosphate (TCP) and hydroxyapatite (HA) in order of decreasing solubility (Lindsay et 

al., 1989).  As a result, phosphates are less mobile in soils than most other fertilizer 

anions making it difficult to provide P in adequate amounts for plants grown in calcareous 

soils.  Therefore fertilizer management strategies devised to improve P nutrition in plants 

are especially important for calcareous soils.  

According to previous studies, solubility of applied P could be increased by 

modifying the chemical environment in the soil-P fertilizer reaction zone (Leikam et al., 

1983; Westfall and Hanson 1985; Beever and Racz 1987; Kouboura et al., 1995; Olatuyi 

et al., 2009a, 2009b).  This is accomplished by mixing non-phosphate salts with fertilizer 

P and applying it to the soil in a concentrated band called a dual fertilizer band.  The 

effect of salt addition on the solubility and mobility of P has been attributed to the 

characteristic interactions of the accompanying ions with P and soil components and their 

effect on soil pH changes (Teng and Timmer, 1995; Akinremi and Cho, 1993; 

Kumaragamage et al., 2004; Olatuyi et al., 2009b).  The specific effect of anions in a 

phosphate fertilizer band has been attributed to competition against P for adsorption sites 

(Satnam et al., 1996) and the competition with P for precipitation reactions with Ca
2+

 in 

the soil solution (Kumaragamage et al., 2004; Olatuyi et al., 2009b).  Olatuyi et al., 

(2009b) showed the potential of (NH4)2SO4, K2SO4 and MgSO4 to enhance the solubility 

of monopotassium phosphate (KH2PO4, MPP) in a fertilizer band in a model calcareous 

soil system. They speculated that anion competition between HPO4
2-

 and SO4
2-

 for 

precipitation with Ca
2+

 enhanced P solubility and transport in the model soil.  As shown 
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in chapter 2 of this dissertation, band application of sulphate salts increased the P 

solubility in Manitoba soils with greater exchangeable Ca content showing the possible 

effect of anion competition.  However no direct evidence on the changes in the P 

speciation in soils upon addition of non-phosphate salts has been provided to date.  

Moreover, hypothesis of the anion competition was not supported by the direct 

identification of CaSO4 that was formed in the fertilizer band.  To address these research 

gaps, the present study was conducted to investigate S and P compounds that are formed 

in a fertilizer band made up of a P fertilizer and sulphate salts. 

Information on S speciation in a fertilizer band can be obtained using synchrotron-

based X ray absorption near-edge structure spectroscopy (XANES) at the sulphur K-edge.  

The S K-edge XANES has been successfully employed to identify the S speciation in 

soils (Solomon 2005, Zhao et al., 2006, Prietzel et al., 2003; 2007; 2008; 2009) organic 

matter (Solomon et al., 2003), biosolids derived fulvic acid (Hundal et al., 2000) and soil 

derived humic acid (Hutchison  et al., 2001).  In many of these studies, S K-edge XANES 

has been used to speciate and quantify S compounds based on the oxidation states of S in 

a variety of geochemical samples (Solomon et al., 2003).  It has also been shown that the 

spectra of different compounds with the same oxidation state of the S atom differ in their 

pre-edge and/or post-edge regions, depending on their local binding environments 

(Prietzel et al., 2008).  Therefore the fingerprinting technique could be successfully used 

to identify unknown sample spectra with different inorganic S compounds.  However, the 

use of S K-edge XANES on fertilizer reaction products in soils has not been commonly 

employed. Although solubility equilibria have been commonly employed to identify 

precipitated compounds in soil solution, it was not applied in the current study to 

determine sulphate precipitation.  The current study, for the first time, has demonstrated 
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the use of S K-edge XANES analysis for solid-sate S speciation in fertilizer bands and 

their distribution with soil depth.  

Application of 
31

P solid-state magic angle spinning nuclear magnetic resonance 

(MAS NMR) provides a non-invasive tool for the identification and quantification of 

different P environments.  The low concentrations of P precipitation products that are 

formed in the soil coupled with the amorphous nature of some of these P compounds 

precluded their identification by X-ray diffraction. These two challenges can be 

circumvented by the use of 
31

P MAS NMR and has been used to characterise inorganic P 

in soils and other materials (Hinedi et al., 1989; Frossard et al., 1994; McDowell et al., 

2002; 2003; Dougherty et al., 2005).  The main limitation of solid-state 
31

P NMR as an 

analytical technique is the effect of paramagnetic ions on the spectral appearance, which 

can limit the quantitative potential of solid-state NMR analysis of soils (McDowell et al., 

2002; Dougherty et al., 2005).  Nevertheless, the use of a model soil system precludes the 

interferences due the paramagnetic ions and the effect of native P compounds in natural 

soils on the identification of P precipitates using 
31

P MAS NMR as shown by Manimel 

Wadu et al. (2013).  These authors have successfully used 
31

P MAS NMR to identify P 

precipitates formed in model calcareous soils with varying exchangeable Ca and Mg.   

According to the results of Delgado et al. (2002), solid-state 
31

P NMR can provide useful 

information on P speciation changes in heavily fertilized calcareous soils.  Their results 

provided clear evidence for changes in Ca-P reaction products in calcareous soils due to 

the application of a mixture of humic and fulvic acids with P.  It has been confirmed that 

more soluble Ca-P was present in soils amended with organic acids and P, while 

carbonate apatite was present in soils that were treated with P only. 
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The present study was carried out as an extension of the study conducted by Olatuyi 

et al. (2009a).  These authors used chemical analysis to investigate P solubility and 

mobility in model calcareous soils when sulphates salts were applied with P.  In the 

present study, two solid-state techniques, 
31

P MAS NMR and S K – edge XANES were 

used to understand P and S reaction products formed in a fertilizer band.  The main 

assumptions of this study are: 1. Ca-P precipitation reactions dominate P retention 

mechanisms in the fertilizer band, 2. model soil simulates the P precipitation reactions in 

the fertilizer band of a natural soil that is controlled by the exchangeable Ca and Mg.  It 

was hypothesised that the application of sulphate salt in a fertilizer band facilitates the 

formation of CaSO4 solid phase and as a result P solubility in the fertilizer band is 

increased.  The main objectives of this study were, therefore to: 1. investigate P solubility 

changes in a model soil and a natural soil system (DL) with similar exchangeable Ca:Mg 

ratios, 2. determine whether a model soil can be used to simulate reactions between  

exchangeable Ca and P in a natural soil, 3. identify P speciation using 
31

P MAS NMR in 

both model and DL soils after applying dual fertilizer bands, 4. confirm that calcium 

sulphate compounds are formed in soils treated with dual fertilizer bands using sulphur 

K-edge XANES and 5. provide a better understanding of the mechanism by which 

sulphate salts modify the solubility of MPP in calcareous soils. 
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4.3. Materials and Methods 

4.3.1.  Preparation of the Model System 

Model calcareous soils have been previously used by several authors to investigate 

the fertilizer P behaviour in calcareous soils (Akinremi and Cho 1991a, 1991b, 1993; 

Olatuyi 2009a, 2009b, Manimel Wadu et al., 2013).  These studies have shown that the 

model calcareous soil provides a means of investigating the effect of exchangeable Ca on 

the P solubility and mobility in calcareous soils in the absence of other soil reactions like 

P adsorption.  The main constituents of the model soil are cation exchange resin and inert 

quartz sand.  The resin (Amberlite IRP-69; sulfonic acid functionality, sodium form; CEC 

430 cmolc kg
 -1

; 30-150 μm in diameter) represents the cation exchangeable complex of 

the model soil.  Amberlite IRP69 is derived from a sulphonated co-polymer of styrene 

and divinylbenzene.  Since the resin is an insoluble salt of a strong acid and strong base it 

does not undergo reactions with applied salts in the model soil.  

Soil from Dezwood series found in Manitoba, Canada was used in this study 

together with the model calcareous soil.  The main reason for selecting Dezwood Loam 

(DL) soil in this study is the high Ca and Mg saturation on the soil cation exchange 

complex in DL soil.  As shown in the Table 4.1, Ca and Mg constitute ~97% of the 

exchangeable complex in DL soil that can be closely simulated using a cation exchange 

resin.  The Dezwood series consists of moderately well to well drained Orthic Dark Gray 

Chernozem soils developed on moderately to strongly calcareous, deep, uniform, loamy, 

mixed shale, limestone and granite till deposits.  Soil from Dezwood series have medium 

available water holding capacity, medium organic matter content and medium to high 
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natural fertility. The majority of these soils are currently used for crop production in 

Manitoba (Manitoba Agriculture and Food, 2010).  Dezwood loam soil was collected 

from a location close to Manitou, Manitoba (49°22'4" N, 98°23'34"W), from 0-15 cm 

depth.  Soil was air dried and passed through a 2 mm sieve prior to being used in the 

experiment. 

The resin was first saturated with Ca
2+

 and Mg
2+

 to achieve an exchangeable Ca:Mg 

ratio similar to that of DL soil.  In a preliminary experiment, it was determined that a 

solution containing 0.35 M CaCl2 and 0.125 M MgCl2 can be used to saturate resin to 

achieve a Ca:Mg ratio of 80:20, close to that of  DL soil (Table 4.1).  To saturate the 

resin, about 40 g of resin was placed in a Büchner funnel and leached with the solution 

containing CaCl2 and MgCl2 in aliquots of 40 mL.  A total of 1000 mL solution was used 

to saturate 40 g of resin and the resin was then washed with distilled water until the silver 

nitrate test was negative for chloride ions.  The resin was air-dried and a sub sample of 

resin was extracted with 1.0 M NH4OAc to confirm the Ca:Mg ratio and the complete 

saturation of the exchange sites by Ca
2+

 and Mg
2+

.  The main physical and chemical 

properties of DL soil and the model soil are reported in the Table 4.1.  

The inert quartz sand (Unimin Silica Sand, Unimin Corporation, Le Sueur, Mn) was 

prepared in the following manner before mixing with resin.  The sand was first washed 

with 5% concentrated HCl and then washed with distilled water until the pH was in the 

neutral range.  The sand was then air dried, crushed with a pulverizing grinder and sieved 

in order to obtain particles in the range of 50-150 μm, the same size range as the resin.  

The crushed sand was coated with CaCO3 using the method of Akinremi (1991b).  

Briefly, the crushed sand was spread over a plastic tray and reagent grade CaCO3 powder  
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Table 4-1 Comparison of Dezwood Loam soil and model soil properties. 

 

Soil Property† Dezwood Loam soil Model soil 

1
CEC (cmolc kg

-1
) 23 22 

CaCO3 (% Eq.) 0.4 0.5 

Dolomite (% Eq.) 0.3 0 

2
Field Capacity (%) 26 25 

3
pH (1:1) 7.4 8.4 

Exchangeable Ca (cmol kg
-1

)  18.6 18.3 

Exchangeable Mg
 
(cmol kg

-1
)  3.8 3.7 

Exchangeable K  (cmol kg
-1

) 0.6 0 

Exchangeable Na 
 
(cmol kg

-1
)  0.1 0 

Exchangeable Fe (cmol kg
-1

) 0 0 

Exchangeable Al (cmol kg
-1

) 0 0 

4
(Ca+Mg) saturation on exchangeable 

complex 

~97% ~99% 

Ca:Mg ratio on exchangeable complex 83:17 80:20 

5
Water-extractable P (mg kg

-1
) 2.2 0 

6
Acid-extractable P (mg kg

-1
) 168.1 0 

NaHCO3-extractable P (mg kg
-1

) 21.7 0 

7
Sulphate-S (mg kg

-1
) 18.3 0 

DTPA-sorbitol extractable Fe (mg kg
-1

) 23.3 0 

DTPA-sorbitol extractable Mn (mg kg
-1

) 68.7 0 

8
Total Fe (mg kg

-1
) 17133 0 

9
Total Mn (mg kg

-1
) 1676.7 0 

10
Orgnic matter content (%) 4.7 0 

11
Sand% 41 - 

12
Silt% 34 - 

13
Clay% 25 - 

                  Contd. 
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†    
1
CEC, Cation exchange capacity 

 
2
Moisture content at field capacity on weight basis 

 
3
pH measured at soil to water ratio of 1:1 

 
4
(Ca+Mg) saturation calculated as, {(Exch. Ca

2+ 
+ Exch. Mg

2+
)/CEC}*100 

 5
Water-extractable P at soil to water ratio of 1:5 

 6
Acid-extractable (1 M HCl) P fraction of the soil following water-extraction 

 7
Sulphate-S extracted using 0.01 M CaCl2 

 8,9
Total Fe and Mn determined using microwave digestion  

         10
Organic matter content determined using loss of ignition at 375

o
C 

 11, 12, 13
Source: Olatuyi, 2006. 
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was added at a rate of 5 g kg
-1 

and thoroughly mixed, while water was sprayed over the 

mixture.  The mixture was allowed to dry so that CaCO3 could adhere onto the sand 

particles.  Finally, the resin and CaCO3 coated quartz sand were mixed at a ratio of 1:20 to 

produce a mixture with a cation exchange capacity (CEC) of 22 cmolc kg
-1

.  The final 

mixture will be referred to as ‘model soil’ (Akinremi and Cho 1991a, 1991b, 1993; 

Olatuyi 2009a, 2009b, Manimel Wadu et al., 2013). An incubation experiment was 

carried out by packing separate wax columns with each soil.  The use of wax columns 

provides a way of analysing soil at small depth intervals (2-3 mm) by sectioning the wax 

columns packed with soil (Akinremi and Cho 1991a, 1991b, 1993; Kumaragamage et al., 

2004; Olatuyi 2009a, 2009b, Manimel Wadu et al., 2013).  Wax columns were made 

according to the method of Khasawneh and Soileau (1969) using a wax-petroleum jelly 

mixture.  The rectangular wax columns were 10 cm in height with a cylindrical cavity of 

4.5 cm diameter which contained the soil.  The block of wax was closed at the bottom 

with an acrylic plate and the bottom of the column was sealed with a duct tape.  The wax 

columns were packed using approximately 223 g of soil up to 10 cm height at a bulk 

density of 1.4 Mg m
-3

.  The soil was wetted at the surface to a water content of 26% w/w 

and allowed to equilibrate for 24 hours prior to the application of P treatments.  

Monopotassium phosphate was mixed with K2SO4, (NH4)2SO4 or MgSO4 to 

achieve P:S mole ratio of 2:1 in the fertilizer dual bands.  The three different salt mixtures 

and the weight of salts in each mixture are given in Table 4.2.  All the treatments which 

contained sulphates with MPP will be denoted using the abbreviation, ‘MPP + sulphate’. 

Reagent grade salts in powder form were used for all treatments and salts were 

thoroughly mixed together prior to their application. The three salt mixtures and  
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Table 4-2 Salt combinations in each treatment and mass of salts per column 

Treatment† Salt mixture 

MPP ALONE 0.4 g KH2PO4 

MPP + K2SO4 0.4 g KH2PO4 + 0.26 g K2SO4 

MPP + MgSO4 0.4 g KH2PO4 + 0.36 g MgSO4•7H2O 

MPP + (NH4)2SO4 0.4 g KH2PO4 + 0.19 g (NH4)2SO4 

 

†    MPP, Monopotassium phosphate 
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application of KH2PO4 alone were considered as the four treatments in this study.  The 

salts were applied uniformly onto the soil surface at a rate of 91.2 mg P per column (~ 6 

kg P ha
-1

), simulating a P fertilizer band in soil (Akinremi and Cho, 1993; 

Kumaragamage, et al., 2004; Olatuyi, 2009a, 2009b, Manimel Wadu et al., 2013).  

Phosphorus application rate in band application varies in the range of 7.5-58 kg P ha
-1 

as 

shown by previous investigators (e.g. Hammond, 1997; Philips et al., 2000; Malhi et al., 

2001).  The experiment was carried out in triplicate and a control experiment was carried 

out using DL soil without applying any treatment to monitor changes in inherent soil 

properties during the incubation period.  The columns were then arranged in an upright 

position on a raised stand in a plastic tub with free water at the bottom to provide a humid 

environment.  The water level was kept lower than the raised stand to prevent water from 

entering into the of soil column.  The plastic tub was sealed to prevent evaporation of 

moisture and then placed in an incubator (Fisher Low Temperature Incubator, Model 307) 

for a period of two weeks at a constant temperature of 20
o 
C.  

 

4.3.2. Column Segmentation and Physico-Chemical Analysis 

After two weeks of incubation, columns were segmented at 3 mm intervals using a 

meat cutter (model UL8, International Edge Tool Co., Roseland, NJ) to a depth of 72 mm.  

Samples were taken from each depth section for moisture and chemical analysis.  Exactly 

2 g of soil from each section was weighed into a centrifuge tube for chemical analysis.  

Approximately 2 g of soil from 0-6 mm depth (2 soil sections) of each column was air 

dried and stored for spectroscopic analysis.  The remaining soil from each section was 
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used to determine the gravimetric water content by the thermo-gravimetric method 

(Gardner, 1986).  

To measure soil pH, 2 mL of deionized water was added to 2 g of soil in a 

centrifuge tube which was then placed on a vortex machine (Fisher Vortex Genie 2
TM

, 

Fisher Scientific Ltd.) for 60 s.  The mixture was allowed to equilibrate for 60 s and the 

pH was measured using a pH meter fitted with a combination electrode (Accument Model 

AR50 digital pH meter, Fisher Scientific Ltd.).  The pH electrode was then rinsed with 5 

mL of water into the centrifuged tube and an extra 3 mL of water was added for a total 

volume of 10 mL.  The mixture with soil/solution ratio of 1:5 was then shaken for 15 min 

at 150 epm (excursion per minute) and centrifuged at 1930 × g for 5 min.  Then the 

supernatant was filtered (Whatman No. 42, Fisher Scientific Ltd.).  Following water 

extraction, the same soil sample was extracted with 1 M HCl.  Two successive extractions 

with 30 mL of 1 M HCl were carried out in order to extract soil with a total of 60 mL of 1 

M HCl to ensure complete extraction of water insoluble P by the acid.  Inorganic P in 

both water- and acid-extractable fractions was determined by the molybdate blue method 

of Murphy and Riley (1962).  The phosphorus concentration in soil extract was measured 

colorimetrically at 882 nm using a spectrophotometer (Ultrospec 3100 pro UV/Visible 

Spectrophotometer, Biochrom Ltd.). 

 

4.3.3.  Phosphorus Mass Balance and Statistical Analysis 

The mass of P in each depth section was calculated separately for water- and acid-

extractable fractions and total P per section was calculated as sum of both fractions.  Total 

water- and acid-extractable P contents in each soil column was calculated as the sum of 
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water- and acid extractable P of soil sections, respectively.  The PROC MIXED analysis 

of variance (ANOVA) procedure (SAS software for windows, version 9.1. SAS Institute 

Inc., Carry, NC) was used to test the treatment effects on total water-extractable and acid-

extractable P data from the 0-72 mm depth.  The effect of depth on the P distribution was 

analysed as a repeated measure.  Moreover, treatment effect on the pH, water- and acid 

extractable P in 0-3 mm depth was also determined for both soils using PROC MIXED 

procedure.  Comparison of the treatment means was conducted on the total water-

extractable P mass and total acid-extractable P mass using the least significance 

difference (LSD) test at 5% level of significance.  The measured water-extractable and 

acid-extractable P concentration at each depth section in treated DL soils were corrected 

for the water-extractable and acid-extractable P concentration measured in the 

corresponding depth section of the untreated DL soil. 

 

4.3.4.  Direct Identification of Sulphur Compounds  

4.3.4.1. Sulphur K-edge XANES data collection and data treatment. 

Sulphur K-edge analysis was conducted to identify calcium sulphate precipitates in 

soil columns that received MPP + sulphate treatments.  A separate equilibrium study to 

investigate the formation of calcium sulphate in soil solution was not considered in the 

current study, because only direct identification of S compounds can provide information 

on precipitated sulphates as affected by cation and anion diffusion in the soil columns.  

Due to the limitations of using an equilibrium approach to determine the solid-state 

speciation in the current study, concentrations of the various cations in the soil solution 

were not measured in order to determine the solubility of different S or P species in soils.   
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Sulphur K-edge XANES spectra of the air-dried samples from 0-3 mm and 3-6 mm 

depth sections of both model and soil DL soil were collected at the soft X-ray micro-

characterization beamline (SXRMB) of the Canadian Light Source Inc.  A thin layer of 

sample was mounted on a double sided carbon tape and placed in the vacuum chamber.  

A continuous data acquisition was performed using three regions in the total electron 

yield (TEY) and fluorescence yield (FY) mode as, (1) 2455-2465 eV, step size = 0.5 eV, 

(2) 2465.15-2187 eV, step size = 0.1 eV, (3) 2487.4 -2550 eV step size = 0.4 eV with a 

constant dwell time of one second per point.  Each sample was scanned two consecutive 

times and both FY and TEY spectra were acquired.  The same procedure was followed 

for data acquisition of the powder S standard compounds.  The set of standards we used 

included the spectra of S precipitates of common cations that were present in soils and 

cations introduced by the application of salts.  The following sulphate standards for 

XANES spectroscopy were purchased from Sigma-Aldrich Canada Ltd: calcium sulphate 

dihydrate (CaSO4•2H2O), anhydrous calcium sulphate (CaSO4), potassium sulphate 

(K2SO4), hydrated magnesium sulphate (MgSO4•7H2O), ammonium sulphate 

((NH4)2SO4) and anhydrous magnesium sulphate (MgSO4).  

The following data pre-treatment procedure was performed on both standards and 

soil spectra acquired in FY mode using Athena software (Version 0.8.049, Ravel and 

Newville, 2005).  All samples and standard spectra were calibrated to a common energy 

scale by setting the maximum of the first derivative to 2481.6 eV (E0).  Two scans of each 

sample were averaged using merged function.  The pre-edge region of the spectra was set 

between -23 and -7 eV relative to the Eo for background removal.  Then, the spectra were 

normalized using post-edge range of 8 and 46 eV relative to E0.  Any differences in the 

first derivative of the maxima in the samples and standards (defined as E0 for data 

http://www.lightsource.ca/experimental/sxrmb.php
http://www.lightsource.ca/experimental/sxrmb.php
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normalization) should therefore be due to the spectral shifts attributable to local molecular 

bonding.  The XANES spectra of all standard S compounds acquired in FY mode were 

corrected for self-absorption using Athena software since they were not diluted prior to 

the analysis.  The spectral features of self-absorption corrected standard spectra were 

compared with the standard spectra acquired using TEY mode. 

 

4.3.4.2.  XANES Fitting and Principal Component Analysis.   

The normalized XANES spectra were analyzed using principal component analysis 

(PCA) and linear combination fitting (LCF) using SixPack and Athena software 

respectively.  The use of PCA for XANES spectral analysis has been well documented by 

many authors (Beauchemin et al., 2002; Lombi et al., 2006; Seiter et al., 2008).  Principal 

component analysis works by considering the statistical variance within the experimental 

data set composed of a group of unknown samples.  By calculating principal components 

(PCs), the number of independent sources of variability is reduced in the same data space 

occupied by the experimental data.  The number of PCs required to sufficiently describe 

the composite data set was determined when the addition of another component did not 

increase the cumulative variance by 5%.  A subsequent analysis, the target transformation 

(TT) was used to identify the standard spectra that might contribute to the PCs using 

SixPack.  The normalized XANES spectra of model soil samples were analyzed 

separately from DL soils due to the presence of sulphonic S group as a structural 

component of the resin which was not possible to fit with pure standards of sulphonic S. 

Principal component analysis was performed to define the number of orthogonal 

components in our data set composed of normalized spectra of six DL soil samples.  The 
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spectrum of the control treatment of DL soil was excluded from PCA due to the greater 

spectral noise caused by low S concentration.  Target transformation was then used to test 

which standards would be the most likely species in our samples based on the SPOIL 

value (Malinowski, 1991).  Finally LC fitting was conducted with Athena software using 

the two best standards as revealed by TT to quantify the proportion of each compound in 

the soil samples.  The reported χ
2
 and R values were obtained from Athena software 

outputs.  

 

4.3.5.  31
P MAS NMR Analysis of Soil Samples 

Air-dried samples from the 0-3 mm depth of both soils were used for 
31

P MAS 

NMR experiments to characterize phosphate species.  A composite sample was obtained 

for each treatment by mixing the sub samples of three replicates. Solid-state NMR 

experiments were carried out using a Bruker Avance III 400 (B0 = 9.4 T) spectrometer 

with a 4 mm Bruker MAS probe at a spinning frequency of 10 kHz.  Single-pulse (SP) 

spectra (with 
1
H decoupling) were collected using a pulse length of 4.4 µs (39

o
 tip angle, 

vrf = 27 kHz), optimized recycle delays between 30 and 50 s, and 512-1024 co-added 

transients.  Cross-polarization (CP) spectra were acquired with contact times between 

1000 and 1200 µs, optimized recycle delays between 10 and 15s, and 512-1024 co-added 

transients.  Pulse calibration and spectral referencing used a solution of phosphoric acid 

(85% H3PO4, 0.0 ppm).  Chemical shifts of common Ca- and Mg-P compounds found in 

soils are summarized in the Table 4.3.  The reported chemical shifts values of anhydrous  
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Table 4-3   Phosphorus-31 MAS NMR chemical shift values of common P precipitates 

found in calcareous soils. 

Compound Chemical formula 
Chemical shift 

δiso (ppm) 
Reference 

Monetite CaHPO4 0.5 and -1 This work 

Dicalcium phosphate 

dihydrate 

CaHPO4•2H2O 1.3 Manimel Wadu et 

al., 2013 

Amorphous calcium 

phosphates 

unknown 2.6 Belton et al., 1987 

Octacalcium phosphates Ca8H2(PO4)6•5H2O -0.8 to 1.2 Belton et al., 1987 

Hydroxyapatite  Ca10(OH)2(PO4)6 2.3 Belton et al., 1987 

β-tricalcium phosphate Ca3(PO4)6 4.2 to 9.2 Belton et al.,1987 

Amorphous magnesium 

phosphate 

amorphous 

MgHPO4 
-2 

Scrimgeour et al., 

2007 

Magnesium phosphate 

trihydrate 
MgHPO4•3H2O -8 

Scrimgeour et al., 

2007 

Monopotassium 

phosphate 
KH2PO4 4.3 Turner et al., 1986 
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CaHPO4 were obtained from the spectra we acquired using a standard CaHPO4 compound 

purchased from Sigma-Aldrich Canada Ltd.    

 

4.4  Results and Discussion 

4.4.1.  The pH Profiles 

The background pH of the model soil and DL soil was approximately 8.4 (± 0.04) 

and 7.4 (± 0.03) respectively.  According to the results of Manimel Wadu et al. (2013) the 

background pH of a model calcareous soil with Ca:Mg saturation ratio of 70:30 was close 

to 9.  A similar background pH of a model soil saturated with Ca
2+

 was reported by 

Olatuyi et al. (2009b) and Akinremi and Cho (1991a) as 8.8 and 8.3, respectively.  The 

H
+
 concentration was greatest close to the application site in all treatments and soil types 

and declined with decreasing distance from the surface of soil column (Figure 4.1a and 

4.1b).  The portion of the column with a pH value close to the background pH indicated 

that the soil at that depth was not affected by the downward movement of H
+
.  

Application of MPP ALONE reduced the pH at the column surface (0-3 mm) of the 

model soil from 8.4 to 6.8 (± 0.04) after two weeks while, in the DL soil pH was 

decreased from 7.4 to 5.6 (± 0.06).  Application of sulphate salts together with MPP 

resulted in different pH responses in both soil types.  In general the addition of sulphate 

salts decreased soil pH to a greater extent than the MPP ALONE treatment due to the 

extra acidity from the dissolution of sulphate salt.  After two weeks, the differences 

observed in the pH values between MPP ALONE treatment and MPP + sulphate  
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Figure 4.1  pH changes in the soil columns with different treatments in a) model soil b) 

Dezwood Loam soil. 
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treatments were greater in the model soil than that of in DL soil.  These differences may 

be related to the lower buffering capacity of the model soil compared to the DL soil 

against the extra acidity created by the dissolution of sulphate salt. 

There was a significant treatment effect on the pH at the 0-3 mm depth (p < 0.001)  

in both soils and on the pH measured along the soil depth (p <0.05).  In the model soil, 

pH at the soil surface (0-3 mm section) with each treatment was in the order of: MPP 

ALONE > MPP + (NH4)2SO4 > MPP + K2SO4 > MPP + MgSO4 (Figure 4.1a).  Amongst 

the three sulphate salts, MPP + MgSO4 showed the most acidifying effect in the model 

soil within the 0 -15 mm depth while MPP + (NH4)2SO4 created more acidity in the 21-39 

mm depth (Figure 4.1).  The pH in the model soil columns with MPP + K2SO4 treatment 

showed a rapid rise below the 3 mm depth compared to other treatments and pH became 

close to that of MPP ALONE treatment around the 18 mm depth.  In DL soil, reduction of 

pH at the soil surface (0-3 mm) with different treatments followed the same order as the 

model soil except that MPP + K2SO4 and MPP + (NH4)2SO4 treatments had similar pH 

values in DL soil (Figure 4.1b).  

The magnitude of H
+
 penetration into the soil column varied between the treatments 

and the soil types.  In the model soil, average H
+
 penetration was limited to 45 mm depth 

and a constant pH was observed beyond this depth.  In DL soil, pH changes extended to a 

depth of 45 mm with all the treatments except MPP + K2SO4 where the reduction in pH 

extended to 60 mm.  The pH of the control treatment in DL soil was an average of 7.3 

throughout the soil column.  
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Soil pH is one of the main determining factors of P speciation in the soil solution.  

The background pH in our soils before treatment application was greater than 7.2.  Such 

high initial pH in both soil systems can promote the prevalence of divalent 

orthophosphate species (HPO4
2-

) as the dominant orthophosphate ions in the soil solution 

according to the equation 4.1 (Lindsay, 1989).  Therefore, reduction in pH below 7.2 due 

to the banding of sulphate salts with MPP could facilitate the presence of more soluble P 

fractions by driving the equilibrium in favour of soluble monovalent orthophosphate ions.  

A similar acidifying effect in a Ca saturated model soil has been reported by Olatuyi et al. 

(2009b) when similar types of sulphate salts were applied with two types of P fertilizers, 

MPP and monoammonium phosphate.  

 

H2PO4 
-

  ↔  H+ + HPO4
2-

           Log K = -7.21                [4.1] 

 

 

4.4.2.  Water-Extractable Phosphorus 

The water-extractable P data shows that P solubility was enhanced at the 

application site by applying sulphate salts together with MPP in both soils compared to 

the MPP ALONE treatment (Figure 4.2a and 4.2b).  There was a significant (p < 0.001) 

treatment effect on the water-extractable P concentration in the 0-3 mm section and on the 

P measured along the 0-72 mm depth (p < 0.05).  The highest concentration of water-

extractable P occurred at the surface of the soil columns and declined down the soil  
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Figure 4.2  Distribution of water-extractable P mass over the 0-40 mm depth of the soil 

columns under different treatments a) model soil b) Dezwood Loam soil. 
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columns. Furthermore, greater water-extractable P content was measured in the upper 

layers (0-30 mm) of the DL soil compared to the model soil.  On the other hand, the 

degree of downward movement of surface applied P was slightly greater in the model soil 

than the DL soil (Figure 4.2).  

Application of MPP ALONE resulted in 1.2 ± 0.3 g kg
-1 

of water-extractable P at 

the 0-3 mm depth in DL soil while in model soil it was 0.7 ± 0.02 g kg
-1 

of P.  The 

concentration of water-extractable P in the first 0-3 mm segment of the model soil varied 

in the following order (Figure 4.2a): MPP + K2SO4 (1.4 ± 0.3 g kg
-1

) > MPP + MgSO4 

(1.0 ± 0.1 g kg
-1

) > MPP + (NH4)2SO4 (0.8 ± 0.04 g kg
-1

).  The depth of P penetration was 

similar in all treatments and was approximately 36 mm.  There was a significant 

treatment by depth interaction in both soils with respect to water-extractable P 

concentrations (p < 0.05).  Greater water-extractable P concentration was measured in the 

depth section of 9-21 mm in MPP + (NH4)2SO4 treatment compared to other treatments. 

This is an indication of an enhanced downward movement of P in the model soil columns 

treated with MPP + (NH4)2SO4.  

 There was a significant treatment effect on the total water-extractable P mass (P < 

0.0001).  The total water-extractable P in the sulphate treated model soil was in the order 

of: MPP + K2SO4 > MPP + (NH4)2SO4 > MPP + MgSO4 (Figure 4.3a).  The MPP + 

K2SO4 treatment increased the water-extractable P by 23% (±4) of that in MPP ALONE 

treatment.  The total water-extractable P in the MPP + (NH4)2SO4 treatment was 

increased by 15% (±4) while the total water-extractable P in the MPP + MgSO4 treatment 

was less than that of the MPP ALONE treatment.   Only MPP + K2SO4 treatment showed 

a significant increase (P < 0.05) in the total water-extractable P mass over the 72 mm 

depth in model soil columns (Figure 4.3).  Previous results of Olatuyi et al. (2009b),  
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Figure 4.3  Average total water-extractable and acid-extractable P (mg) in model soil (a 

and b) and Dezwood Loam soil (c and d) with different treatments. The 

average extractable-P values with the same letter are not statistically different 

according to LSD test. 
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showed that the total water-extractable P in a model soil with 100% Ca saturation was in 

the order of: MPP + (NH4)2SO4 > MPP + K2SO4 > MPP + MgSO4.  The reason for the 

enhanced P solubility in the MPP + (NH4)2SO4 treatment could be the slightly high pH 

(7.1) in the model soil with 100% Ca saturation than the pH (6.6) in the model soil of the 

current study with 80% Ca saturation.  An increase in pH reduces the proportion of NH4
+
 

in solution (Halvin et al., 1999) thereby reducing the effectiveness of NH4
+ 

to replace 

exchangeable Ca
2+

.   However, findings of Olatuyi et al. (2009b) and the current study are 

in agreement on the fact that MgSO4 resulted in the least amount of water-extractable P 

mass when applied with MPP.  This was probably due to the superior replacing power of 

Mg for exchangeable Ca in comparison to NH4
 
or K (Olatuyi et al., 2009b).  

In the DL soil, the greatest amount of water-extractable P in the 0-3 mm segment 

occurred in the MPP + K2SO4 (1.8 ± 0.1 g kg
-1

) treatment, followed by MPP + MgSO4 

(1.43 ± 0.2 g kg
-1

) and MPP + (NH4)2SO4 (1.4 ± 0.02 g kg
-1

) treatments (Figure 4.2b).  

The maximum depth of P penetration in the DL soil was 27 mm which was similar in all 

treatments but the distribution patterns of water-extractable P varied among treatments.  

A significant increase in total water-extractable P mass was observed only with MPP + 

K2SO4 treatment (Figure 4.3c) in DL soil and there was increased water–extractable P in 

deeper layers with K2SO4 compared to other treatments.  The MPP + K2SO4 treatment 

increased the total water-extractable P fraction in the soil column by 37% (±10) in DL 

soil while other treatments did not significantly change the total  water-extractable P 

content in comparison with the MPP ALONE treatment.  Although pH in DL soil was 

low compared to that of the model soil, dissolution of native P minerals in DL soil was 

not considered a significant factor in increasing water extractable P due to the very low 

acid-extractable P (0.17 g kg
-1

) and  NaHCO3 extractable P (0.02 g kg
-1

)  measured in the 
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control soil (Table 4.1).  As well, any dissolution of native P would have also occurred in 

the MAP ALONE treatment as this soil also had a low pH (Figure 4.1b). 

 

4.4.3.  Acid-Extractable Phosphorus 

Phosphorus is mainly bound to adsorption surfaces at low (< 10
-4.5

 M) 

orthophosphate concentration in solution (Borrero et al., 1988; Tunesi et al., 1999) 

whereas it is mainly precipitated as Ca phosphates at higher concentration (Castro and 

Torrent, 1998; Tunesi et al., 1999).  Accordingly, it is assumed that the precipitation 

reactions predominates the sorption reactions in DL soil due to the high P concentration 

in the soil solution (> 0.3 M).  The equivalent P concentration in the soil solution for the 

acid extractable P ranged from 157 M to 235 M in the 0-3 mm depth of P treated soils.  

Therefore acid-extractable P fraction is considered as an indication of the amount of 

precipitated P in both soils.  However due to the possibility of P sorption reactions in DL 

soil, model soil cannot mimic the actual soil conditions that prevailed in the DL soil.  

Therefore the possibility exists for P precipitation reactions to be exaggerated in the 

model soil compared to that in DL soil.  This is a limitation of using a model soil to 

investigate P solubility in natural soils. Therefore a model soil should be used only in 

studies that deal with high P concentration in order to closely resemble P reactions in 

natural soil.  In alkaline soils, P sorption is predominately due to the reactions of 

orthophosphate with Ca carbonates and hydrous Fe oxides (Sims and Pierzynski, 2005).  

Therefore, P sorption reactions can take place in DL soil especially when the P 

concentration in the soil solution is decreased with time. 
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 Acid-extractable P distribution followed the same pattern as the water-extractable 

P, showing a greater amount of P in the surface layer and decreasing amount of P with 

increasing depth (Figure 4.4a and 4.4b).  The acid-extractable P profiles showed that the 

zone of P precipitation extended to about 36 mm and 30 mm depth in the model soil and 

DL soil, respectively.  In general, addition of sulphate salts with MPP decreased the acid-

extractable P fraction in surface layers of both soils in agreement with the increase in 

water-extractable P fraction in the same layers with sulphate addition. In the model soil, 

the greatest amount of acid-extractable P was obtained in the MPP ALONE treatment at 

the surface layer of the soil column.  The concentration of acid-extractable P in the first 3 

mm depth of the model soil with each treatment followed the order of: MPP ALONE (4.1 

± 0.3 g kg
-1

) > MPP + K2SO4 (3.6 ± 0.2 g kg
-1

) > MPP + MgSO4 (3.5 ± 0.3 g kg
-1 

) > 

MPP + (NH4)2SO4 (3.4 ± 0.3 g kg
-1

).  A different order was observed in the DL soil 

system as: MPP ALONE (4.3 ± 0.5 g kg
-1

) > MPP + (NH4)2SO4 (3.9 ± 0.1 g kg
-1

) > MPP 

+ MgSO4 (3.4 ± 0.5 g kg
-1

) > MPP + K2SO4 (3.3 ± 0.1 g kg
-1

).  The MPP + MgSO4 

treatment showed an increased P precipitation between 6 to 12 mm in DL soil whereas in 

the model soil, MPP ALONE showed a greater P precipitation at all depths compared to 

other treatments. 

There was a significant reduction (P < 0.05) of the total acid-extractable P mass in 

the model soil after application of sulphates (Figure 4.3b).  In DL soil, both MPP + 

K2SO4 and MPP + (NH4)2SO4 treatment showed a significant reduction (P < 0.05) of the 

total acid-extractable P mass compared to MPP ALONE treatment (Figure 4.3c).  In  
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Figure 4.4  Distribution of acid-extractable P fraction over the 0-40 mm depth of the soil 

columns under different treatments a) model soil b) Dezwood Loam soil. 
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general, presence of the smallest amount of total acid-extractable P mass in the MPP + 

K2SO4 treatment confirmed that this treatment increased P solubility in both soils.  The 

possible P precipitation reactions which could take place in model soil just after the 

addition of MPP with or without sulphate salts are shown in the equations 4.2-4.5.  The 

possible reactions between K
+
 or NH4

+
 and P are omitted since these will solubilise when 

more sparingly soluble P phases are formed.  Due to the various inorganic and organic 

constituents present in DL soil, the extent and nature of P reactions are complex in DL 

soil than in the model soil.  Different possible P reactions that can take place in natural 

calcareous soils are given in elsewhere (Chapter 2, Table 2.5)  

 

Precipitation of dicalcium phosphate anhydrate (DCPA): 

Ca2+ +  H2 PO4 
−   →  CaHPO4  +  H+                           [4.2] 

Precipitation of dicalcium phosphate dihydrate (DCPD): 

Ca2+ +  H2 PO4 
−  + 2H2O →  CaHPO4 ∙ 2H2O +  H+           [4.3] 

Precipitation of amorphous calcium phosphates (ACP): 

3Ca2+ +  2H2 PO4 
−  →  Ca3(PO4)2 +  4H+             [4.4]  

Precipitation of magnesium phosphate trihydrate (MPTH): 

Mg2+ +  H2PO4
− +  3H2O  →  MgHPO4 ∙ 3H2O +  H+           

[4.5]
  

      
 

Precipitation of solid P phase involves generation of super saturation followed by 

nucleation and crystal growth.  As evident in the results of Manimel Wadu et al. (2013), 

Ca
2+

 is the dominant cation that forms precipitates with P compared to Mg
2+

 in calcareous 

soils with 100%-50% Ca
2+

 saturation on the soil exchangeable complex.  Hence, the 
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generation of super saturation with respect to solid P phases in our soils is mainly 

dependent on the Ca and P concentration in the soil solution.  Therefore, any process or 

reaction that alters the super saturation condition will affect the formation of Ca-P 

precipitates in soils and will cause changes in the solution P concentration.  This may be 

the reason for enhanced amounts of water-extractable P in our soils after the addition of 

sulphate salts with MPP.   The exact identification of Ca-S formed in our soils is needed 

to improve our understanding of how sulphate anion affects the reaction between Ca
2+

 

and P in the soil solution. 

 

4.4.4.  Sulphur K-edge XANES Results  

4.4.4.1. Sulphur K-edge XANES spectra of S standards.   

The edge normalized inorganic S K-edge XANES of the standard compounds 

showed distinguishable features in the post-edge region (Figure 4.5).  The specific post-

edge oscillations are caused by the backscattering of ejected photoelectrons by 

neighbouring atoms located in well-defined locations in a regular three-dimensional 

crystal system.  Hence the number of maxima (peaks or shoulders) in the post-edge 

region and their specific energies can be used to characterize each sulphate standards 

(Prietzel et al., 2008).  The most pronounced post-edge features were used to characterize 

the different spectra and used in finger printing of the DL soil spectra.  The characteristic 

post-edge features for CaSO4•2H2O are illustrated using the indicators in the Figure 4.5 as 

i) 4.0 eV ii) 10.0 eV iii) 17.3 eV relative energy.  The post-edge shoulder around 17 eV  
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Figure 4.5   Normalized S K-edge XANES spectra of the inorganic sulphate standards.  

The dash lines show the unique spectral features for CaSO4•2H2O. 
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relative energy was common to all inorganic sulphate species.  When CaSO4 anhydrite 

and CaSO4•2H2O are compared, the post-edge peak at 10.0 eV relative energy is not 

noticeable in CaSO4 anhydrite.  The major difference between Ca-sulphate species and 

Mg-sulphate species is that both MgSO4 and MgSO4•7H2O lack the post-edge feature at 

4.0 eV relative energy.  MgSO4 had shown additional post-edge features at 9.3 eV and 

12.9 eV relative energy which were notably absent in MgSO4•7H2O.  The spectra for 

K2SO4 showed extra post-edge features at 6.3 eV and 14.3 eV, relative energy, compared 

to the other S compounds.  Similar features have been reported previously by Prietzel et 

al. (2008) for S K-edge XANES spectra of MgSO4, CaSO4 and K2SO4.  The spectrum of 

(NH4)2SO4 showed a broadening around 3.3 eV relative energy which was not noticeable 

in the spectra of other compounds.  A prominent post-edge feature at 7.3 eV relative 

energy was also observed in (NH4)2SO4 which is similar to that in K2SO4.  

There was a high spectral noise in the S K-edge XANES spectra of the control soil 

(not treated with salts) due to very low total S concentration and it lacked any significant 

post-edge features (Figure 4.6).  This spectrum was therefore not included in this 

discussion due to the problems with normalization. The S K-edge XANES spectra of the 

DL soil samples (0-3 mm depth) that was treated with different sulphate salts are shown 

in Figure 4.7. The similarity in the features of the soil spectra indicate that similar S 

compounds are present in soil samples treated with different sulphate salts. The white line 

intensity of soil spectra varied slightly depending on the sulphate treatment. The highest 

intensity was observed with MPP + K2SO4 treatment indicating the greatest amount of S 

precipitation in DL soil while the lowest intensity was observed with MPP + MgSO4  
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Figure 4.6    Sulphur K-edge XANES spectra of the control soil without the addition of 

P or S compounds (Dezwood Loam). 

 

 

 

 

 

 



 

207 
  

 

-5 5 15 250 10 20 30

0

1

2

3

4

5

6

iiiii

N
o

rm
al

iz
ed

 a
b

so
rp

ti
o

n
 (

a.
u

)

Relative Energy (eV)

 MPP + K
2
SO

4

 MPP + (NH
4
)

2
SO

4

 MPP + MgSO
4

i

B

4 6 8 10 12 14 16 18 20
0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

 

 

-2 0 2

0

2

4

6

 

 

A

 

Figure 4.7  Sulphur K-edge XANES spectra of Dezwood Loam soil samples from 0-3 

mm with different sulphate treatments. Inset A illustrates the variation in 

white line intensity and inset B illustrates the unique post-edge features for 

CaSO4•2H2O. The dash lines indicate spectral features at 4 eV (i), 10 eV (ii), 

and 17.3 eV (iii) relative energies. MPP is monopotassium phosphate. 
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treatment. Such results agree with that of the water-extractable P analysis which showed 

the greatest water-extractable P in MPP + K2SO4 treatment and the smallest in MPP + 

MgSO4 treatment.  The greater the amount of sulphate that is precipitated the greater the 

amount of Ca
2+ 

that is consumed by SO4
2-

.  Thereby, available Ca
2+

 was competitively 

taken away from P, increasing the solubility of P with increased precipitation of CaSO4.  

Fingerprinting of sample spectra provided the evidence for CaSO4•2H2O formation 

in our samples.  As illustrated in Figure 4.8, DL soil spectra contained three characteristic 

post-edge features at 4.2 eV, 10 eV and 17.3 eV relative energy similar to the features 

which were observed in CaSO4•2H2O spectrum.  This indicates that the S pool of our soils 

is dominated by CaSO4•2H2O upon addition of MPP + sulphate treatments to DL soils.  A 

similar approach was followed by Prietzel et al. (2008) to identify the soils in which the 

sulphate pool is dominated by CaSO4•2H2O.  

The results of the S K-edge XANES analysis thus provided the first experimental 

confirmation of the anion competition effect of sulphate in increasing P solubility in the 

soil as suggested by Kumaragamage et al. (2004) and Olatuyi et al. (2009a, 2009b).  The 

S K-edge XANES spectra of the DL soil samples from the 0-3 mm and 3-6 mm sections 

are illustrated Figure 4.9.  The similarity of soil spectra from both depth sections indicates 

that CaSO4•2H2O is the major S compound in all soil samples.  However in order to be 

consistent with the results of NMR analysis, the ensuing discussion will be based, solely, 

on the XANES spectra from the 0-3 mm depth section. 

The results of the PCA indicated that the variation in our soil samples could be 

adequately described by two orthogonal components.  The PC1 explained 90% variation 

and the PC2 explained 4.2% of the spectral variation.  The results of TT showed that  
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Figure 4.8   Stacked S K-edge XANES spectra of Dezwood Loam soil samples from 0-3 

mm with different sulphate treatments and standard spectra of CaSO4•2H2O. 

The dash lines show the unique spectral features for CaSO4•2H2O. MPP is 

monopotassium phosphate. 
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Figure 4.9   Sulphur K-edge XANES spectra of DL soil samples from 0-3 mm (a-c) and 

3-6 mm (d-f) with MPP + K2SO4 (c,f), MPP + (NH4)2SO4 (b,e) and MPP + 

MgSO4 (a,d) treatments. The dash lines show the unique spectral features 

for CaSO4•2H2O. MPP is monopotassium phosphate. 
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CaSO4•2H2O (SPOIL value of 2.5) and MgSO4•7H2O (SPOIL value of 2.4) were the most 

possible compounds in DL soil spectra.  The other S standard compounds showed SPOIL 

values that were greater than 3 but less than 5 which were considered marginal standards 

according to Malinowski (1991).  

The results of LC fitting provide quantitative understanding of the amount of 

CaSO4•2H2O formed in each soil as shown in Table 4.4.  The relative percentage of 

CaSO4•2H2O formed with each sulphate salt varied in the following order: MgSO4 > 

K2SO4 > (NH4)2SO4.  The greatest proportion of the sulphates in the soil treated with 

MPP + MgSO4 was composed of CaSO4•2H2O.  This may be due to effectiveness of Mg
2+

 

cation in replacing more Ca
2+

 from the exchange site in soils compared to K
+
 and NH4

+
.  

The formation of MgSO4 along with CaSO4•2H2O with all the sulphate treatments can 

possibly reduce the effectiveness of sulphate salts to reduce the Ca-P precipitation.  

Although the DL soil contained 20% of Mg
2+ 

on the exchangeable complex, Mg
2+

 was 

involved in the reactions with sulphate anion as revealed by the LCF results (Table 4.4).  

However, XANES results clearly indicate that the CaSO4•2H2O was formed in the DL 

soil.  The formation of CaSO4•2H2O can increase the presence of free HPO4
2-

 in the 

solution which enables more water soluble P to exist in the soil.  On the other hand, this 

can alter the equilibrium between Ca
2+ 

and P in the soil solution which in turn affects the 

formation of solid P phases.  

Moreover, inorganic anions can compete with orthophosphate for sorption sites on 

soil colloids, resulting in a decrease in P sorption in natural soils. Since SO4
2-

 is one of the 

major competing inorganic anions in soils for P sorption sites (Sims and Pierzynski, 

2005), it is possible that there was a competitive effect by sulphate for P sorption sites in 

sulphate treated DL soil. However, the fraction of sorbed sulphates cannot not be  
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Table 4-4 Linear combination fitting of S-K edge XANES spectra of Dezwood Loam 

soil showing the relative proportion of S compounds (standard deviation values 

reported by the Athena software are given in parenthesis). 

Treatment† CaSO4•2H2O MgSO4•7H2O R factor‡ 
Goodness of fit 

(χ
2
)§ 

MPP + K2SO4 60.5 (0.019) 39.5 (0.019) 0.009 4.2 

MPP + (NH4)2SO4 55.3 (0.037) 44.7 (0.037) 0.008 5.6 

MPP + MgSO4 78 (0.028) 22.1 (0.028) 0.005 2.1 

 

 †        MPP, monopotassium phosphate 

 ‡        R-factor reported by the Athena Software 

 §    Goodness of fit (χ
2
)
 
is the reduced chi-square statistic reported by the Athena   

software. The lower the value the better the fit (mathematically). 
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significant in DL soils because XANES analysis has provided strong evidence of 

CaSO4•2H2O formation in DL soil.   

 

4.4.4.2. Sulphur K-edge XANES spectra of model soil samples 

The S K-edge XANES spectra of model soil samples are given in Figure 4.10.   The 

white line intensity of the model soil spectra was lower than that of the DL soil spectra 

due to the high saturation created by sulphonic S in the resin.   In addition, a spectrum of 

a pure resin sample was used as a standard compound for the analysis of model soil 

spectra.  First, a PCA was carried out over the full spectral region (2475 eV-2511 eV).  

The results of the PCA showed that only two principal components can adequately 

reconstruct the sample spectra of model soils.  The PC1 explained 89.8% of the total 

spectral variation while PC2 explained only 5.4%.  Such results confirmed that the S pool 

in the model soil was dominated by a single compound.  The close similarity of the model 

soil spectra and the spectrum of pure resin clearly shows that the model soil is dominated 

by the sulphonic S in the resin (Figure 4.10).  Since model soil spectra are lacking any 

distinguishable features with respect to inorganic S precipitates, finger printing was not 

possible with these spectra. 

Conducting a LCF over the full spectra region was not possible due to the high self-

absorption in model soil.  Therefore, a constrained fit was performed over the range 

between 3-30 eV relative to the edge to analyse XANES spectra with respect to inorganic 

S precipitates.  Since S-K edge spectra of inorganic S precipitates contains unique 

spectral features in the post-edge region, a constrained fit can help to distinguish between 

organic and inorganic precipitates qualitatively.  A similar approach was followed by  
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Figure 4.10  Stacked S K-edge XANES spectra of model soil samples including the 

spectrum of a pure resin sample. MPP is monopotassium phosphate. 
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Eveborn et al. (2009) to quantify P K-edge XANES results with respect to Ca-phosphate 

compounds by limiting the fit over the range between 2-23 eV relative energy.  Lombi et 

al. (2006) has performed a PCA constrained to the post-edge shoulder of the P K-edge 

XANES spectra (1- 5.5 eV) to qualitatively identify phosphorus standards that were 

closely related to the soil spectra.  The two best fits given in the LCF of the normalized 

model soil spectra using all binary combinations of standards are given in Table 4.5.  In 

all samples, S compounds identified by XANES fitting were consistent across each best 

fits. 

In contrast to DL soils, CaSO4 was identified in the best fit of all model soil 

samples.  The relative proportion of the sulphonic S group in resin was approximately 

80% in all samples.  However, identification of CaSO4 confirms the hypothesis of anion 

competition in the P fertilizer bands of the model calcareous soil.  

 

4.4.5.  Phosphorus-31 MAS NMR Results 

The
 31

P MAS NMR spectra collected directly by single pulse acquisitions (SP) 

provide evidence of the various solid P phases present in each soil sample (Figure 4.11).   

Results of cross polarization (CP) MAS analysis showed that 
1
H nuclei were located in 

close proximity of all 
31

P sites identified using SP spectra.  Therefore, only the SP spectra 

are presented in Figure 4.11 due to the strong similarity between the SP and CP MAS 

results.  The 
31

P MAS NMR spectra reflect a difference between the model soil and DL 

soil in terms of the spectral resolution and apparent sensitivity (Figure 4.11).  A lower 

signal- to-noise ratio was obtained in the DL soil although the total amounts of P in both 

soils are similar based on the results of chemical analysis.  This implies that paramagnetic  
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Table 4-5 The two best fits given by LCF using binary combination of all S K-edge 

XANES standards 

Model soil sample Fit # Compounds 
% of each 

compound 
†R factor 

Reduced chi 

square χ
2
 

MPP + K2SO4 

1 
Pure resin S 

CaSO4 

80.5 

19.5 
0.002 0.15 

2 
Pure resin S 

CaSO4•2H2O 

83.5 

16.5 
0.002 0.16 

MPP + (NH4)2SO4 

1 
Pure resin S 

CaSO4 

79.8 

20.2 
0.002 0.14 

2 
Pure resin S 

CaSO4•2H2O 

85 

15 
0.002 0.16 

MPP + MgSO4 

1 
Pure resin S 

CaSO4 

78.4 

21.6 
0.002 0.14 

2 Pure resin S 

CaSO4•2H2O 

81.7 

18.3 
0.002 0.15 

 

†     The reported χ
2
 and R values were obtained from Athena software outputs.  
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Figure 4.11  Phosphorus-31 SP spectra for model soil (left) and Dezwood Loam soil 

(right): (a)-(d) are model soil spectra of (bottom to top): MPP ALONE, 

MPP + K2SO4, MPP + (NH4)2SO4 and MPP + MgSO4 and (e)-(h) are 

Dezwood Loam soil spectra of (bottom to top): MPP ALONE, MPP + 

K2SO4, MPP + (NH4)2SO4 and MPP + MgSO4. MPP is monopotassium 

phosphate. 
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ions such as Fe
3+ 

or Mn
2+

 (Hinedi et al., 1989) might have caused rapid nuclear spin 

relaxation and, thereby prevented some of the 
31

P from being observed.  Interactions 

between the unpaired electron spins in paramagnetic ions and 
31

P nuclear spins are also 

the likely cause of greater peak widths in the DL soil relative to the fully diamagnetic 

model soil.  Another possible factor contributing to broader NMR peaks in the DL soils is 

the likelihood of greater heterogeneity in the P chemical environments (Lookman et al., 

1996).  Accordingly, the higher signal-to-noise ratio of the model soil spectra is attributed 

to the absence of paramagnetic ions and homogeneity of the sample matrix in the model 

soil. 

The amount of labile Fe in DL soil, measured using DTPA extraction, was 23.3 mg 

kg
-1 

(Table 4.1).  Since exchangeable Ca (7440 mg kg
-1

)
 
and Mg contents (912 mg kg

-1
)
 
in 

DL soil are several times greater than the labile Fe content, it is assumed that the 

precipitation of P is mainly governed by exchangeable Ca and Mg in DL soil.  

Nevertheless, the possibility for Fe-, Mn-P precipitation and formation of some organic 

forms of P in the DL soil cannot be completely ruled out in the current study, but 

considered less significant than the Ca-P and or Mg-P formation.  This fact was also 

confirmed by the results of P K-edge XANES analysis of DL soil which showed the 

absence of characteristic pre-edge features for Fe-P in P K-edge XANES spectra of DL 

soil samples (Chapter 5, Section 5.4.3).  Dougherty et al. (2005) showed that only 9% of 

the total P was observed in pasture soils when analysed using 
31

P NMR CP MAS and it 

was attributed to the intimate contact of Fe with P in the soil.  Although their soil had 

total Fe content of 0.86%-1.64%, similar to the total Fe content of DL soil (1.7%), it is 

more likely that the low signal to noise ratio in DL spectra is due to the Fe in the bulk soil 

rather than the P nuclei in close contact with the paramagnetic centres.  Therefore, the 
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following discussion will only consider the qualitative identification of Ca-P and/or Mg-P 

species in DL soil due to possible limited observability of P by 
31

P MAS NMR.  On the 

other hand, both quantitative and qualitative aspects of P speciation will be discussed for 

the model soil due to the absence of paramagnetic effect on NMR spectra. 

Four resolved peaks positioned at 3.8, 1.2, -1.5 and -7.6 ppm were identified in both 

soils (Figure 4.11, Table 4.6) and the peaks at 1.2 and -1.5 ppm were prominent in both 

soils.  The relative intensities of the peaks identified in the model soil varied depending 

on the type of treatment.  The prominent resonance with a chemical shift at 1.2 ppm that 

was found in the spectra of both soils has been assigned to DCPD (Manimel Wadu et al., 

2013).   In both model and DL soils with MPP ALONE treatment, DCPD was the only P-

bearing species detected (Figure 4.11a and 4.11e).  Such findings confirmed that a part of 

the phosphorus in MPP was precipitated as DCPD during the first two weeks in 

calcareous soils.  However, native P compounds such as OCP, TCP and HA were 

expected in the P treated DL soil, though in smaller proportion compared to the 

precipitated DCPD based on the small amount of the acid extractable P fraction (0.17 g P 

kg
-1

) in the untreated DL soil.  The chemical shift of the plausible native Ca-P species 

found in the DL soil such as OCP, TCP and HA falls in the chemical shift range of +2 to -

2 ppm (Table 4.3).  Therefore, NMR signal of such inorganic P compounds at low 

concentration may not be visible in the DL soil spectra due to line broadening by 

paramagnetic ions and possible overlap of the peaks.  McBeath et al. (2006) identified a 

sharp resonance at 1.7 ppm using solid-state 
31

P NMR with direct polarization (DP) in  
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Table 4-6   Phosphorus-31 MAS NMR peaks assignments  

Treatment† Soil Type‡ Chemical shifts δiso (ppm)§ 

MPP ALONE 
Model 1.2 (100%) 

DL 1.2  

MPP + K2SO4 
Model 3.8 (0.6%), 1.2 (85.2%), -1.5 (14.2%) 

DL 3.8, 1.2, -1.5 

MPP + (NH4)2SO4 
Model 1.2 (75.3%), -1.5 (24.7%) 

DL 1.2, -1.5 

MPP + MgSO4 
Model 1.2 (61.3%), -1.5 (34.4%), -7.6 (4.3%) 

DL 1.2, -1.5, -7.6 

 

†MPP, Monopotassium phosphate 

‡ DL, Dezwood Loam soil 

§Relative intensities of peaks identified in model soil are given in parenthesis  
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unamended calcareous soils which was assigned as Ca orthophosphate.  Further, 

Dougherty et al. (2005) and McBeath et al. (2006) using 
31

P DP NMR observed a broad 

shoulder on the upfield side of the peak assigned as inorganic P in unamended soils and it 

was assigned as organic P.  However, The CP MAS spectra of DL soil did not contain 

such a feature that can be assigned as organic P. 

The narrow peak at 1.2 ppm chemical shift in the model soil in the current study 

indicates a very uniform P environment with MPP ALONE treatment, suggesting that 

DCPD existed as a well ordered crystalline phase.  The formation of DCPD as a major 

reaction product in calcareous soils has been reported by many authors using other 

sources of P fertilizers.   Manimel Wadu et al. (2013) using 
31

P MAS NMR have shown 

that DCPD is the main P reaction product in model calcareous soils after two weeks when 

monoammonium phosphate is applied. Some investigators using X-ray diffraction have 

reported the existence of DCPD as the initial P solid phase in calcareous soils (Lindsay et 

al., 1962; Bell and Black, 1970; Racz and Soper, 1967; Hinman et al., 1962).  The pH of 

our soils were below 6.4 after two weeks of incubation (Figure 4.1) and the occurrence of 

DCPD at pH lower than 6.5 has been reported by previous investigators (Arifuzzaman 

and Rohani, 2004).  Delgado et al. (2002) using 
31

P NMR analysis, identified carbonate 

apatite, TCP and OCP in calcareous soils treated with 2000 mg P kg
-1

 after the incubation 

period of more than 30 days.  The greater pH reduction in the DL soil can lead to the 

formation of other types of P compounds in soil due to the dissolution of mineral fraction 

but identification of such compounds is not possible in the current work and could be at 

very low concentration compared to the major fertilizer reaction products formed in the 

fertilizer band. 
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Phosphorus speciation in both model and DL soils was affected by the addition of 

sulphate salts together with MPP as shown by the 
31

P MAS NMR results (Figure 4.11).  

The characteristic feature introduced by the sulphate salts was the presence of a second 

prominent resonance with a chemical shift of -1.5 ppm in both soils.  None of the 

expected phosphate precipitates appears at this peak position, based on previously 

reported 
31

P MAS NMR chemical shift values (Table 4.3).  The closest possible match 

from the literature is an amorphous magnesium phosphate at –2 ppm (Scrimgeour et al., 

2007).  Considering the high concentration of Ca
2+

 in these soils, it is possible that cation 

disorder may occur in this unknown solid, nudging the chemical shift toward that of 

amorphous calcium phosphate at 2.6 ppm (Belton et al., 1987).  The fact that the chemical 

shift of this compound (-1.5 ppm) is between that of CaHPO4 and MgHPO4 suggests that 

this peak may be assigned to a calcium-magnesium phosphate.  However, it is also 

possible that this peak represents a hitherto unknown phosphate phase.  The consistency 

of the 
31

P{
1
H} cross-polarization (CP) MAS NMR and SP suggests that the unknown P 

phase at -1.5 ppm is hydrated or contains bonded hydrogen.  

The model soil showed that the relative peak intensity of the -1.5 ppm peak changes 

with the different sulphate salts.  In the model soil, this peak shows the greatest relative 

peak intensity with MPP + MgSO4 treatment followed by MPP + (NH4)2SO4; the MPP + 

K2SO4 treatment has the smallest relative intensity (Table 4.6, Figure 4.11).  The NMR 

spectra of the DL soil also indicated changes in the relative peak intensity of the -1.5 ppm 

peak in sulphate treated soils even with the reduced signal-to-noise ratio and line 

broadening in the soil spectra.  However, further experiments should be carried out to 

identify the new P compound and to determine its solubility in calcareous soil systems.  

Cao et al. (2007) reported an inhibition of Ca phosphate precipitation in the presence of 
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SO4
2-

 as indicated by a reduction of hydroxyl apatite (HAP) precipitation rate constant by 

22% during the early reaction time.  They have speculated that SO4 substitution in the 

HAP lattice due to the similarity in ionic radius of SO4
-2

 (0.055 nm) and PO4
-3

 (0.065 nm) 

was responsible for this inhibition.  

With the aid of 
31

P MAS NMR, we have clearly demonstrated that the addition of 

sulphate salts not only enhanced P solubility through anion competition, but that a new P-

bearing phase, distinctly different than DCPD was formed in calcareous soils.  The 

proportion of this new P species was dependent upon the type of sulphate salt that was 

added to the P fertilizer.  We conclude that this new P compound is the same in the model 

soil and the DL soil.  We therefore describe the unknown phase as an inorganic P phase 

that contained Ca, and possibly some Mg and bonded to hydrogen or water molecule/s.  

Further studies are needed to identify this compound by investigating how the presence of 

Mg
2+

 influences P precipitation when Ca
2+

 is removed from the solution phase.  It is 

possible that anion competition by SO4
2-

 reduced the super-saturation condition with 

respect to DCPD but facilitated the formation of another P phase which contained a 

smaller Ca content than DCPD.   

Two other minor peaks at chemical shifts of 3.8 ppm and -7.6 ppm were also 

observed in the 
31

P
 
MAS NMR.  In the spectra of the MPP + K2SO4 treated soils, a very 

small fraction (<1%) of the P in the model soil was found in a phase appearing at 3.8 

ppm.  The closest match to this chemical shift is KH2PO4 (Turner et al., 1986).  

Considering the high concentration of potassium in these samples, a very small amount of 

this compound could conceivably be present.  Similarly, the spectra of the MPP + MgSO4 

treated soils have a small signal at -7.6 ppm which may be assigned to MgHPO4•3H2O 
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(Scrimgeour et al., 2007).  The small fractions of P in these phases are unlikely to play a 

significant role in the solubility of P in the dual fertilizer band.  

According to the results of both spectroscopic and chemical analysis, sulphate salts 

enhanced the solubility of P in our soils by two main mechanisms.  They are: 1. 

competition between SO4
2-

 and HPO4
2-

 anions for Ca
2+

 that reduced the magnitude of Ca-

P formation, 2. decrease in soil pH which shifted the equilibrium of orthophosphate ions 

towards presence of monovalent ions.  As shown by our results, anion competition 

between SO4
2-

 and HPO4
2-

 for Ca
2+

 could effectively limit the initial reactions of Ca with 

soluble phosphate.  This phenomenon can increase P uptake especially during the early 

plant growth stages.  Moreover, further refinement with regards to the rate of sulphate salt 

application in the dual band is required in order to achieve maximum efficiency of P in 

different calcareous soils. The 
31

P MAS NMR results provided evidence for the formation 

of similar Ca-P species in both the model soil and the natural soil with the same 

treatment.  Therefore, our results confirmed that the model soil can be successfully used 

to study P precipitation reaction products in calcareous soils that are mainly governed by 

exchangeable Ca and Mg.  The use of a model soil system in this study also supported the 

quantitative analysis of P compounds formed in a calcareous soil due to the precipitation 

with exchangeable Ca and Mg. 
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4.5. Conclusions 

Application of K2SO4, MgSO4 or (NH4)2SO4 salts with MPP increased the water-

extractable P fraction at the application site in a model calcareous soil system and 

Dezwood Loam soil. Application of K2SO4 with MPP increased P solubility over soil 

depth of 0-72 mm. The S K-edge XANES showed the formation of CaSO4•2H2O in DL 

soil confirming anion competition between HPO4
2-

 and SO4
2- 

for
 
Ca

2+
.  The 

31
P MAS 

NMR results showed the direct effect of sulphate salts on P speciation in both soils.  The 

relative concentration of DCPD in model soil decreased with the application of sulphate 

salts with MPP and there was the formation of an unknown P species.  We speculate that 

a Ca-Mg-P phase that was bonded to hydrogen or water molecule/s was formed together 

with DCPD upon the application of sulphate salts.  Similar P phases were also identified 

in Dezwood Loam soil using 
31

P MAS NMR.  The mechanisms by which P solubility is 

increased in calcareous soils upon the addition of sulphate salts were the reduction of 

Ca
2+

 in the soil solution by CaSO4•2H2O formation and the reduction of soil pH by the 

application of salt mixtures.  The formation of a new P phase could also be responsible 

for the changes in P solubility, but identification of this compound is essential to 

determining its role in calcareous soils.  With the aid of 
31

P MAS NMR, we have been 

able to clearly demonstrate that the addition of sulphate salts not only enhances P 

solubility through anion competition but that a new P compound, different from DCPD is 

formed. 
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5.   COMPARISON BETWEEN 
31

P MAS NMR, P K-EDGE XANES AND                

P L2,3- EDGE XANES ANALYSIS FOR PHOSPHORUS SPECIATION IN 

FERTILIZED CALCAREOUS SOILS 

 

5.1. Abstract 

Direct characterization of P compounds in soils is hindered by the extreme complexity 

of soil and this affects the potential to identify various P compounds in fertilized soils.  

The objective of this experiment was to compare 
31

P magic-angle spinning nuclear 

magnetic resonance (
31

P MAS NMR) spectroscopy with P K-edge and P L-edge X-ray 

absorption near edge structure spectroscopy (XANES), for their ability to identify the 

species of P compounds formed in fertilized calcareous soils.  It was hypothesised that 

XANES technique can probe the changes in P speciation in a fertilizer band and 

complement the solid state speciation using NMR spectroscopy.  All the spectroscopic 

analyses were conducted on samples from a model soil (i.e. resin and sand mixture) and 

Dezwood Loam (DL) soil series. The average total P concentration in samples was 4660 

± 363 mg kg
-1

. The results of MAS NMR confirmed the formation of dicalcium 

phosphate dihydrate (DCPD) in all the soil samples with 100% DPCD in the soils treated 

with monopotassium phosphate (MPP) only.  Another P environment was formed in soils 

treated with MPP and sulphate salts which could not be identified using MAS NMR 

(unidentified P).  The P K-edge XANES spectra of the model soils contained strong post-

edge features similar to that of DPCD while the DL soil spectra contained weaker features 
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than the model soil.  The linear combination fitting results (LCF) provided similar 

proportions of Ca-P in all soil samples as the NMR results but DCPD was not identified 

as a major compound in most of the DL soils with XANES.  The sensitivity of P K-edge 

XANES analysis was affected by the lack of appropriate P standards to be used in LCF 

and the weaker post-edge features of DL soil spectra.  The P L2,3-edge spectra of the 

model soils lacked the characteristic Ca-P features while the DL soil resulted in a very 

weak signal at the P L2,3-edge.  The greater soil heterogeneity in the DL soil matrix 

compared to that of model soil may be the reason for differences in the model and DL soil 

XANES spectra.  This study confirms the soil matrix effect on the P species 

identifications by XANES analysis and the merit of having a model soil analogue for 

identification of precipitated P species in soils.  

 

5.2. Introduction 

Phosphorus plays a significant role in many metabolic processes in living organisms 

and it is considered as a critical element in the environment.  Therefore, investigation of P 

speciation in various environmental samples has been carried out during the past decades.  

Currently, advanced and powerful techniques like X-ray absorption near edge structure 

spectroscopy (XANES), nuclear magnetic resonance (NMR), Fourier transform infrared 

(FTIR) and Raman spectroscopy are being used to probe P speciation.  Such techniques 

have been successfully implemented to understand P speciation in soils, sediments, 

wastes, chemical extracts and other model analogs for environmental systems 

(Hesterberg, 2010; Kizewski et al., 2011).  As a result, there is improved understanding of 

the speciation, chemical reactivity, solubility and mobility of P in the environment.  For 
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example, the identification P reaction products in soils have been considered critical 

criteria for improving P fertilizer efficiency in soils (e.g. Lookman et al., 1996; Lombi et 

al., 2006; Ajiboye et al., 2008; Manimel Wadu et al., 2013).  However, direct 

characterization of chemical species by molecular spectroscopy is hindered by the 

extreme complexity of the natural systems.  This complexity emanates from the 

heterogeneity of chemical bonding environments between and within matrix components 

and its effects on the potential to identify all possible different P species (Kizewski et al., 

2011).   

Amongst the advanced spectroscopic techniques, synchrotron based XANES 

spectroscopy and 
31

P MAS NMR have been emerged as two powerful solid-state 

techniques to characterise organic and inorganic P species in environmental samples.  

Synchrotron based X-ray absorption spectroscopy (XAS) is an element-specific technique 

that measures the absorption coefficient of incident X-rays at energies around an 

absorption edge (e.g. P K-edge or P L2,3-edge) (Fendorf and Sparks, 1996; Sayers and 

Bunker, 1988; Kelly et al., 2008).  Phosphorus K-edge analysis has been used for P 

speciation in soils (Beauchemin et al., 2003; Lombi et al., 2006; Khatiwada et al., 2011; 

Kar et al., 2012), waste water filter media (Eveborn et al., 2009), sediments (Brandes et 

al., 2007) agro-industrial by-products (Kruse et al., 2010) and organic amendments (Peak 

et al., 2002; Sato et al., 2005; Toor et al., 2005; Maguire et al., 2006; Gungor et al., 2007; 

Ajiboye et al., 2007).  

On the other hand, P L2,3-edge analysis is an emerging solid-state approach with a 

limited number of studies reported up to date (e.g. Ajiboye et al., 2006; Schefe et al., 

2009a, 2009b; Kruse et al., 2010).  The P L2,3-edge XANES may offer a complementary 

opportunity to confirm P speciation results of P K-edge XANES analysis due to the 
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richness of spectral features in P L2,3-edge spectra (Ajiboye et al., 2006; Kruse et al., 

2009, 2010).  Schefe et al. (2009a, 2009b) used P L2,3-edge XANES analysis to identify P 

sorption reactions at the soil surface of acid soils and the limit for reliable detection of P 

was reported as ~ 920 mg P kg
-1

 for identifying surface bound P in acid soils.  These 

authors have also shown that the surface bound P can be detected at lower concentrations 

using the P L2,3-edge XANES than is possible with the P K-edge analysis (0.2% vs 1% 

total P) due to the greater surface sensitivity of P L2,3-edge XANES (~ few nm using total 

electron yield).  However, the information on the detection limits of P for P L2,3-edge 

XANES analysis of bulk soils has not been reported to date, to the best of our knowledge.  

 X-ray absorption spectroscopy probes all of the irradiated atoms of P in a sample 

and the resultant spectra is a weighted average signal from all coordination environments.  

In P K-edge XANES, spectra of standard P compounds are used to identify and quantify 

P speciation assuming that the standards are representative of the compounds formed in 

the complex matrices.  Therefore, the selection of proper standards compounds plays a 

critical role when using XANES for P speciation.  Although XANES spectra of different 

P species show unique features, identifying a compound which exists as a minor fraction 

of all P atoms in a sample could be uncertain (Kizewki et al., 2011).  Therefore, some 

unique molecular bonding environments might not be resolved in the results of curve 

fitting.  

Solid-state 
31

P MAS NMR has been used to examine the chemistry of P compounds 

in environmental samples as reviewed by Cade-Menun, (2003) and Akinremi et al. 

(2011).  Application of 
31

P MAS NMR in soil fertility studies (Lookman et al., 1996; 

McDowell et al., 2002, 2003; Dougherty et al., 2005; McBeath et al., 2006) is not as 

common as the studies on sludge and animal waste amended soils (Hinedi et al., 1989; 
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Frossard et al., 1994; Hunger et al., 2004, 2008; Hinedi and  Chang, 1989; Hinedi et al., 

1989) and studies with pure phosphate compounds (Rothwell et al., 1980; Belton et al., 

1987; Kaflack and Kolodziejski et al., 2008). The main reason is the presence of 

paramagnetic ions such as Fe
3+

 and Mn
2+

 and the low concentration of P in soils which 

make it difficult to obtain readily interpretable MAS NMR spectra for soils (Lookman et 

al., 1996).  

The sensitivity of the NMR parameters such as chemical shift and quadrupolar 

constants to the local environment of P species creates opportunity for NMR to be used in 

identifying different P species.  In NMR, identification of P species in a sample is 

achieved by comparing the chemical shift values of NMR resonances of the sample 

spectra with characteristic chemical shift values of standard P compounds.  This way, 

NMR results provide a more direct approach for characterizing P species without having 

the need for implementing curve fitting provided the sample spectrum consists of well 

resolved resonances.  When there is an overlap in the resonances, other approach like 

spectral deconvolution has to be implemented to understand P speciation (Lookman et al., 

1996).  According to the findings of Manimel Wadu et al. (2013), 
31

P MAS NMR is 

capable of providing evidence of P species present as reaction products as well as 

compounds that exist as minor phases in soils.  Therefore 
31

P MAS NMR stands as a 

powerful method for quantitative analysis of P speciation if the NMR spectra are not 

affected by the paramagnetic ions.  

Although each technique has its own pros and cons, a study aimed at comparing 

inorganic P speciation in soils by solid state 
31

P MAS NMR, P K-edge and L2,3-edge 

XANES analysis has not been carried out up to date.  Such information is needed for the 

selection of appropriate in situ technique for P speciation studies in environmental 
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research.  This chapter attempts to address the potential of 
31

P MAS NMR and XANES 

techniques to characterize inorganic P compounds in the fertilized soil samples. The main 

hypothesis is that XANES technique can probe the changes in P speciation in a fertilizer 

band and complement the solid-state NMR technique. It was also hypothesised that the 

sensitivity of P K-edge XANES and the P L2,3-edge XANES analysis to characterise 

precipitated P is different. Therefore, the main objectives of this chapter are to compare: 

1. P K-edge XANES and the P L2,3-edge XANES analysis,  2. 
31

P MAS NMR and 

XANES analysis with respect to P speciation in whole soil/bulk samples.  This study for 

the first time attempts to use P L2,3-edge XANES experiments to identify precipitated P in 

fertilized calcareous soils.  We will also discuss how each technique is affected by the 

sample heterogeneity by comparing the results of two calcareous soil systems: a model 

soil and a real soil (Dezwood Loam, DL).  To the best our knowledge, this work is the 

first attempt to compare P speciation in a model soil and a real soil using solid-state 

speciation techniques.  

 

5.3. Materials and Methods 

5.3.1.  Soil Preparation, Treatment Application and Soil Analysis  

Soil samples were obtained from the experiment described in chapter 4.  Therefore 

details on the soil preparation, treatment application and soil analysis will not be repeated 

in this chapter.  Abbreviations of soil treatments given in the chapter 4 will be used here 

to denote different soil samples.  
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5.3.2.  Phosphorus-31 MAS NMR Analysis of Soil Samples 

Results of the 
31

P MAS NMR analysis given in chapter 4 will be used here and be 

compared with the XANES results.  As such details on NMR experiment will not be 

repeated here.  The NMR results will be used here as a reference for the P speciation in 

our soils.  

 

5.3.3.  Phosphorus K-edge XANES Analysis 

5.3.3.1. Phosphorus K -edge XANES data acquisition and data treatment.  

Phosphorus K-edge XANES spectra of air-dried samples (0-3 mm depth) of both 

model soil and DL soil were collected at the soft X-ray micro characterization beamline 

(SXRMB) of the Canadian Light Source Inc.  The electron storage ring was operated at 

2.9 GeV with a maximum beam current of 300 mA. Measurements were performed with 

an InSb (III) monochromator with a focused beam size of 300 µm × 300 µm.  A small 

amount of composite, air dried and pulverized soil sample was spread as a thin layer on a 

double-sided carbon tape, mounted on a stainless steel sample holder, and placed it in the 

vacuum chamber.  Data acquisition was performed using three regions in the fluorescence 

yield (FY) and total electron yield (TEY) modes as, (1) 2130-2145 eV, step size = 0.5 eV, 

(2) 2145.25-2185 eV, step size = 0.25 eV, (3) 2185.5-2260 eV step size = 0.5 eV with a 

constant dwell time of one second per point. Each sample was scanned two consecutive 

times.  The same procedure was followed for data acquisition of the following powder 

standard P compounds purchased from Sigma-Aldrich Canada Ltd.: dicalcium phosphate 

dihydrate (CaHPO4•2H2O, DCPD), dicalcium phosphate anhydrate (CaHPO4, DCPA), 

dipotassium phosphate (K2HPO4, DPP), monopotassium phosphate (KH2PO4, MPP), 

http://www.lightsource.ca/experimental/sxrmb.php
http://www.lightsource.ca/experimental/sxrmb.php
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magnesium phosphate trihydrate (MgHPO4•3H2O, MPTH), calcium pyrophosphate 

(Ca2P2O7, PYRO), hydroxyapatite (HA), ammonium phosphate dibasic ((NH4)2HPO4, 

DAP), ammonium phosphate monobasic (NH4H2PO4, MAP) and struvite 

(MgNH4PO4•6H2O, STRUV).  The set of standard compounds included possible P 

precipitates in our soils which could be phosphates of Ca, Mg, K and NH4. 

The data pre-treatment was performed on both standards and soil spectra using 

Athena software (Version 0.8.056, Ravel and Newville, 2005).  The TEY spectra of 

standard compounds and FY spectra of soil samples were used in the following analysis 

since the FY data of standard compounds suffer from self-absorption.  All the spectra 

were calibrated by setting the highest point of the first derivative to the 2152.4 eV 

(absorption edge of Na2P2O7) using the “calibrate energy” function in Athena software 

(Ajiboye et al., 2008).  Two scans of each sample were averaged using the “merge 

function”.  The pre-edge region of the spectra was set between -10 and -4 eV relative to 

the reference energy (E0, 2152.4 eV) for background removal.  Then, the spectra were 

normalized using post-edge range of 10 and 45 eV relative to E0.   Any differences in the 

first derivative of the maxima in the samples and standards (defined as E0 for data 

normalization) should due to the spectral shifts attributable to local molecular bonding.  

 

5.3.3.2.  XANES fitting and principal component analysis  

The normalized XANES spectra were first subjected to the principal component 

analysis (PCA) using SixPack (Webb, 2005) software powered by IFEFFIT 1.2.8 

(Newville, 2001).  The use of PCA for XANES spectral analysis has been well 

documented elsewhere (Beauchemin et al., 2002; Lombi et al., 2006; Seiter et al., 2008).  
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Principal component analysis was performed on the data set composed of normalized 

spectra of all soil samples.  The control soil spectrum of DL soil was excluded from PCA 

due to the greater spectral noise that hindered the variation due to the differences in P 

speciation.  The number of principal components (PCs) required to sufficiently describe 

the composite data set was determined when the addition of another component did not 

increase the cumulative variance by 5%.  A subsequent analysis, target transformation 

(TT) was used to identify the standard spectra that might contribute to the PCs using 

SixPack.  During TT, the software transforms the spectra of standard P compounds to fit 

the number of PCs selected in the previous step.  The SPOIL values given for each P 

standard compound was then used to test which standards would be the most likely 

species in our samples (Malinowski, 1991).  

Contribution of the P standards to soil sample spectra was investigated using linear 

combination fitting (LCF) function of the Athena software.  During LCF, the weighted 

fraction of each reference was limited between 0.0 and 1.0 and the sum of the weighted 

fractions was forced to be 1.0.  All the standards with a SPOIL value lower than 3 were 

included in the LCF and binary combinations of seven phosphate standards were fitted to 

the normalized spectrum of each soil sample.  The goodness of fit was evaluated both 

quantitatively and qualitatively.  The values for residual factor (R factor) and chi-square 

(χ
2
) were obtained from Athena software outputs for quantitative evaluation.  The best fit 

was identified when a combination of P standards produced the lowest possible residual 

and χ
2 

values.  The best fit was qualitatively evaluated by the visual inspection of the fits 

and experimental spectra.  
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5.3.4.  Phosphorus L2,3 -edge XANES Data Acquisition and Data Treatment  

The P L2,3-edge XANES spectra were acquired at the Canadian Light Source Inc., 

Saskatoon, Canada on the variable line spacing plane grating monochromator beamline 

(VLS-PGM).  This beamline uses a 185 mm planar undulator and three gratings to cover 

a photon energy range of 5.2 to 250 eV.  This beamline is capable of providing 2 × 10
11

 

photons s
-1

 (100 mA)
-1

 at the P L2,3-edge with a resolution power (E/ΔE) of better than 

10,000 with an entrance- and exit-slit setting of 50 µm (Hu et al., 2007).  The P L2,3-edge 

spectra were recorded  between 130 eV and 155 eV with a step size of 0.05 eV and a 

dwell time of 1 s.  The entrance and exit slits were set at 50 µm × 50 µm.  Air dried, 

ground samples were mounted on electrically-conductive, double sided carbon adhesive 

tape and loaded into the vacuum chamber via a load lock.  The total fluorescence intensity 

was recorded using a microchannel plate detector.  The spectra of both DL soil and model 

soil samples were acquired simultaneously in the FY and TEY modes.  Two scans were 

recorded for each sample to improve the signal-to-noise ratio.  All the spectra were 

normalized to the intensity of the incident beam which was measured at the same time as 

the current that was emitted from a gold mesh.  Then two scans of each model soil sample 

were averaged.  Background correction was done by subtracting an extrapolated linear 

curve between the first data point and the starting point of the first pre-edge feature using 

OriginPro 9 (Origin Lab Corp., Northampton, MA 01060).  Furthermore, all spectra were 

normalized to the peak with the maximum intensity in the energy range < 140 eV (Kruse 

et al., 2009, 2010).  For spectral interpretation, the P L2,3-edge spectra were acquired for 

the same P standards used in P K-edge analysis.  The P L2,3-edge spectral features of the 
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standard P compounds were also compared with the spectral library of P compounds 

reported by Kruse et al. (2009).  

 

5.4. Results and Discussion 

5.4.1.  Phosphorus Concentration in Soil Samples and 
31

P MAS NMR Results 

Table 5.1 compares the P concentrations in model soil and DL soil samples that 

were analysed using XANES and 
31

P MAS NMR.  The average total P concentration in 

our samples was 4660 ± 363 mg kg
-1

. According to Lombi et al. (2006), poor spectral 

quality from bulk P K-edge XANES analysis can be an issue for soils with total P 

concentration less than approximately 300 mg kg
-1

.  All of our soil samples contained 

significantly higher amounts of P than this threshold and many investigators have 

reported comparable amounts of P in previous studies on P-K edge XANES analysis of 

soils (Lombi et al., 2006; Kar et al., 2012; Khatiwada et al., 2011).  The P compounds that 

were identified using 
31

P MAS NMR analysis are given in Table 5.2 and the NMR spectra 

of all the soil samples are given in Figure 5.1.  The differences between the 
31

P MAS 

NMR spectra of model soil and DL soil clearly indicate that the spectral quality and peak 

resolution is improved as the system complexity decreases from DL soil to model soil.   

The characteristic difference between the differently treated soil samples of each soil is 

the formation of a new P phase in addition to DCPD in the soils treated with sulphate 

salts (Figure 5.1).  This compound was not conclusively identified in the current study 

using NMR and the term “unidentified P” is used to denote that compound.  A detailed 

explanation on peak assignment of 
31

P MAS NMR spectra is given in chapter 4. 
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Table 5-1 Phosphorus concentrations in model soil and DL soil samples with the 

standard deviations given in parentheses 

Soil 

type† 
 Treatment‡ 

Water-extractable 

P 

Acid-extractable 

P 
Total P§ 

               mg kg
-1

 

Model 

soil 

MPP ALONE 684 (18) 4053 (296) 4737 (314) 

MPP + K2SO4 1443 (30) 3621 (220) 5064 (146) 

MPP + (NH4)2SO4 776 (40) 3428 (372) 4204 (371) 

MPP + MgSO4 959 (69) 3485 (222) 4444 (182) 

 

DL soil 

MPP ALONE 1095 (81) 4136 (573) 5231 (510) 

MPP + K2SO4 1558 (127) 3029 (81) 4587 (98) 

MPP + (NH4)2SO4 1220 (51) 3533 (133) 4753 (184) 

MPP + MgSO4 1208 (162) 3055 (336) 4263 (447) 

 
†    DL, Dezwood loam soil 
‡    MPP, monopotassium phosphate 
§   Total P calculated as (water extractable P) + (acid extractable P) 
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Table 5-2 Peak assignment and relative peak intensities of single-pulse 
31

P MAS 

NMR spectra 

Treatment† Soil type‡ 

Chemical shifts δiso (ppm) 

3.8  1.2  -1.5  -7.6  

Peak assignment § 

MPP DCPD Unidentified P MPTH 

Relative intensities (%) 

 

MPP ALONE 
Model - 100 - - 

 DL - 100 - - 

 

MPP + K2SO4 
Model 0.6 85.2 14.2 - 

 DL 0.5 55.3 44.2 - 

 

MPP + (NH4)2SO4 
Model - 75.3 24.7 - 

 DL - 50.2 49.8 - 

 

MPP + MgSO4 
Model - 61.3 34.4 4.3 

 DL - 26.6 71.2 2.2 

 

†     MPP, monopotassium phosphate 

‡     DL, Dezwood loam soil 

§     DCPD, dicalcium phosphate dihydrate; MPTH, magnesium phosphate trihydrate 
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Figure 5.1     Phosphorus-31 MAS NMR spectra (SP) for Model soil (left) and Dezwood 

Loam soil (right): (a) to (d) are model soil spectra of (bottom to top): MPP 

ALONE, MPP + K2SO4, MPP + (NH4)2SO4 and MPP + MgSO4 and (e) to 

(h) are Dezwood Loam soil spectra of (bottom to top): MPP ALONE, MPP 

+ K2SO4, MPP + (NH4)2SO4 and MPP + MgSO4. MPP is monopotassium 

phosphate. 
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5.4.2.  Phosphorus K-edge XANES of Standard P Compounds 

The P K-edge XANES spectra of standard P compounds are given in Figure 5.2.  

The local molecular bonding environment of phosphate species and the type of cation 

bound to the PO4 tetrahedra has resulted in distinct spectral features in the P K-edge 

XANES spectra.  The principal K-edge peak energies of all standard P compounds varied 

between 2153.0 eV and 2153.4 eV (Figure 5.2, indicator a).  This peak results from the 

excitation of an electron from the 1s inner orbital to a higher energy orbital as a result of 

the interaction of sample with X-rays.  A second much broader peak around 2170 eV was 

found in all the P K-edge XANES spectra that originate mainly from scattering from the 

first-shell oxygen in the PO4 tetrahedra (Figure 5.2, indicator f). 

Calcium phosphate species produced a characteristic shoulder on the high-energy 

side of the white line at 2155.7 eV (Figure 5.2, indicator b) while the other spectral 

features are subtle.  A similar feature has been identified between 2151 eV and 2155 eV 

by other investigators (Hesterberg  et al., 1999; Beauchemin et al., 2003; Lombi et al., 

2006; Ajiboye et al., 2008).  The prominence and the shape of this feature varied between 

different Ca phosphate compounds that we used. This post-edge feature was more 

pronounced in HA compared to more soluble compounds like DCPA and DCPD as 

confirmed by Hesterberg et al. (1999) and Toor et al. (2006).  The results of Sato et al. 

(2005) have shown that this characteristic post-edge shoulder of Ca-P compounds become 

more well-defined with decreasing solubility and increasing thermodynamic stability.  

The P K-edge XANES spectra of DCPA and DCPD showed very similar spectral features 

with a more resolved shoulder at 2155.7 eV in the DCPD spectrum (Figure 5.2, indicator 

b). 
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Figure 5.2 Normalized, stacked P K-edge XANES spectra of standard P compounds: 

dicalcium phosphate dihydrate (CaHPO4•2H2O, DCPD), dicalcium phosphate 

anhydrate (CaHPO4, DCPA), hydroxyapatite (HA), calcium pyrophosphate, 

(Ca2P2O7, PYRO), magnesium phosphate trihydrate (MgHPO4•3H2O, 

MPTH), struvite (MgNH4PO4•6H2O, STRUV), ammonium phosphate 

monobasic (NH4H2PO4, MAP), ammonium phosphate dibasic, ((NH4)2HPO4, 

DAP), monopotassium phosphate (KH2PO4, MPP) and dipotassium phosphate 

(K2HPO4, DPP). The dashed line show energy levels of importance to 

indicate unique spectral features for different species: (a) absorption edge 

(white line); (b)-(e) post-edge features; (f) oxygen oscillation. 
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The P K-edge XANES spectra of Mg phosphate species did not exhibit the post-

edge shoulder at 2155.7 eV but there was a prominent feature at 2163.1 eV (Figure 5.2, 

indicator e).  A similar post-edge feature was observed around 2163 eV with struvite, 

Ca2P2O7, DCPA and DCPD.   The P K-edge XANES results of Ajiboye et al. (2008) have 

shown that the P K-edge XANES spectra of MPTH consists of similar post-edge features.  

Spectral characteristics of potassium and ammonium phosphate compounds were 

different from the Ca-P species.  The white line of the DAP spectrum exhibited slight 

shift towards the higher energy than the MAP spectrum.  The post-edge features of the 

two ammonium phosphate compounds did not vary significantly.  Distinguishing 

potassium phosphate compounds from other phosphates is possible through several 

differences in the secondary and tertiary peak positions at 2157.4 eV (MPP) and 2158.7 

eV (DPP) energies (Figure 5.2, indicators c and d, respectively).  Both potassium 

phosphate compounds have post-edge peaks that are different from Ca and Mg phosphate 

species.  

 

5.4.3.  Phosphorus K-edge XANES Results of Soil Samples 

The P K-edge XANES spectra of model soil and DL soil samples are shown in 

Figure 5.3 and Figure 5.4, respectively.  In the model soil spectra, white line was 

observed around 2153.4 eV and the oxygen oscillation was observed around 2170.4 eV.  

All the spectra of model soils contained a distinct shoulder on the higher energy side of 

the white line around 2156.6 eV and a peak around 2162.4 eV.  Such features indicate 

that the P in these samples is mainly associated with Ca.  Our results are in agreement  
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Figure 5.3  Normalized stacked P K-edge XANES spectra of model soil samples. The 

dashed lines represent (a) absorption edge at 2153 eV; (b) shoulder feature 

at 2156 eV, (c) peak at 2162 eV (d) oxygen oscillation at 2170 eV. 
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Figure 5.4 Normalized stacked P K-edge XANES spectra of Dezwood Loam soils 

samples. The dashed line show energy level of importance (a) absorption 

edge at 2153 eV; (b) shoulder feature at 2156 eV, (c) peak at 2162 eV (d) 

oxygen oscillation at 2170 eV. 
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with the results reported by Beauchemin et al. (2003) and Lombi et al. (2006) using P K-

edge XANES analysis of soils.  They have observed similar post-edge features in the P K-

edge XANES spectra and identified Ca-P as the main P compound in calcareous soils 

treated with P.  

The white line of the DL soil spectra were noticed around 2153.1 eV with the 

oxygen oscillations observed around 2170.5 eV.  The main difference between the model 

soil and DL soil spectra is the weaker post-edge features in the DL soil spectra in 

agreement with the superior NMR spectra of the model soil samples compared to the DL 

soil samples.  The post-edge shoulder around 2156 eV was relatively weak in the DL soil 

spectra with a broader peak around 2162 eV compared to the prominent feature observed 

at 2162 eV in the model soil spectra.  The control soil spectrum of DL soil lacks the post-

edge features at 2156 eV and 2162 eV indicating that the inherent P fraction in the DL 

soil did not contain detectable amounts of Ca-P (Figure 5.5).  The weak signal of the 

control soil may be due to the presence of smaller amounts of organic P and the minerals 

in DL soil.  

Further investigation was carried out to understand the changes in Ca-P features 

associated with the post-edge peak at 2156 eV of soil spectra on the visual inspection.  

The spectral changes of both model and DL soils were compared with the DCPD 

spectrum, because NMR results confirmed that DCPD is the major Ca-P compound in 

most of the soil samples.  The spectral variation at 2156 eV in the model and DL soils 

with respect to DCPD spectrum are illustrated in Figure 5.6 and Figure 5.7, respectively.  

In the model soil, the smallest intensity of the post-edge feature at 2156 eV was observed 

with the MPP + MgSO4 treatment while other treatments showed similar intensities to  
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Figure 5.5 Normalized P K-edge XANES spectra of untreated Dezwood loam soil 

sample (control). The dashed line show energy level of importance (a) 

absorption edge at 2153 eV; (b) shoulder feature at 2156 eV, (c) peak at 

2162 eV (d) oxygen oscillation at 2170 eV. 
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Figure 5.6   Phosphorus K-edge XANES spectra of model soil samples and the standard 

spectrum of dicalcium phosphate dihydrate (DCPD). Inset illustrates the 

spectral features at 2156 eV. 
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Figure 5.7    Phosphorus K-edge XANES spectra of Dezwood Loam soil samples and the 

standard spectrum of dicalcium phosphate dihydrate (DCPD). Inset 

illustrates the spectral features at 2156 eV. 

 

 

 

 

 



 

255 
  

that of the DCPD standard compound.  The observed deviation in the MPP + MgSO4 

treatment corresponds with the 40% reduction of the DCPD fraction in the model soil as 

confirmed by NMR results.  All the DL soils spectra showed a lower intensity at the 2156  

eV peak compared to the DCPD standard compound even with MPP ALONE treatment 

which contained 100% DCPD according to NMR results.  Therefore, such observations 

indicate that the XANES results of the model soil spectra are in better agreement with the 

31
P MAS NMR analysis than the DL soil spectra.  

The results of PCA showed that the 84.7% of the variation of the experimental 

spectra (both model and DL soil spectra) could be described using two PCs (Figure 5.8).  

The spectral variation explained by PC1 and PC2 were 77.4% and 7.3%, respectively.  

The noticeable difference between the model soil and DL soil spectra is that, all the 

model soil spectra were located on the negative side of the PC2 while all the DL soil 

spectra were located on the positive side of the PC2.  The main reason for such 

differentiation may be the differences in post-edge features observed at 2156.6 eV and 

2162.4 eV in both DL and model soil spectra.  The PC1 loadings of soil spectra varied in 

a very narrow range (0.03 to 0.09) but provided means of distinguishing spectral 

variation.  Further investigation of the PC loadings of each soil spectra revealed that the 

variation along the PC1 is mainly represented by the variation in the white line intensity.  

Although the soil samples exhibited some variation in the post-edge features, the 

differences in the white line intensity were more noticeable within a soil type (Figures 5.6 

and 5.7).  Therefore, PCA results showed that the 77.4% of the spectral variation was 

attributed to the changes in whiteline intensity while the 7.3% of the variation was 

associated with the changes in post-edge features of soil spectra. 
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Figure 5.8   Principal components analysis of P K-edge XANES of model soil and DL 

soil   samples. 

 

 

 

 

 



 

257 
  

The model soil spectra of different treatments showed a greater variation in the 

white line intensity (Figure 5.6) while the white line intensity varied in a narrow range in 

the DL soil spectra (Figures 5.7).  The positioning of each soil spectrum on the axis of 

PC1 is directly related to the order of white line intensity changes in the two soils.  The 

smallest value of the PC loading was obtained by the spectra which showed the greatest 

white line intensity.  The decreasing order of white line intensity in DL soil spectra, MPP 

+ MgSO4 > MPP + (NH4)2SO4 > MPP + K2SO4 > MPP ALONE followed the increasing 

value for the PC loading.  The white line intensity of the model soil samples varied in the 

following order: MPP + MgSO4 > MPP ALONE > MPP + K2SO4 > MPP + (NH4)2SO4.  

The changes in whiteline intensity of DL soil cannot be directly related to the measured P 

concentrations using acid and water extractions (Table 5.1).  However, changes in 

whiteline intensity of the model soil spectra followed the decreasing order of DCPD 

fractions in MPP ALONE (100%), MPP + K2SO4 (85.2%), and MPP + (NH4)2SO4  

(75.3%) (Table 5.2).  

The findings of Kar et al. (2012) have showed that the relative peak height of P K-

edge soil spectra that were acquired in the partial fluorescence yield mode corresponded 

to the total digestible P with a correlation coefficient of 0.95 in soils treated with P.  But 

the total P calculated as the sum of water- and acid-extractable P fractions in DL soils was 

not an appropriate measurement to explain the white line intensity changes in our 

samples.  Although the total P in the model soil can be extracted by acid and water 

extractants (Manimel Wadu et al., 2013), the variation in white line intensity of model 

soil spectra were also not in agreement with total P data.  The reason for such 

observations is not clear and needs further investigations.  Kar et al. (2012) have also 

confirmed that the soil spectra were not affected by self-absorption when the total P 
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concentration was in the range of 500-5000 mg kg
-1

.  Therefore, it can be reasonably 

assumed that our spectra were not distorted by the self- absorption.  

The PCA results clearly showed that both MPP ALONE and MPP + MgSO4 

treatments were different from the MPP + (NH4)2SO4 and MPP + K2SO4 of both soils.  

The separation of MPP ALONE and MPP + MgSO4 from other treatments by PC1 

indicates similar P environments in the soil samples treated with MPP + (NH4)2SO4 and 

MPP + K2SO4.  Such observations corroborate with the enhancement of P solubility by 

these two treatments in comparison to MPP ALONE and MPP + MgSO4 treatments 

(Chapter 4 and Olatuyi et al., 2009).  The results of 
31

P MAS NMR showed that the 

model soil treated with MPP + K2SO4 contained 85.2% DCPD, while the soil treated with 

MPP + (NH4)2SO4 contained 75.3% of DCPD and both soils were grouped together in the 

PCA.  Moreover, the similar PC1 loadings of MPP + K2SO4 and MPP + (NH4)2SO4 

treatments of DL soil are also consistent with the 
31

P MAS NMR results that showed 

55.3% and 50.2% DCPD in MPP + K2SO4 and MPP + (NH4)2SO4 respectively.  

According to the PC1, MPP + (NH4)2SO4 and MPP + K2SO4 spectra of DL soil were 

close to the respective model soil spectra corresponding to the similar whiteline 

intensities in all of these samples.  

The first LCF was performed over the wide spectral range by limiting the fit 

between -5 to 30 eV relative energy.  The wide range fit has been commonly used in the 

LCF analysis of P K-edge XANES in soils samples (e.g. Hesterberg et al., 1999; 

Beauchemin et al., 2003; Sato et al., 2005; Lombi et al., 2006; Ajiboye et al., 2008).  The 

SPOIL values given by TT for each reference compound are given in the Table 5.3.  Most 

of the reference compounds obtained a SPOIL value lower than 3, indicating that they  
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Table 5-3 SPOIL† values for the reference spectra constructed from principal 

components. 

Reference compound SPOIL value 

Dicalcium phosphate dihydrate 1.8 

Dicalcium phosphate anhydrate 2.4 

Hydroxyapatite 2.9 

Newberyite 3.8 

Struvite 3.8 

Calcium pyrophosphate 1.8 

ammonium phosphate monobasic 1.7 

ammonium phosphate dibasic 1. 8 

potassium phosphate monobasic 1.4 

ammonium phosphate dibasic 1.8 

 

†    SPOIL value < 1.5 indicates excellent fit; 1.5-3 a good fit; 3-4.5 a fair fit and 4.5-6 a 

poor fit 
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were suitable to be used in the LCF.  The LCF analysis was conducted using binary 

combinations of standards with a SPOIL value less than 3, since the PCA analysis 

showed that the most of the variability in our samples can be explained using two 

components.  The control soil spectra were excluded in the LCF because it was too noisy 

to be fitted. 

The relative proportion of phosphate compounds in the soil samples as determined 

by the wide range fit are summarized in the Table 5.4.  Experimental data and the 

respective least squares fits of the model soil and DL soil samples are illustrated in Figure 

5.9 and Figure 5.10, respectively.  The XANES fitting results revealed significant 

amounts of Ca-P in soil samples in most of the investigated samples.  The goodness of fit 

of the LCF results as indicated by the chi-square values was in the range of 0.4-2.2 for all 

soil samples.  The LCF results with the lowest chi-square values identified DCPD as the 

only Ca-P compound that is present in the model soil samples.  Identification of DCPD in 

all model soils is in agreement with the presence of DCPD like post-edge spectral features 

in the model soil spectra.  The proportion of DPCD estimated in the MPP ALONE 

treatment of model soil and DL soil was 66.4% and 88.9%, respectively.  Although the 

chi-square value was low, such results did not agree with 
31

P MAS NMR results because 

NMR provided clear evidence that the model soil treated with MPP ALONE contained 

100% DCPD.  

The major difference between the two soils as revealed by the LCF is that the 

sulphate treated DL soil contained DCPA while sulphate treated model soils contained 

DCPD. This may be attributed to the weak post-edge feature at 2156 eV in DL soils.  The 

DCPA fraction varied between 74%-45% in DL soils whereas, the DCPD fraction varied  
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Table 5-4 Linear combination fitting of P K-edge XANES spectra of soil samples 

with an energy range between -5 to 30 eV (wide range fit). 

Soil 

type† 
Treatment‡ DCPD§ DCPA DAP MPP 

R 

factor 

Chi-

square 

Model 

MPP ALONE 66.4 - 33.6 - 0.004 1.4 

MPP + K2SO4 73.4 - 26.6 - 0.001 0.4 

MPP + (NH4)2SO4 70.1 - 29.9 - 0.002 0.9 

MPP + MgSO4 11 - 89 - 0.007 1.8 

DL 

MPP ALONE 88.9 - - 11.1 0.001 0.5 

MPP + K2SO4 - 73.9 - 26.1 0.006 2.2 

MPP + (NH4)2SO4 - 43.9 - 56.1 0.004 1.4 

MPP + MgSO4 - 45.0 - 55.0 0.001 0.4 

 

†     DL, Dezwood loam soil 

‡     MPP, monopotassium phosphate 

§     DCPD, dicalcium phosphate dihydrate; DCPA, dicalcium phosphate anhydrate; DAP, 

ammonium phosphate dibasic 
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Figure 5.9  Linear combination fit results of model soil spectra in normalized space (wide 

range fit). 
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Figure 5.10 Linear combination fit results of Dezwood Loam soil spectra in normalized 

space (wide range fit). 
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between 73%-11% in model soils.  Although the Ca-P compounds and their proportions 

given by LCF for both soils are different from the results given by NMR, the systematic 

change of Ca-P fractions across the sulphate treatments of both soils were consistent with 

the 
31

P MAS NMR results.  The DCPD or DCPA fractions in the model and DL soils 

were close to the DCPD fractions given by 
31

P MAS NMR analysis and showed a 

decreasing Ca-P fraction in the order of: MPP + K2SO4 > MPP + (NH4)2SO4 > MPP + 

MgSO4. 

The best fits given by LCF contained either DAP or MPP as the second P 

component in both model soil and DL soils (Table 5.4).  The presence of DAP is 

ambiguous and unlikely in the model soil samples treated with MPP ALONE, MPP + 

K2SO4 and MPP + MgSO4 for two reasons: 1. The resin of the model soil does not carry 

NH4
+
, 2. NH4

+
was not provided to the model soil by the MPP ALONE, MPP + K2SO4 

and MPP + MgSO4 treatments.  Moreover, identification of 30% DAP is not possible 

even in the model soil treated with MPP + (NH4)2HPO4 due to the high solubility of this 

compound in soils. On the other hand, if DAP was present in the model soils, 
31

P MAS 

NMR spectra should contain a resonance at chemical shift of -0.5 ppm (Mudrakovskii et 

al., 1986).  The 
31

P MAS NMR results showed the presence of MPP at 0.6% in the model 

soil treated with MPP + K2SO4 since the resonance at chemical shifts of 4.3 ppm was 

assigned to MPP (Turner et al., 1986).  The precipitation of large amounts of MPP as 

given by the LCF results is also not possible in DL soils due to the greater solubility of 

this compound in soils.  Therefore the presence of DAP or MPP as a major component in 

our samples is regarded unlikely and will not be discussed further.  

The LCF results are indicative of the formation of another P compound in both soils 

since the Ca-P fraction changes between the treatments.  It is possible that the new P 
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compound (i.e. compound with -1.5 ppm chemical shift) is different from the standard P 

compounds that were used in the fitting process.  Therefore we assume that either MPP or 

DAP has been selected in the curve fitting procedure as a surrogate for the unknown P 

compound. However, there seems to be no reliable way of identifying the new P 

compound using P K-edge XANES technique certainly within the current study due to the 

lack of appropriate standards to be used in LCF.  This is a limitation of the LCF analysis 

of XANES that requires a priori knowledge of possible P species in the specimen of 

interest because the standards that are considered relevant to the system under study are 

used to fit an unknown spectrum.  Therefore, finding the best combination of standards by 

LCF using inappropriate standard compounds can lead to erroneous conclusions.  A 

caution should therefore be exercised in the interpretation of XANES results and LCF, 

more so where a new species is possible that is not a part of the standard compounds.  

In order to address the spectral variation with respect to the Ca-P features, a second 

LCF was conducted as a constrained fit that was performed between 2 and 23 eV relative 

energy (Eveborn et al., 2009).  Such approach will help to fit the post-white line shoulder 

of the soil spectra more accurately to determine the relative contribution of Ca-P 

compounds in each spectrum.  Eveborne et al. (2009) explained that the smaller step sizes 

yield more data points across the edge region which results in less sensitivity when fitting 

across a wide spectral region (-4 to 30 eV) causing suboptimal fits to subtler features in 

the post-white-line region.  As stressed in the built-in manual for the Athena software, 

regions of spectra sampled with smaller step sizes (generally white line region) will 

receive greater weighting in the fitting process than other regions (Eveborn et al., 2009).  

The fit results of the model and DL soil spectra were improved by the constrained fit as 

indicated by the reported chi-square values (Table 5.5).  Similar to the wide range fit, the
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Table 5-5 Linear combination fitting of P K-edge XANES spectra of soil samples with an energy range between 2 to 30 eV 

(constrained fit) 

 

Soil 

type† 
Treatment‡ DCPD§ DCPA DAP MPP R factor Chi-square 

DCPD fraction 

given by  
31

P MAS NMR 

Model 

MPP ALONE 92.9 - - 7.1 0.001 0.3 100 

MPP + K2SO4 85.6 - 14.4 - 0.001 0.1 85.2 

MPP + (NH4)2SO4 84.2 - 15.8 - 0.001 0.2 75.3 

MPP + MgSO4 54.9 - 45.1 - 0.002 0.1 61.3 

DL 

MPP ALONE 70 - - 30 0.001 0.2 100 

MPP + K2SO4 - 84.8 15.2 - 0.003 0.5 55.3 

MPP + (NH4)2SO4 - 64.2 - 35.8 0.004 0.8 50.2 

MPP + MgSO4 - 35.3 64.7 - 0.001 0.2 26.6 

 

    † DL, Dezwood loam soil 

    ‡ MPP, monopotassium phosphate 

    § DCPD, dicalcium phosphate dihydrate; DCPA, dicalcium phosphate anhydrate; DAP, ammonium phosphate dibasic
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results of the constrained LCF showed that the post-edge region can be closely fitted by 

either DCPD or DCPA.  The constrained LCF results showed that the MPP ALONE 

treated model soil contained about 93% of DCPD that is very close to the proportion of 

DCPD given by 
31

P MAS NMR results.  However, the relative fraction of DCPD in the 

MPP ALONE treatment of DL soil was smaller than the relative amount of DCPD given 

by the wide range LCF.  The relative percentage of DCPD in all model soil samples 

treated with sulphate salts were increased by the constrained LCF.  The change in the 

DCPD fraction given by constrained fit of each model soil spectrum is consistent with the 

NMR results showing that the DCPD content decreased from 93% to 55% in the order of: 

MPP > MPP + K2SO4 > MPP + (NH4)2SO4 > MPP + MgSO4.  There are some differences 

between in the Ca-P fractions given by the constrained fit and the 
31

P MAS NMR analysis 

for DL soils.  The constrained fit identified greater amounts of DCPA in the DL soil than 

the DCPD fractions given by NMR for the respective treatments.  However, our results 

with the aid of 
31

P MAS NMR and model soil provide clear evidences that the 

constrained fit can be used to improve quantitative identification of Ca-P compounds.  

Consistent with the previous investigations using P K-edge XANES analysis of 

soils, this study confirms that Ca-P phosphate precipitation is important for P fixation in 

calcareous soils.  Lombi et al. (2006) identified DCPA as the main compound formed in 

calcareous soils using P K-edge XANES but they did not include DCPD in the LCF.  Kar 

et al. (2012) identified HA and DCPD in soils fertilized with inorganic P using K-edge 

XANES analysis but the XANES experiment has been conducted using partial 

fluorescence yield mode.  In the spectra of Lombi et al. (2006) and Kar et al. (2012), the 

P-K edge XANES spectra clearly showed the characteristic post-edge shoulder between 

2156 and 2166 eV.  Khatiwada et al. (2011), with the use of P K-edge XANES analysis 



 

268 
 

identified Ca-P compounds formed in soils treated with P fertilizers although the 

characteristic post-edge shoulder was not prominent in most of the soil spectra.  

 

5.4.4. Phosphorus L2,3-edge XANES Spectra of Standard P Compounds 

The P L2,3-edge XANES spectra of standard P compounds acquired in FY mode 

exhibited more clearly resolved features than the spectra acquired in TEY mode.  This 

fact is in agreement with the findings of Kasrai et al. (1993) and Kruse et al. (2009).  This 

was attributed to the higher background noise (lower signal-to-noise ratio) of the TEY 

signal which is dominated by low-energy secondary electrons and the greater surface 

sensitivity of TEY measurements (Kruse et al., 2009).  Therefore FY spectra of P L2,3-

edge XANES are presented here for both standard P compounds and soil samples.  In 

contrast, Schefe et al. (2009b) reported that the intensity of the P L2,3-edge signal was 

stronger in the TEY mode than the FY measurements.  The decreased intensity of the P 

L2,3-edge FY signal was attributed to the limited solid angle of the fluorescence detector 

because the detector captures only a fraction of the total fluorescence from the sample, 

thereby decreasing the signal intensity compared to the TEY (Schefe et al., 2009b). 

The normalized and stacked P L2,3-edge XANES spectra of various inorganic P standard 

compounds are shown in Figure 5.11.  The spectra are grouped according to the type of 

cation present in the P compound and the relevant features of each group are discussed 

separately.  There were some common features in the P L2,3-edge XANES spectra of  all 

inorganic P compounds as well as some unique features of the individual P compounds.  

The presence of two peaks labelled as (a) and (b) at the low energy side of the P L2,3-edge 

spectrum is one of the common features of all inorganic P compounds.  
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Figure 5.11   Normalized, stacked P L2,3-edge XANES spectra of standard P 

compounds: hydroxyapatite (HA), dicalcium phosphate anhydrate 

(CaHPO4, DCPA), dicalcium phosphate dihydrate (CaHPO4•2H2O, 

DCPD), monopotassium phosphate (KH2PO4, MPP), dipotassium 

phosphate (K2HPO4, DPP), ammonium phosphate monobasic 

(NH4H2PO4, MAP), ammonium phosphate dibasic, ((NH4)2HPO4, 

DAP), struvite (MgNH4PO4•6H2O, STRUV), magnesium phosphate 

trihydrate (MgHPO4•3H2O, MPTH). The dashed lines show energy 

levels of importance to indicate unique spectral features for different 

species. 
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These two peaks are positioned at around 136.8 eV and 137.8 eV, respectively.  

Occurrence of these two peaks are due to transition from spin-orbit split 2p electrons (into 

2p3/2 and 2p1/2 levels which are usually referred to as the L3- and L2-edges, respectively) 

into the first unoccupied 3s- like antibonding state (Kruse et al., 2009).  Since the 2p spin-

orbit splitting of ~ 1 eV is considered an atomic property, it is usually insensitive to the 

chemical environment.  The presence of a broad peak between the energy range of 138.4 

eV and 140.8 eV was also a common feature to the all inorganic P compounds studied.  

This peak has been assigned to 3p-like antibonding state (Harp et al., 1990; Kruse et al., 

2009).  Kruse et al. (2009) identified the same peak at about 2 eV greater than the peak 

labelled as (b).  The intense peak observed around 147.5 eV (indicator i) was assigned to 

2p to 3d transitions (Kruse et al., 2009).  

The P L2,3-edge XANES spectra of DCPA, DCPD and HA exhibited some unique 

features.  The P L2,3-edge spectra of HA contained more resolved peaks at all energies 

compared to DCPD and DCPA.  The P L2,3-edge spectra of both DCPA and DCPD were 

almost identical in terms of the energy positions of the peaks but their relative intensities 

varied.  The peaks labelled as (b) and (c) were weak in DCPD compared to DCPA.  

Moreover, the breadth of the shoulder at 143 eV (labelled as h) increased in the order of 

HA < DCPA < DCPD.  The position of the peak assigned to 3p like antibonding state was 

also shifted to the higher energy in the order of HA (c) < DCPA (d) < DCPD (e).  

The P L2,3-edge spectra of DPP and MPP exhibited features at similar energy 

positions but more resolved features were observed with MPP.  The relative intensity of 

the peak (a) and (b) was lower in DPP than MPP.  A weak feature was found on the low 

energy side of the peak (a) of DPP which was absent in MPP.  Kruse et al. (2009) 

reported that the pronouncement of this feature was increased with the increasing number 
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of potassium atoms.  Similar peaks were appeared in the ammonium phosphate spectra at 

almost the same energy positions as potassium phosphates.  The only difference observed 

is the broadening of peak (a) in DAP compared to MAP.  The spectral features for 

potassium and ammonium phosphate compounds reported by Kruse et al. (2009) agree 

with our results. 

The spin-orbit doublet peaks of MPTH and struvite appeared at the same energy 

positions of 136.9 eV (a) and 138 eV (b) similar to other compounds.  A weak shoulder 

(d) appeared in both spectra around 139.1 eV at the low-energy side of the broad peak (e).   

Another shoulder was weakly resolved around 140.3 eV on the higher energy side of the 

peak (e).  The presence of such shoulders has also been also reported by Kruse et al. 

(2009).  In contrast to the MPTH spectrum, the struvite spectrum has shifted towards the 

higher energy level beyond the peak (b). 

 

5.4.5. Phosphorus L2,3-edge XANES Results of Soil Samples 

Normalized and stacked P L2,3-edge spectra of model soil samples are shown in Figure 

5.12.  The model soil spectra contained two common peaks labelled as (a) and (b) at the 

low energy side which were positioned at 136.8 eV and 137.7 eV, respectively.  There 

were no significant differences in the intensities of peak (a) and (b) in P L2,3-edge spectra 

of model soil samples.  Therefore changes in the relative intensities of these peaks could 

not be used to differentiate between the samples.  The DL soil spectra were not included in 

the discussion due to the weak signal in P L2,3-edge spectra and inability to conduct 

normalization (Figure 5.13).  Schefe et al. (2009b) reported that that the lack of P signal  
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Figure 5.12  Stacked spectra of P L2,3-edge XANES of the model soil samples. 
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Figure 5.13  P L-edge XANES spectrum of Dezwood loam soil treated with MPP 

ALONE. 
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detected using either FY or TEY method indicates that no elevated concentration of P was 

present at or near the soil surface.  

According to the spectra of standard DCPA and DCPD compounds, the presence of 

a peak at ~ 142.8 eV is the most pronounced feature to identify Ca-P species in samples 

using P L2,3-edge XANES.  Although the model soil spectra at P L2,3-edge were richer in 

features than the P K-edge spectra, there were no distinguishable features to differentiate 

spectra of the different treatments.  The absence of the peak at ~ 142.8 eV in all model 

soil spectra suggests that the presence of Ca-P in these soils cannot be confirmed using P 

L2,3 -edge XANES.  As reported by Schefe et al. (2009b), the TEY spectra of P L2,3-edge 

XANES acquired using P treated acid soils contained the similar features as those of our 

model soils.  Nevertheless, they concluded that the P sorption took place on the soil 

surfaces as HPO4
-
 groups, although the spectra were lacked the Ca-P feature at 142.8 eV 

in the P L2,3-edge spectra.  They considered the presence of features at ~ 137 eV and ~ 

146 eV in the P L2,3-edge spectra of soil samples to reach such conclusions because these 

features corresponded well with the features of DCPD than AlPO4•2H2O.  

Although it has been shown that the P L-edge XANES analysis is sensitive for 

speciation of surface-sorbed species, the presence of such P phases in the model soil is 

unlikely.  The only possibility for having sorbed P in the model soil is the adsorption of P 

onto the CaCO3 surfaces.  However, it is also unlikely in the current study due to the 

greater P concentration in the soil because P adsorption reactions predominate below a P 

concentration of 0.5 mM P (Tunesi et al., 1999).  Therefore, the stronger signal in the 

model soil compared to the DL soil is indicative of more detectable precipitated P in the 

“bulk” model soil at very shallow penetration of X-ray energy at the L2,3-edge.  This may 

be due to the homogenous distribution and well-ordered environments of precipitated P in 
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the model soil compared to the DL soil as evident in 
31

P MAS NMR results.  This fact is 

strongly supported by the weaker signal of DL soil at the P L2,3-edge although both soils 

have similar P concentrations (Table 5.1).  The stronger spectral signal that was resulted 

from the homogeneous distribution of P in the model soil could be directly related to the 

matrix influence as explained by Hesterberg (2010).  The uniform matrix in the model 

soil was due to the uniform size of sand and resin particles and the absence of soil 

minerals and organic matter.  Therefore we assume that the model soil was more 

amenable to X-ray energy for probing P at the L2,3-edge to a greater extent than the DL 

soil at a given P concentration. 

There are two studies that investigated bulk P using P L2,3-edge XANES as reported 

by Kruse et al. (2007, 2010).  Kruse et al. (2007) investigated thermally treated bone 

materials (bone char) using P L2,3-edge XANES analysis and reported that the spectrum 

of bone char more closely resembles the spectra of HA.  Kruse et al. (2010) concluded 

that Ca-P was present in agro-industrial by-products such as dry and wet coffee, sisal, 

barley malt and sugar cane processing by products by identifying the characteristic Ca-P 

feature at ~141.8 eV in the P L2,3-edge spectra.  Moreover, they concluded that the Mg-P 

was dominant in samples where the feature at ~141.8 eV was lacking.  They have also 

used P K-edge XANES analysis to support the results of P L2,3-edge analysis and the 

results of both techniques appeared consistent.  The range of total P in the agro-industrial 

by products used by Kruse et al. (2010) was 9.3-12.3 g kg
-1

 whereas in our samples it was 

4.2-5.2 g kg
-1

.  Therefore it can be reasonably assumed that the P concentration was low 

in the model soil for identification of Ca-P using P L2,3-edge XANES due to the absence 

of corresponding feature at ~141.8 eV in the model soil spectra.  Future investigations 

using different loadings of pure DCPD in the model soil and DL soil and analysed using P 
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L2,3-edge XANES can provide clear understanding of the DCPD detection limits in the 

bulk soil.  However, the current study provides evidence that the P detection limit of the 

model soil is lower than that of the DL soil.  

 

5.4.6. Comparison Between 
31

P NMR, P K-edge XANES and P L2,3-edge XANES  

Results 

Phosphorus L2,3-edge XANES was not as effective as P K-edge XANES for 

generating information on P speciation in our study but it provided some insights into the 

matrix effect on the P distribution in soils.  The P K-edge XANES analysis revealed a 

significant amount of information on P speciation but some findings did not agree with 

the results of 
31

P MAS NMR.  In the current context, the only possible explanation for 

such differences is the heterogeneous distribution of P in DL soil compared to the model 

soil.  Our results suggest that the P K-edge XANES is affected to a greater extent by the 

matrix heterogeneity of DL soil than the 
31

P MAS NMR.  However, further investigation 

is strongly needed to support this assumption.  

The results of P K-edge XANES can be used to further strengthen the 
31

P MAS 

NMR results.  The P K-edge XANES spectra confirmed that there were no detectable 

amounts of Fe-P in the DL soil samples since the soil spectra lacked any pre-edge 

features.  The crystalline or non- crystalline Fe-P minerals give a stronger pre-edge peak 

in the P K-edge XANES spectrum as shown by previous studies (Hesterberg et al., 1999).  

This fact can be directly applied to the 
31

P MAS NMR results of DL soil samples.  Since 

Fe is not directly associated with P in the DL soil, it is clear that the paramagnetic effect 
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on the MAS NMR spectra is solely from the background of DL soil (i.e. soil mineral and 

organic matter in the DL soil).  Therefore P K-edge XANES supported the quantitative 

analyses of P speciation in DL soil by 
31

P MAS NMR.   

The absence of well resolved DCPD like features in the DL soil spectra at the P K-

edge deserves further discussion.  The crystallization process of DCPD in the DL soil 

may be affected by the changes in the soil equilibrium condition due to the prevalence of 

assemblages of different mineral mixtures and diverse and heterogeneous complexes of 

organic matter in soil.  Hesterberg (2010) has described this phenomenon which can limit 

the specificity of P speciation using X-ray absorption spectroscopy.  The minerals formed 

in pyogenic environments tend to be less crystalline and contain more chemical impurities 

and structural defects than their synthetic or geological analogs. Therefore, actual 

distributions of P species in soils are probably more heterogeneous than the standards 

used to fit the soil XANES data (Hesterberg, 2010).  It becomes a valid reason in the 

current study since the XANES spectra of the DL soil lacked the relevant DCPD features 

at significantly high P concentrations although MAS NMR clearly showed the presence 

of DCPD in all DL soil samples.  

Identification of the new P compound using both XANES and NMR techniques is 

not possible in the current study due to a lack of proper standards.  However, considering 

the unique chemical environment of the model soil it is possible that this compound could 

be a phase with Ca or Mg or a phase containing both Ca and Mg.  It is also possible that 

this compound was formed as an intermediate compound during the P precipitation 

process.  In such situation, identification of this compound is far from simple because 

synthesising an intermediate product to be used in LCF is difficult due to the complexity 

of the soil.  However, the use of Ca K-edge and Mg K-edge XANES together with P K-
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edge XANES may be an alternative to elucidate more detailed information on the 

precipitated P compounds in calcareous soils.  The qualitative aspect of such approach 

will be stronger even though the LCF is affected by the limited number of standards.   

In order to improve the P K-edge XANES results of this study, probing DL soil 

with nan- (or micro-) focused synchrotron X-ray beam could be implemented.  Analysing 

a soil sample with a focused X-ray beam can eliminate the inferences due to the soil 

matrix complexity and it also improves the signal-to-noise ratio of the XANES spectrum 

(Lombi et al., 2006).  In addition, collecting P K-edge XANES spectra in partial 

florescence yield mode can also be implemented to improve the detection limits over total 

fluorescence or electron yield measurements (Kar et al., 2012).  

 

5.5. Conclusions 

This study for the first time illustrates the differences in XANES and 
31

P MAS 

NMR spectra acquired in a model soil and a real soil with comparable P contents.  The P 

K-edge XANES supported the identification of DCPD in all the model soil samples and 

the DL soil treated with MPP ALONE although DCPA was identified in the other DL soil 

samples.  The fractional changes of Ca-P in the soil samples
 
given by LCF were similar to 

that given by 
31

P MAS NMR.  The differences of XANES results between the model soil 

and DL soil may be due to the heterogeneous distribution of P in the DL soil.  Phosphorus 

L2,3-edge XANES was inadequate for probing P in the bulk soils probably because the P 

concentrations in our soil samples were below the detection limits.  Overall, the results of 

this study show the potential of both 
31

P MAS NMR and XANES techniques to provide 

insights into the changes in P speciation in soils using a model soil.  The use of both 
31

P 
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MAS NMR and P K-edge XANES in combination can provide new insights that can 

advance the chemistry of P in calcareous soils.  Our results also emphasise the need for 

further investigations on the effect of soil matrix on the XANES spectra that can limit the 

sensitivity of XANES analysis of soils. 
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6. OVERALL SYNTHESIS 

 

The overall objective of a sound P management is to maximize plant availability of 

P and minimize the transport of P to surface and shallow ground waters.  A good 

understanding of soil-phosphorus interactions is necessary for implementing P 

management practices to meet this objective.  As such, studies reported herein were 

conducted to investigate a new strategy for enhancing P solubility in calcareous soils and 

to generate new knowledge on P speciation in calcareous soils with the use of 

synchrotron-based X-ray absorption near edge structure spectroscopy (XANES) and 
31

P 

solid-state magic angle spinning nuclear magnetic resonances (
31

P MAS NMR) 

spectroscopy. Although a limited number of studies have been reported on direct 

identification of P species in calcareous soils using P K-edge XANES, this study for the 

first time conducted P speciation using both solid- state NMR and XANES analysis to 

probe precipitated P in calcareous soils.   

The contribution to the body of scientific knowledge by the present study lies in the 

intersection of soil fertility and spectroscopic analysis of soils.  The major findings of the 

four substantive studies (Chapter 2, 3, 4 and 5) can be described under the two main 

objectives of this dissertation.  The first objective was to identify the role of exchangeable 

Ca and Mg in precipitating P and to find the means of reducing such precipitation 

reactions in calcareous soils.  The second objective was to improve the understanding of 

solid-state P speciation in a P fertilizer band at the molecular level using 
31

P MAS NMR 

and XANES. Although previous studies have shown the dominant effect of exchangeable 
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Ca on the solubility of P in calcareous soils, none of these studies were able to support 

this fact using spectroscopic analysis like NMR and XANES.   

 

The major findings of our study with respect to the solubility of P in calcareous 

soils are as follows: 

1. The solubility of P was increased by decreasing Ca:Mg ratios on the soil 

exchangeable complex.  

2. Sulphate anion competed with phosphate anion in the soil solution to precipitate with 

calcium in calcareous soils (anion competition).  

3. Anion competition enhanced the solubility of P in calcareous soils with greater 

amounts of exchangeable Ca and smaller amounts of acid-extractable Ca. 

The following improvements have been made to the existing knowledge on P 

speciation in calcareous soils. 

1. Dicalcium phosphate dihydrate (DCPD) was the main P precipitate in model 

calcareous soils with 100%-50% Ca saturation on the exchange complex and magnesium 

phosphate trihydrate (MPTH) was dominant in soils with 80%-100% Mg saturation on 

the exchange complex. 

2. Phosphorus speciation was affected by the anion competition by sulphates and a new 

P phase different from DCPD was formed in soils treated with sulphate salts. 

3. Model soils can be successfully used to investigate P speciation in a fertilizer band 

applied to calcareous soils as influenced by exchangeable Ca and Mg.  

4. The sensitivity of the XANES analysis to identify P speciation in real soils was 

affected by the matrix effect probably due to the heterogeneous distribution of P in soils.  
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Our findings have shed more lights to the field of solid-state P speciation in 

calcareous soils by using both MAS NMR and XANES and also a model soil and a 

natural soil in the same experiment.  This new investigation has contributed a great deal 

to the historical understanding of P precipitation in calcareous soils.  During one of the 

early studies, Racz and Soper (1970), using equilibrium experiments have shown that 

DCPD and/or MPTH was formed in Manitoba soils with different Ca and Mg contents 

when KH2PO4, H3PO4 or K2HPO4 were applied.  These investigators have calculated the 

solubility of added P using pH, calcium (or magnesium) and H2PO4
- 

ion activities.  

Recently, Zhang et al. (2014), by using chemical methods have concluded that repeated 

heavy applications of phosphate fertilizer have resulted in precipitation of Ca–P forms in 

calcareous soils, which ultimately transform to stable crystalline calcium phosphate 

minerals.  These authors have shown the stability of hydroxyapatite, fluorapatite and 

tricalcium phosphate minerals in farmed calcareous soil using MINTEQA2 speciation 

program.  Moreover, total elemental analysis and phosphorus fractionation data showed 

that total P was present largely as Ca-bound fraction in farmed calcareous soil (Zhang et 

al., 2014).  When compared with the above mentioned studies, findings of the current 

study show the need for solid-state techniques to provide more thorough and specific 

information on P speciation in calcareous soils.  The results given in this dissertation have 

contributed to this knowledge gap by successfully implementing modern spectroscopic 

techniques for P speciation in calcareous soils.  Such comprehensive results could be 

helpful in designing more effective nutrient management programs.   

 The first study (Chapter 2) was conducted to evaluate the use of sulphate or 

carbonate salts application on P solubility in ten Manitoba soils with varying soil 

properties.  The soils used in this study varied in textural properties, cation 



 

287 
 

concentrations, carbonate contents, soil pH etc.  Accordingly, the responses to salt 

application varied depending on soil properties, showing both increased and decreased P 

solubility in soils.  Results of the principal component analysis of water-extractable P data 

clearly showed that the soil’s response to the application of salts can be categorized by 

the type of anion added with non-phosphate salt.  The ten types of soils were grouped 

based on the following results: 1. P solubility was increased by sulphates, 2. P solubility 

was increased by carbonates, and 3. P solubility was decreased by both types of salts. The 

exchangeable Ca and acid-extractable Ca contents collectively determined the effect of 

sulphate salts on P solubility in soils.  The solubility of phosphorus can be potentially 

increased by the co-application of sulphate salts in soils with greater amounts of 

exchangeable cations and smaller amounts of acid extractable Ca.  

The second study (Chapter 3) was conducted to determine the role of Ca and Mg on 

P behaviour in calcareous soils.  Since Ca and Mg are two common cations in calcareous 

soils, this study was designed to investigate the effect of exchangeable Ca:Mg ratios on 

the solubility and speciation of phosphorus in model calcareous soils.  The use of model 

soils enhanced qualitative and quantitative identification of P speciation using NMR 

analysis in this study.  The third experiment was conducted to investigate the use of 

sulphate salts to reduce Ca-P reactions in soils (Chapter 4) using a model calcareous soil 

as well as a natural soil (Dezwood Loam soil series, DL).  As evident in the S K-edge 

XANES results, the formation of CaSO4 in calcareous soils enhanced the solubility of P in 

soils treated with P and sulphate salts such as K2SO4, MgSO4 and (NH4)2SO4.  The 
31

P 

MAS NMR results showed that the application of sulphate affected the formation of 

DCPD in both soils and a new P phase was formed in the presence of sulphate salts. 

Further, we were able to clearly identify the major Ca-P compounds formed in the soils 
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using model calcareous soils by simulating cation exchange complex of a real soil system.  

The consistency of the P speciation results obtained from the model soil and the real soil 

system (DL) further enhances the novelty of this work.  

The outcome of the study with ten Manitoba soils (Chapter 2) indicated that the 

application of sulphate to P fertilizer can be a potential agronomic practice for enhancing 

P solubility in the Red River, Osborn, St.Claude and Balmoral soil series.  To further 

investigate the benefit of sulphate application in these soils, extracting soil P using 

different extractions (e.g. Olsen method, Mehlich-3) and conducting soil column 

experiments to understand the P diffusion in soils is suggested.  Coating P fertilizer 

granules with sulphates may be more effective strategy for enhancing P solubility in 

calcareous soils as the presence of sulphate in the fertilizer dissolution front can help to 

remove the Ca
2+ 

in the vicinity of the P fertilizer granule.  As shown by our results, we 

strongly recommend the evaluation of salt effect on P solubility using a greater number of 

soils to determine a stronger relationship between exchangeable Ca and acid extractable 

Ca.   

The results of CHEAQS model have shown that the effect of accompanying cation 

should also be considered when evaluating the effect of salt application on P solubility 

although, soil response to salt application was mainly dependent on the anion as evident 

in water-extractable P data (Chapter 2).  Therefore further studies are recommended to 

investigate the specific effect of accompanying cation of the non-phosphate salt on P 

solubility in a fertilizer band.  Conducting equilibrium experiments with different salt 

mixtures for each soil and using chemical speciation models can provide more 

information on the cation effect on P solubility in each soil.  For an instance, the 

experiment procedure given in Zhang et al. (2014) can be adopted to determine the P 
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speciation in the solution using a simulation model (e.g. MINTEQ).  This study will 

enable us to determine variation in soluble complexes with the varying soil properties 

more accurately than the simulation that was carried out in the current study that was 

based on a non-equilibrium experiment.   

The absence of paramagnetic ions in the model soil helped to obtain well-resolved 

NMR spectra that can be confidently used for spectral assignments.  As shown in the 

chapter 3, a minor phase of Ca-P was present in soil (possibly Ca-pyrophosphate) that 

was contained as an impurity in monoammonium phosphate fertilizer.  The NMR results 

provided clear evidence of the fractional changes of minor P phase in soils with varying 

exchangeable Ca:Mg ratios.  The results obtained from the model soil also indicated that 

a new P phase was present in soils (Chapter 4) providing the exact proportion of DCPD 

and the new compound in soils that were treated with different sulphate salts.  Obtaining 

well-resolved spectra is very important because it is expensive to operate an NMR 

spectrometer.  We therefore recommend the use of a model soil system as an alternative 

approach for investigating P speciation in soils that contain greater amounts of inherent 

Fe and Mn which cause peak broadening of 
31

P MAS NMR spectra.  Similarly, the use of 

a model soil was effective for probing P species in calcareous soils due to the richness of 

spectral features in P K-edge XANES spectra (Chapter 5).  Apart from the P speciation 

studies, model soils can also be used to evaluate Ca and Mg speciation using Ca K-edge 

and Mg K-edge XANES analysis.  Our results have also shown that the 
31

P MAS NMR 

can be successfully used to identify P speciation qualitatively in a real soil with smaller 

paramagnetic ion content.  

The following findings obtained using NMR analysis in the current work supports 

the versatility of NMR technique in identifying P precipitates formed in model calcareous 
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and DL soils: 1. formation of amorphous P compounds (Chapter 3); 2. existence of minor 

P compounds that constituted less than 3% of the solid P phase (Chapter 2); 3. formation 

of a P form that is different from commonly recognized P compounds in soils (Chapter 4).  

Such findings show the merit of using a solid-state technique such as NMR over the 

conventional chemical methods (e.g. solubility equilibria) and physical methods (e.g. X-

ray diffraction, XRD).  For an instance, amorphous compounds are not amenable to the 

XRD technique and therefore it is not a powerful technique to detect the changes in P 

speciation with decreasing Ca:Mg ratios on the soil exchange complex (Chapter 3).  

While solubility experiments can provide the information on likely forms of P controlling 

the P in solution, such experiments unlike NMR cannot determine the quantity of P in the 

solid phase.  Moreover, the use of chemical methods are also limited in the current study 

since fertilizer reaction products different from common P compounds have been formed 

in soils (Chapter 4) and solubility products of such compounds are uncertain.  However, 

the utility of solid-state NMR relies on the accurate determination of P species. The 

presence of paramagnetic ions in natural soils can compromise the accuracy of NMR 

spectra. Therefore it is recommended that pre-treatments are used to remove 

paramagnetic ions from natural soils before conducting NMR analysis as shown by some 

investigators (e.g. McDowell and Stewart, 2005; McDowell and Smernik, 2010).  

McDowell and Smernik, (2010) have shown the potential of such treatments to improve 

the quantitation of 
31

P DP NMR spectra. 

Another contribution to knowledge is that the P speciation in calcareous soils was 

similar across a distance of 0-10 mm from the fertilizer application site (the soil column 

surface).  However, the greater reliability of the 
31

P MAS NMR results on the P 

speciation in model calcareous soil showed that it is possible to investigate the temporal 
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changes of P species in soils using the same experimental approach.  For an instance, an 

experiment using a model soil and 
31

P MAS NMR analysis can be successfully carried 

out to investigate P kinetics in calcareous soils.  The common soil P species like DCPD, 

monetite, octacalcium phosphate and hydroxyapatite have discrete chemical shift values 

that can be used to study the transformations of these compounds in calcareous soils.  The 

decay in the NMR signals characteristic of these compounds can be used to determine the 

rate of disappearance of a P phase from soils.  Further, the effect of varying amounts of 

exchangeable Ca and Mg, CaCO3 content and varying soil pH levels on the rate of 

chemical transformations in calcareous soils can also be determined with the use of model 

calcareous soils. 

The limited sensitivity of P K-edge XANES for differentiating and quantifying 

multiple inorganic P species in our soils was due to the lack of strong, unique spectral 

features in natural soil spectra (Chapter 5).  As shown by the model soil and real soil 

XANES spectra in our study, linear combination fitting (LCF) is directly affected by the 

absence of characteristic features in real soil spectra.  Therefore, the effect of soil matrix 

properties on the XANES spectra should be considered when interpreting LCF results in 

addition to the knowledge of the chemistry of the samples under investigation.  Our 

results also showed the possibility of having minor P phases (Chapter 3) and new P 

compounds (Chapter 4) in soils that may be opaque to XANES analysis.  Therefore, the 

use of a complementary technique like NMR should be strongly considered to determine 

the accuracy of LCF results.  The results of 
31

P MAS NMR analysis of soil samples 

provided clear evidences that two P phases existed in most of the soils by showing two 

discrete resonances in each spectrum.  
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Based on our results, we suggest conducting a validation for LCF using 
31

P MAS 

NMR as the primary method for P speciation.  The focus of such approach is to determine 

the ability of LCF to quantify Ca-P and Mg-P compounds in the model soil and DL soil 

using P K-edge XANES analysis.  This can be achieved by making mixtures of standard 

P compounds using model soil or DL soil as the medium/matrix of the mixture.  The use 

of pure standards of Ca- and Mg-P compounds such as monetite, DCPD, octacalcium 

phosphate, hydroxyapatite, and newberyite is suggested to evaluate the sensitivity of the 

LCF to discriminate species by considering the post-edge features.  In addition, Ca K-

edge XANES and Mg K-edge XANES can also be used in combination with 
31

P MAS 

NMR and P K-edge XANES to broaden the scope of the suggested study. 

Certain gaps in knowledge should be filled before P L-edge XANES analysis can be 

used as an effective method for P speciation in bulk soils.  One of the main limitations in 

the P L-edge analysis is the lack of information on detection limits for P in bulk soils.  

The detection limits of precipitated P has to be established before using further P L-edge 

XANES studies to investigate P speciation in bulk soils due to the limited accessibility to 

the synchrotron facilities.  Longer collection time might help to collect high quality 

XANES spectra by improving the weak fluorescence signal but future work is needed to 

address this issue.  The use of a model soil is recommended in preliminary experiments to 

investigate detection limits of precipitated P since our results showed the enhanced 

sensitivity of P identification in model soil by P L-edge XANES analysis.  Mixing 

standard P compounds with the model soil and obtaining P L-edge XANES spectra at 

varying P concentrations can aid in determining the concentration effect on the sensitivity 

of P L-edge XANES analysis.  Further, mixing standard P compounds with real soils that 

are low in inherent P and comparing the P L-edge XANES spectra with that of the model 
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soil can be used to identify the effect of soil matrix complexicity on the detection limit of 

each compound. 

Our study provided insights into the P speciation in calcareous soils when sulphate 

salts were applied with monopotassium phosphate.  However, further experiments are 

needed to identify the new P phase formed in soils as a result of the anion competition.  

The main limitation for identifying the new compound using 
31

P MAS NMR is the 

absence of appropriate standard P compound with a chemical shift of -1.5 ppm.  Due to 

the possibility that this compound could be a P phase with Ca and/or Mg, we suggest 

conducting an extensive study on the P precipitation in solutions containing Ca, Mg, 

H2PO4
-
 and SO4

-2
 ions at varying ratios.  The combination of chemical and NMR analysis 

will enable one to derive information on the P species formed in the presence of 

sulphates.  The comparison of the changes in NMR resonance observed at the -1.5 ppm 

chemical shift and the changes in Ca and Mg concentrations of the solution phase can 

provide clues for the chemical composition of the unknown compound.  We suggest 

adopting the experimental approach used by Abbona (1988) in this study.  Further, 

application of a chemical equilibrium model (e.g. CHEAQS, MINTEQ) in that study may 

also aid in identifying the speciation in solution phase which can provide more insight 

into the solution chemistry.  Combination of chemical equilibrium approach and NMR 

will provide a valuable comparison of the two speciation techniques and such comparison 

has not been conducted to the best of our knowledge.  

In conclusion, the results presented in this dissertation provided an improved 

understanding of P species in a fertilizer band at a molecular level that can aid in future 

research on P fertility in calcareous soils.  The implication of the finding with respect to 

anion competition by sulphates in calcareous soils has a direct benefit from an agronomic 
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standpoint.  From our findings, it appears that there is a greatest potential for improving 

fertilizer P use efficiency by the co-application of sulphates with P by minimizing the 

concentration of Ca in the immediate vicinity of P fertilizer.  It is imperative that these 

treatments be tested and validated against realistic field conditions before they are applied 

to field situations.  Such understanding will play a key role in the development of 

efficient P fertilizers for calcareous soils.  
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        Table C1.   Acid-extractable P concentrations in soils (mmol L
-1

) treated with monoammonium phosphate (MAP) 

Soil series Control MAP ALONE MAP+K2SO4 MAP+MgSO4 MAP+(NH4)2SO4 MAP+(NH4)2CO3 

OBO 17.74 42.91 40.50 41.55 40.04 42.36 

RIV 20.63 48.74 43.54 45.03 46.48 50.72 

LDW 24.94 59.62 53.27 51.59 51.91 58.98 

GHP 0.74 77.54 77.54 74.34 71.81 72.40 

THG 14.23 32.33 28.45 27.78 29.86 28.22 

BAM 11.23 27.75 23.44 24.61 21.99 26.91 

SUE 25.11 47.14 46.85 44.04 47.51 49.28 

RAM 1.12 58.41 53.78 56.72 54.74 54.50 

EGF 13.98 33.42 31.59 33.10 30.56 32.61 

SCY 9.16 31.76 31.14 31.27 34.29 37.80 
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        Table C2.  Acid-extractable P concentration in soils (mmol L
-1

) treated with monopotassium phosphate (MPP)

Soil series Control MPP ALONE MPP+K2SO4 MPP+MgSO4 MPP+(NH4)2SO4 MPP+(NH4)2CO3 

OBO 17.74 40.38 37.28 36.48 35.49 35.86 

RIV 20.63 37.60 38.16 34.01 37.05 40.02 

LDW 24.94 54.32 55.76 53.84 64.76 50.30 

GHP 0.74 69.04 73.75 71.81 62.13 68.53 

THG 14.23 21.65 22.53 27.56 23.81 24.61 

BAM 11.23 21.87 24.97 22.84 24.05 26.10 

SUE 25.11 46.33 44.34 43.75 41.83 47.80 

RAM 1.12 55.04 52.64 49.34 49.28 54.26 

EGF 13.98 22.57 28.29 31.80 31.96 30.02 

SCY 9.16 26.12 26.98 26.33 27.80 29.31 
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Table C3. Water-extractable P concentrations in soils (mmol L
-1

) treated with monoammonium phosphate (MAP) 

 

Soil series Control MAP ALONE MAP+K2SO4 MAP+MgSO4 MAP+(NH4)2SO4 MAP+(NH4)2CO3 

OBO 0.49 17.06 21.16 22.66 21.02 17.10 

RIV 1.54 12.95 16.09 18.69 16.24 12.45 

LDW 0.53 13.85 9.13 12.16 9.72 8.97 

GHP 0.17 27.33 19.99 27.59 25.94 30.73 

THG 0.24 11.61 10.15 9.50 8.36 9.92 

BAM 0.76 9.99 11.39 13.63 13.56 9.32 

SUE 0.70 36.96 39.19 40.28 43.13 36.10 

RAM 0.73 22.43 19.88 20.69 20.57 25.68 

EGF 0.85 25.13 23.21 23.20 23.99 28.07 

SCY 0.22 7.41 6.60 7.54 5.56 2.96 
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         Table C4.  Water-extractable P concentrations in soils (mmol L
-1

) treated with monoapotassium phosphate (MAP) 

 

Soil series Control MPP ALONE MPP+K2SO4 MPP+MgSO4 MPP+(NH4)2SO4 MPP+(NH4)2CO3 

OBO 0.49 18.32 19.78 20.89 20.31 17.03 

RIV 1.54 15.03 17.08 17.43 17.83 11.83 

LDW 0.53 23.25 17.94 20.35 7.87 11.27 

GHP 0.17 28.91 25.47 26.09 21.29 30.06 

THG 0.24 13.40 10.99 11.58 9.66 11.14 

BAM 0.76 9.99 10.71 11.27 12.90 8.76 

SUE 0.70 38.16 38.81 40.96 42.67 32.17 

RAM 0.73 21.58 20.39 20.58 20.02 24.42 

EGF 0.85 26.34 22.05 22.18 24.43 27.14 

SCY 0.22 7.83 7.74 7.63 5.27 3.06 
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Table C5. pH in soils treated with monoammonium phosphate (MAP) 

 

       
Soil series Control MAP ALONE MAP+K2SO4 MAP+MgSO4 MAP+(NH4)2SO4 MAP+(NH4)2CO3 

OBO 7.64 6.18 6.15 6.13 6.11 6.38 

RIV 7.70 6.45 6.43 6.20 6.13 6.24 

LDW 7.90 6.29 6.47 6.42 6.81 6.45 

GHP 7.59 6.60 6.60 6.29 6.71 6.72 

THG 8.00 6.70 6.82 6.87 6.72 6.91 

BAM 7.20 6.21 6.10 5.91 5.93 6.01 

SUE 7.37 6.17 6.13 5.95 6.23 6.40 

RAM 5.46 5.61 5.54 5.33 5.45 5.58 

EGF 6.27 5.23 5.28 5.11 5.27 5.20 

SCY 7.66 5.69 5.89 5.88 5.82 5.99 
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Table C6. pH in soils treated with monopotassium phosphate (MPP) 

 

Soil series Control MPP ALONE MPP+K2SO4 MPP+MgSO4 MPP+(NH4)2SO4 MPP+(NH4)2CO3 

OBO 7.64 6.28 6.36 6.46 6.14 6.49 

RIV 7.70 6.86 6.69 6.62 6.40 6.57 

LDW 7.90 7.37 7.17 6.92 6.72 6.99 

GHP 7.59 7.13 6.94 6.51 6.64 6.91 

THG 8.00 7.29 7.34 7.30 7.11 7.34 

BAM 7.20 6.53 6.43 6.40 6.14 6.26 

SUE 7.37 6.48 6.31 5.99 6.26 6.35 

RAM 5.46 5.56 5.48 5.29 5.42 5.54 

EGF 6.27 5.85 5.69 5.45 5.34 5.38 

SCY 7.66 6.33 6.71 6.72 6.65 6.44 
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Table C5. Ammonium acetate, water and HCl extractable cations in soils.  

 

 

Soil 

series 

Extractable Cations (mg kg 
-1

) 

Ammonium acetate Water HCl 

Ca Mg K Na Ca Mg K Na Ca Mg K Na 

OBO 29.87 26.94 1.17 0.78 141.33 115.63 15220.67 105.67 14937.50 7960.83 547.13 7639.78 

RIV 32.22 12.20 2.12 0.33 179.13 73.88 15652.06 36.54 15775.00 5101.25 1046.75 6966.08 

LDW 25.90 2.70 0.16 0.13 194.17 38.25 39747.08 11.21 39195.83 13545.83 127.17 17588.22 

GHP 23.68 2.65 0.20 0.07 223.88 37.13 12836.94 8.00 11557.92 2136.67 129.42 4572.86 

THG 22.07 28.89 1.39 1.84 88.58 146.50 32044.29 296.54 31683.33 17491.67 753.96 16400.00 

BAM 38.16 12.29 2.87 0.22 177.83 71.63 17426.42 18.71 17150.00 5743.75 1283.75 7639.92 

SUE 17.11 2.68 0.33 0.13 174.38 36.88 4894.69 19.04 4840.00 725.58 211.04 1864.19 

RAM 18.71 6.72 1.42 0.17 199.04 76.88 4514.52 20.25 4379.58 937.29 337.58 1781.63 

EGF 19.60 6.48 1.06 0.18 61.96 34.75 4895.98 14.75 4818.33 1091.79 821.58 1979.71 

SCY 34.86 13.77 1.79 0.24 228.50 76.88 18426.75 44.17 18275.00 5443.33 854.92 7916.11 
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EXPERIMENTAL DATA ON COLUMN SEGMENTATION OF THE MODELSOIL 

SYSTEMS GIVEN IN CHAPTER 3 

 

(Data represent average of three replicates) 
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Table A1. Water-extractable P (mg) in soil columns with various Ca:Mg ratios on 

the exchange complex. 

Depth 

(mm) 
100Ca:0Mg 60Ca:40Mg 50Ca:50Mg 30Ca:70Mg 0Ca:100Mg 

2 3.52 2.54 2.45 2.42 2.55 

4 2.41 1.78 2.17 2.40 2.73 

6 1.78 1.65 2.14 2.41 2.75 

8 1.42 1.59 2.09 2.25 2.76 

10 1.18 1.34 1.98 2.11 2.64 

12 1.12 1.13 1.87 2.02 2.53 

14 0.89 1.10 1.78 1.95 2.46 

16 0.83 1.03 1.68 1.81 2.30 

18 0.67 0.87 1.45 1.71 2.23 

20 0.58 0.93 1.41 1.69 2.19 

22 0.44 0.87 1.46 1.66 1.95 

24 0.24 0.67 1.40 1.57 1.89 

24 0.26 0.61 1.30 1.43 1.70 

28 0.23 0.53 1.21 1.33 1.54 

30 0.18 0.46 1.15 1.28 1.47 

32 0.17 0.41 1.01 1.28 1.43 

34 0.14 0.31 0.93 1.23 1.38 

36 0.13 0.27 0.76 1.17 1.30 

38 0.10 0.25 0.67 1.27 1.22 

40 0.08 0.20 0.60 1.22 1.12 

42 0.04 0.17 0.52 0.90 1.00 

44 0.03 0.13 0.54 1.00 0.94 

46 0.03 0.10 0.48 0.93 0.82 

48 0.02 0.09 0.38 0.73 0.72 

50 0.02 0.07 0.35 0.56 0.64 

52 0.00 0.06 0.29 0.41 0.55 

54 0.00 0.05 0.19 0.45 0.46 

56 0.00 0.04 0.19 0.44 0.38 

58 0.00 0.03 0.12 0.18 0.37 

60 0.00 0.03 0.12 0.18 0.30 

62 0.00 0.03 0.08 0.10 0.23 

64 0.00 0.03 0.05 0.07 0.18 

66 0.00 0.03 0.02 0.03 0.13 

68 0.00 0.02 0.01 0.02 0.09 

70 0.00 0.00 0.00 0.03 0.06 
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Table A2. Acid-extractable P (mg) in soil columns with various Ca:Mg ratios on the 

exchange complex. 

Depth 

(mm) 
100Ca:0Mg 60Ca:40Mg 50Ca:50Mg 30Ca:70Mg 0Ca:100Mg 

2 14.73 16.46 12.26 9.05 8.33 

4 13.25 10.95 8.08 7.53 4.38 

6 7.48 8.13 6.16 6.27 4.21 

8 6.67 6.19 4.32 5.24 3.23 

10 4.04 3.55 3.75 4.09 2.29 

12 2.99 2.77 3.01 3.24 2.28 

14 2.57 2.64 2.59 1.76 1.70 

16 2.07 2.50 1.95 1.66 1.61 

18 1.68 2.21 1.79 1.40 1.46 

20 1.44 1.95 1.33 1.52 0.95 

22 1.54 1.42 0.77 0.70 1.23 

24 1.42 0.95 0.88 0.90 1.02 

24 1.49 0.87 0.81 1.03 0.86 

28 1.25 0.79 0.73 1.07 0.82 

30 1.23 0.71 0.84 1.11 0.77 

32 1.42 0.62 0.62 0.42 0.51 

34 0.70 0.59 0.48 0.45 0.46 

36 0.66 0.51 0.38 0.40 0.42 

38 0.47 0.50 0.32 0.40 0.38 

40 0.47 0.42 0.35 0.39 0.36 

42 0.22 0.28 0.24 0.24 0.35 

44 0.07 0.22 0.21 0.25 0.33 

46 0.13 0.19 0.16 0.24 0.32 

48 0.12 0.19 0.12 0.20 0.32 

50 0.11 0.17 0.11 0.17 0.23 

52 0.03 0.22 0.09 0.14 0.19 

54 0.03 0.21 0.08 0.13 0.15 

56 0.02 0.19 0.05 0.12 0.13 

58 0.02 0.15 0.05 0.06 0.09 

60 0.02 0.11 0.05 0.05 0.08 

62 0.02 0.09 0.04 0.02 0.05 

64 0.02 0.07 0.03 0.13 0.05 

66 0.02 0.07 0.02 0.02 0.04 

68 0.02 0.07 0.05 0.02 0.03 

70 0.02 0.05 0.02 0.02 0.03 
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Table A3. Soil pH of columns with various Ca:Mg ratios on the exchange complex.  

Depth 

(mm) 
100Ca:0Mg 60Ca:40Mg 50Ca:50Mg 30Ca:70Mg 0Ca:100Mg 

2 6.3 6.1 6.0 5.9 6.0 

4 6.5 6.2 6.0 5.9 6.0 

6 6.5 6.1 5.9 5.8 6.0 

8 6.4 6.1 5.9 5.9 6.0 

10 6.4 6.1 5.9 5.9 6.0 

12 6.3 6.1 5.9 6.0 6.0 

14 6.3 6.1 5.9 5.9 6.0 

16 6.3 6.1 5.8 5.9 6.0 

18 6.3 6.0 5.8 5.9 6.1 

20 6.3 6.1 5.8 5.9 6.1 

22 6.3 6.1 5.8 5.9 6.2 

24 6.4 6.1 5.8 6.0 6.2 

24 6.4 6.1 5.8 6.0 6.2 

28 6.5 6.2 5.9 6.0 6.2 

30 6.5 6.2 5.9 6.0 6.2 

32 6.6 6.3 5.9 6.0 6.3 

34 6.6 6.4 6.0 6.0 6.4 

36 6.7 6.4 6.0 6.1 6.4 

38 6.9 6.5 6.1 6.1 6.5 

40 7.1 6.6 6.2 6.1 6.6 

42 7.4 6.7 6.2 6.1 6.6 

44 7.6 6.8 6.3 6.2 6.7 

46 7.7 7.1 6.4 6.2 6.8 

48 7.8 7.2 6.6 6.3 6.9 

50 8.0 7.3 6.5 6.4 7.1 

52 8.4 7.5 6.6 6.5 7.3 

54 8.6 7.7 6.8 6.7 7.6 

56 8.7 8.0 6.9 6.9 7.7 

58 8.7 8.1 7.1 7.2 7.9 

60 8.8 8.2 7.1 7.5 8.1 

62 8.7 8.4 8.1 8.1 8.4 

64 8.8 8.6 8.4 8.0 8.6 

66 8.8 8.6 8.4 8.2 8.8 

68 8.8 8.7 8.9 8.6 9.0 

70 8.8 8.8 8.9 8.7 9.1 
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Appendix C 

 

EXPERIMENTAL DATA ON COLUMN SEGMENTATION OF THE MODELSOIL 

AND DEZWOOD LOAM SOIL SYSTEMS GIVEN IN CHAPTER 4 

 

(Data represent average of three replicates) 
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Table B1. Water-extractable P (mg) measured in soil columns at 3 mm intervals  

Depth (mm) MPP ALONE MPP+K2SO4 MPP+(NH4)2SO4 MPP+MgSO4 

3 3.83 8.08 4.34 5.37 

6 4.23 5.66 4.08 4.22 

9 3.31 4.26 3.63 2.66 

12 1.90 2.14 2.92 2.08 

15 1.54 1.42 2.38 1.49 

18 1.17 1.08 2.00 0.97 

21 0.87 0.53 0.98 0.42 

24 0.68 0.28 0.68 0.18 

27 0.53 0.12 0.42 0.08 

30 0.41 0.05 0.27 0.02 

33 0.38 0.02 0.14 0.03 

36 0.14 0.01 0.13 0.02 

39 0.13 0.00 0.08 0.01 

41 0.04 0.00 0.03 0.01 

44 0.02 0.00 0.03 0.00 

48 0.01 0.00 0.00 0.00 
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Table B2. Acid-extractable P (mg) measured in soil columns at 3 mm intervals  

 

 

 

 

 

 

 

 

 

 

 

 

 

Depth (mm) MPP ALONE MPP+K2SO4 MPP+(NH4)2SO4 MPP+MgSO4 

3 22.12 15.92 18.74 16.07 

6 12.76 11.27 13.21 14.90 

9 7.99 9.39 9.14 12.02 

12 8.70 7.57 6.97 10.30 

15 5.08 5.17 4.47 3.29 

18 4.52 3.57 2.37 2.50 

21 1.35 2.42 1.75 2.99 

24 0.81 1.68 0.61 1.75 

27 0.78 1.15 0.49 1.16 

30 0.55 0.74 0.25 0.65 

33 0.15 0.34 0.48 0.34 

36 0.12 0.21 0.42 0.21 

39 0.46 0.16 0.32 0.16 

41 0.25 0.11 0.30 0.11 

44 0.26 0.13 0.29 0.13 

48 0.17 0.13 0.16 0.13 
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Table B3. pH measured in soil columns at 3 mm intervals  

Depth (mm) MPP ALONE MPP+K2SO4 MPP+(NH4)2SO4 MPP+MgSO4 

3 6.8 5.9 6.6 5.6 

6 7.1 6.9 6.6 6.2 

9 7.2 7.1 6.7 6.4 

12 7.3 7.2 6.7 6.4 

15 7.3 7.2 6.6 6.5 

18 7.3 7.3 6.6 6.6 

21 7.4 7.4 6.6 6.7 

24 7.4 7.5 6.7 7.0 

27 7.6 7.7 6.9 7.2 

30 7.7 7.9 7.0 7.4 

33 7.9 8.1 7.2 7.6 

36 7.9 8.3 7.4 7.7 

39 8.1 8.3 7.7 7.7 

41 8.2 8.5 8.0 7.8 

44 8.3 8.5 8.1 7.9 

48 8.3 8.5 8.2 7.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


