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ABSTRACT  

The key objectives of the present project were to determine (i) the chemical form, 

solubility and bioavailability of zinc (Zn) and phosphorus (P) in the calcareous soils of 

Iraqi Kurdistan and their possible interactions, (ii) the uptake of Zn and P by crop plants 

and the viability of biofortification and (iii) the transfer of Zn and P into the human diet 

and their possible interactions through Zn binding to phytate. 

 

A survey was conducted including a collection of 21 soil samples at seven different 

agricultural activity sites in Sulaimanyah province, Iraqi Kurdistan. The availability of 

both P and Zn nutrients for plant uptake was determined through their exchangeable 

and soluble amounts in the studied soils. Time-dependent changes in solubility were 

determined by incubation of selected soils up to 56 days at 20±20C and at half of their 

water holding capacity (WHC). The impacts of soil factors, including soil pH, inorganic 

carbon content (SIC) and soil organic carbon content (SOC), on the plant-available and 

soluble fractions of P and Zn and the solid⇌liquid partition coefficient (Log Kd) of both 

elements were determined. Total P (PT) and total zinc (ZnT) concentrations in all the 

studied soils were within the range of 622-1210 and 43-187 mg kg-1, respectively, 

which were in the range of P and Zn concentrations reported globally. The pH values 

were 7.33-8.27, soil inorganic carbon was in the range of 0.67-4.92% indicating the 

calcareous nature of the studied soils, and SOC was in the range 5-12%. Approximately 

8% of PT was in the form of available P (sodium bicarbonate extractable P; POlsen) and 

3% of ZnT was in the form of available Zn (extractable with 0.005 M DTPA; ZnDTPA). 

Furthermore, only about 2% of POlsen was in the form of soluble P (soluble in 0.01 M 

Ca(NO3)2; Psol) and 0.3% of ZnDTPA was in the form of soluble Zn (Znsol). Average values 

of log kd when available divided by soluble were 2.30 for P and 3.25 for Zn, indicating 

stronger adsorption of Zn than P.  This is indicative of the lack of Zn fertilizer application 

to soils in Kurdistan because farmers only apply NPK fertilizers. A negative correlation 

was determined between PT and soil pH value whereas ZnT was positively correlated 
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with loss on ignition. Values of POlsen, PSol, ZnDTPA and ZnSol were positively correlated 

with their total soil concentrations, PT and ZnT. Similarly, positive correlations were also 

observed between Psol and POlsen as well as between Znsol and ZnDTPA, while all four 

variables were negatively correlated with soil pH value. Log kd for Zn was negatively 

correlated with LOI but there was no correlation between soil pH value and Log Kd 

values possibly due to a narrow range of pH values.  

 

To further examine P and Zn solubility, soils were incubated at half their water holding 

capacity (50% WHC) for 1, 7, 14, 28, and 56 days, without P and Zn application. P and 

Zn solubilities in soil suspended in 0.034 M Ca(NO3)2 were measured; the Ca 

concentration was determined from a Q/I relation as the natural equilibrium Ca 

concentration. Following solution speciation, using the geochemical speciation model 

WHAM-7, P and Zn solubility data were presented on stability diagrams comprising (i) 

phosphate potential (log H2PO4
--pH) against lime potential (log Ca2++ 2pH) and (ii) the 

log10 activity of Zn (log Zn2+) against pH. Results indicated that P and Zn solubility 

decreased with increasing incubation time and increasing soil pH, and increased with 

increasing ‘available’ P and Zn (POlsen and ZnDTPA). Construction of solubility diagrams 

and determination of PSol and ZnSol fractions suggested that P release was controlled by 

a series of potential minerals, including dicalcium phosphate (DCP), dicalcium 

phosphate dihydrate (DCPD), octacalcium phosphate (OCP), β-tricalcium phosphate (β-

TCP) and hydroxyapatite (HP), depending on the phosphate status of the soil. By 

contrast, Zn was undersaturated with respect to Smithsonite.  

 

A study was conducted to evaluate the effect of time of incubation on P and Zn 

adsorption and solubility in the calcareous soils. Two calcareous soils (pH 8.10 & 8.24, 

CaCO3 content 6.13 & 41.0%, and clay content 43.0 & 31.4%) from Sulaimanyah 

province, Iraqi Kurdistan, were treated with several levels of P (0, 50, 100, 200, and 

300 mg kg-1) as KH2PO4 and the enriched stable isotope 70Zn (0, 2, 5, 10, and 20 mg 
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kg-1) and incubated for 1, 7, 14, 28, 56, and 84 days at 50% of their water holding 

capacity under laboratory conditions with three replicates. The results indicated that 

adsorbed P and Zn, POlsen, ZnDTPA, Psol and Znsol, significantly increased with increase in 

the application rates but decreased with time of incubation. The ‘apparent’ E-value of 

70Zn (ZnE) increased with increasing Zn application and incubation time in both soils as 

the added isotope gradually mixed with increasingly non-labile soil Zn pools.  

At the end of the experiment (84 days), about 80 and 72% of applied P and 97.7 and 

99.5% of applied 70Zn were adsorbed by soil components at 300 mg P kg-1 and 20 mg 

70Zn kg-1 applied levels in Soils 1 and 2 respectively. The Langmuir-Freundlich model 

described the ‘available’ P and Zn solubility data (POlsen vs PSol and ZnDTPA vs ZnSol) well 

for both studied soils – regardless of incubation time.  By contrast, adsorption isotherms 

constructed using total adsorbed P and Zn showed a systematic change with incubation 

time, indicating prolonged time-dependent P and Zn fixation in the calcareous soils.  

The lability (%ZnE) in the two selected soils was 70.4 and 90.5% of extracted 70Zn and 

13.8 and 8.86% of total applied Zn recovered when the all the applied Zn levels were 

considered in Soils 1 and 2 respectively. At the end of the experiment, the solubility of 

P appeared to be controlled by OCP and β–TCP while the solubility of Zn was controlled 

by Smithsonite or was undersaturated. Application of Zn fertilizer directly to the 

calcareous soils of Kurdistan would appear to be non-viable due to their high capacity 

for continued time-dependent Zn adsorption and fixation.   

 

To investigate the interaction between P and Zn and viability of Zn biofortification in a 

range of crops grown in the calcareous soil of Kurdistan region, a field experiment was 

carried out during the early season (March-August 2016) at the technical college of 

Halabja, Sulaimanyah, Iraqi Kurdistan.  The trial was a completely randomized block 

design (CRBD), with twelve treatments and five replicates. The treatments included (i) 

four levels of P (0, 50, 100 and 150 kg ha-1) as triple super phosphate (TSP 20% P) 

and three levels of Zn (0, 0.8 and 1.2 kg ha-1) applied as foliar Zn-EDTA (5% Zn) to 
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maize and (ii) four levels of P (0, 40, 80 and 120 kg ha-1) and three levels of Zn (0, 0.4 

and 0.8 kg ha-1) applied to maize, cowpea and tomatoes. At harvest, both POlsen and Psol 

significantly increased with increasing rates of applied P, but the availability and 

solubility of P and Zn also decreased as time passed. Phosphorus solubility was 

undersaturated with respect to OCP and Zn solubility was undersaturated with respect 

to Smithsonite. The result of P fractionation showed that most of the applied phosphate 

had been re-distributed between P fractions in the same proportion as the native soil 

P.  

 

The nutrient concentrations in shoots, grain, seed and fruits were determined, along 

with the phytic acid (PA) content of maize grain, cowpea seed and tomato fruit. The P 

and Zn concentrations in shoots, grains and fruits were increased by the application of 

P and Zn fertilizers compared with control, but the applications were more effective in 

shoots than in either grain, seed or fruit when compared with controls. The shoot P and 

Zn application were more effective in single P and Zn application than in a combined 

P+Zn treatment. The PA and PA/Zn molar ratio in the edible part of the crops increased 

with the increased rate of P applied and decreased with increasing Zn rates. 

Furthermore, the estimated human Zn bioavailability in grain, seed and fruit also 

increased with increasing Zn rates and decreased with P rates, indicating that foliar 

application of crops with Zn fertilizer may be a viable strategy for increasing bioavailable 

Zn in the crops grown in the calcareous soils of Kurdistan.  

  

To evaluate the bioavailability of P and Zn in the soil, wheat, flour and bread and PA, 

PA to Zn molar ratio and estimated Zn bioavailability contents of wheat grain grown in 

the calcareous soils, a survey of flour and bread samples was undertaken in 

Sulaimanyah province, Kurdistan region, Iraq. Since wheat is the staple carbohydrate 

source in the region, a total of 120 farmers’ cereal fields were surveyed for soil and 
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wheat grain samples along with 50 flour samples and corresponding bread samples 

which were collected in bakery markets.  

 

At harvest, the soil samples were analysed for PT, ZnT, POlsen, ZnDTPA, PSol, and ZnSol. The 

values (mg kg-1) were within the range of 403 -3740 (PT), 42.0-203 (ZnT), 2.13-28.1 

(POlsen), 0.14-5.23 (ZnDTPA), 0.07-9.91 mg P L-1 (PSol) and 0.21-9.46 µg Zn L-1 (ZnSol); 

pH was in the range 7.46-8.67, indicating that all the soils were calcareous. The values 

of Log Kd were in the range 1.65±0.47-0.40±0.28 for P and 3.00±0.30-2.32±0.29 for 

Zn. The results of soils analysis showed that P and Zn concentrations were in the range 

reported globally. However, about 83% and 53% of soil samples contained low 

concentrations of POlsen and PSol, below-recommended values of 10 mg kg-1 POlsen and 

0.5 mg L-1 PSol. Furthermore, about 78% and 98% of soil samples contained a ZnDTPA 

and ZnSol below-recommended values of 0.5 mg kg-1 ZnDTPA and 4-270 µg L-1 Znsol.  

Again these figures reflect the high CaCO3 content and high pH values in the surveyed 

soils and the absence of Zn fertilization by farmers. Analysis of solubility indicated that 

TCP and OCP are probably the main calcium phosphate minerals controlling the 

solubility of P and Smithsonite is the main Zn mineral which controls Zn solubility in the 

studied soils or probably indicates adsorption of Zn on the surface of CaCO3, Fe oxides 

and on humus when undersaturated with respect to Smithsonite.  

 

The concentrations of P, Zn, PA, PA/Zn molar ratio and estimated Zn bioavailability was 

also determined for wheat grain, flour and bread samples in various bread types 

including Hawrami, Tiry, Lawasha, Mashini and Samoon which are consumed in the 

Sulaimanyah community. The values of P, Zn and PA concentrations (mg kg-1) were 

3131-3625, 1051-1872 and 1195-1631 (P), 26.3-35.0, 7.04-17.2 and 8.90-14.9 (Zn) 

and 3000-11000, 1600-3100 and 800-1800 (PA), giving a PA/Zn molar ratio of 15.7-

30.6, 17.8-22.9 and 8.96-14.6 for whole wheat grain flours, flours and breads 

respectively. The results suggest that the concentrations of P and PA are high, about 
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40% of wheat grains contain higher amounts than the recommended value of 3570 mg 

kg-1 of P. This is probably due to extensive applications of phosphate fertilizers by 

farmers, typically 100-200 kg P2O5 ha-1 in every growing season. However, Zn 

concentration in 88% of wheat grain samples was lower than the recommended 

concentration of 41.6 mg kg-1 in whole wheat grains due to low available Zn in the 

surveyed soils.   

 

A trivariate model was used to estimate intake of available Zn. Estimated bioavailable 

Zn (mg d-1) was estimated assuming an average wheat, flour and bread consumption 

of 300 g day-1 in the region. Consideration of the PA and Zn intake suggest only 

21.5±2.9% of grain Zn, 43.6±6.52% of flour Zn, and 52.1±6.56% of bread Zn were 

bioavailable so that the effective Zn intake from wheat grain, flour and bread are only 

1.84-2.63, 0.78-2.26 and 1.25-2.05 mg d-1 for the local population respectively. The 

results indicated low Zn absorption from wheat grain, flour and bread. However, the Zn 

absorption from a common flatbread, ‘Tiry’, was higher than Mashini. The bread making 

processing had a major influence on estimated bioavailable Zn in the final product, 

producing reductions of 15-47% in PA and 17.0-61.0% in the PA/Zn molar ratio. The 

estimated bioavailable Zn increased between 2-41% in white flours and bread 

depending on the amount of daily PA intake concentration. Overall results suggest that 

available dietary Zn is below recommended levels (11 mg d-1) which is partly due to 

low uptake by wheat but also due to the presence of large concentrations of PA in wheat 

grains and bread.   

 

In general, the total concentration of P and Zn were found to be adequate in the 

Kurdistan soils. However, the bioavailability of both nutrients is low due to the 

calcareous nature of soils because of high calcium carbonate (CaCO3) content, high pH 

value, and high adsorption and ‘fixation’ capacities. The concentrations of P and PA in 

the crop plants and wheat grain grown in the soils of Kurdistan were high due to the 
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application of phosphate fertilizers, while the Zn content was typically low, and under 

the recommended value in the case of wheat grain which is the staple daily food for the 

population of the Kurdistan region. The low concentration of Zn is due to some factors 

such as low soil Zn bioavailability, high application of phosphate fertilizers, P interaction 

with Zn in soils and plants, and absence of Zn biofortification as an agronomic strategy 

in the region. The daily Zn intake from crop plants is not adequate to meet the 

recommended Zn level in human populations due to a high level of PA and PA to Zn 

molar ratio. Biofortification of Zn is viable, but a key recommendation may be to reduce 

the application of phosphate fertilizer. The low intake of bioavailable Zn could cause 

health problems in the region. Given the current status of Zn in crop plants grown in 

Kurdistan, biofortification of Zn to increase Zn in staple crops is recommended. A crop 

breeding program combined with targeted agronomic management methods is also 

required to enhance both Zn uptake and its bioavailability in grains of cultivated wheat 

and crops.     
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1 INTRODUCTION 

1.1  Zinc in soil and its availability   

Total Zn concentration in uncontaminated soil varies depending on the mineralogy, the 

parent material, and particularly the concentration of quartz, which tends to dilute most 

elements (AKabata-Pendias and Mukherjee, 2008). The source of Zn in the soils is 

release from magmatic and sedimentary rocks to the soil during the weathering 

processes. The average amount of Zn in the Earth’s crust is less than 1000 mg kg-1 

(Siddiqui, 2010). However, Zn concentration in a range of soils varied from 10 to 300 

mg kg-1 with the highest concentrations in calcareous and organic soils (AKabata-

Pendias and Mukherjee, 2008). The lowest Zn concentration reported was 4 mg kg-1 

found in an Australian non-calcareous soil (<2% CaCO3) and the highest concentration 

recorded in England and Wales across various soil types was 3550 mg kg-1 (Alloway, 

2009).  

 

The surface soil Zn content increases with agricultural practice or application of organic 

and inorganic Zn fertilizers (Xiang et al., 1995). For example, agricultural soils in Japan 

had Zn concentrations between 59 and 99 mg kg-1 caused by differences in agriculture 

practice (Kabata-Pendias and Mukherjee, 2007). The total quantity of Zn in soils is 

mainly distributed between five operational fractions: (i) water-soluble present in soil 

solution, (ii) exchangeable bound to soil particle surfaces, (iii) organically bound by 

humus, (iv) adsorbed into metallic oxides and clay mineral edges, and (v) in primary 

minerals (Alloway, 2008a). Zinc in the soil is present in all possible fractions but is often 

mainly in the residual fraction (60-99%) (Xiang et al., 1995).  

 

There are several soil parameters which control Zn availability and behaviour. Kabata-

Pendias and Mukherjee (2007) reported that in the soil solution Zn occurs as free and 

complex forms, including both anions (ZnCl3-, Zn(OH)3
-, and ZnO2

2-) and cations (Zn2+, 
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ZnHCO3
+, ZnCl+, and ZnOH+). Ahmed et al. (2012) reported that less than 1 mg Zn kg-

1 was dissolved in the soil solution in most soil types. 

 

1.2 Factors affecting Zn availability  

1.2.1 Soil pH   

It is recognised that Zn availability to plants is affected by a number of soil factors, but 

the most significant factor is probably soil pH (Watts-Williams et al., 2013). At alkaline 

pH, Zn is most strongly adsorbed on humus and soil oxides (Lindsay, 1979) because of 

increased negatively surface charge (Nystrom, 2012) which then causes a decrease in 

Zn availability to plants. Sadeghzadeh (2013) showed that Zn concentration in soil 

solution varies systematically with pH; for example, at pH 8.0 the soil solution Zn 

concentration was around 10-10 M, whereas, at pH 5.0 it was around 10-4 M. Similarly, 

Hashemi and Baghernejad (2009) suggested that the solubility of Zn decreases about 

100-fold for every unit increase in soil pH. Milivojevic et al. (2011) evaluated the impact 

of soil physical and chemical properties on Zn availability and distribution in Vertisols 

in Serbia. They found that exchangeable Zn (extracted with 0.1 M CaCl2 at pH 7) in 

Vertisol increased with a decrease in the soil pH. However, the effect of soil pH is not 

entirely straightforward. In acid soils Zn2+ may precipitate as franklinite (ZnFeIII
2O4) or, 

more likely, be adsorbed on organic matter that then controls Zn availability (Catlett et 

al., 2002, Duffner et al., 2012). On the other hand, Obreza et al. (2015) considered 

that alkaline pH values above 7 did not necessarily cause a decline in Zn availability. 

This was thought to be due to a lower pH in the rhizosphere (pH < 7), compared to the 

bulk soil, because of H+ ions released from the plant roots. Furthermore, at alkaline pH 

values, complex forms of Zn occur in solution involving Zn2+ combinations with OH- and 

HCO3
- ions and reversible Zn adsorption on CaCO3.   
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1.2.2 Soil texture 

Large clay contents in soils cause an increase in Zn sorption and decrease in Zn 

bioavailability due to increased soil cation exchange capacity (CEC) (Nystrom, 2012). 

Several reports have shown a significant correlation between soil clay content and Zn 

adsorption capacity or strength (de Matos et al., 2001). However, the proportion of 

exchangeable Zn has also been shown to increase with increasing sand and silt content 

(Milivojevic et al., 2011).    

 

1.2.3 Soil mineralogy and calcium carbonate content   

Despite substantial understanding of Zn chemistry in the soil, Zn deficiency still remains 

common in calcareous soils (Wenming et al., 2001, Cakmak, 2009, Kumar and Qureshi, 

2012). In this type of soil, the availability of Zn is low due to both precipitation and 

adsorption processes (Jalali and Zinli, 2012) which can render about 90% of applied Zn 

fertilizer unavailable (Abid et al., 2013). Zinc is thought to precipitate as ZnCO3 (Dahiya 

et al., 2005), Zn2SiO4 and Zn(OH)2 (Sadeghzadeh, 2013) and is adsorbed on soil 

colloids (Abid et al., 2013) and the surface of carbonate minerals (Jalali and Zinli, 2012). 

These processes reduce the concentration of soluble Zn available for plant uptake 

(Nystrom, 2012). It is generally recognised that adsorption is more important at low 

Zn concentrations and precipitation occurs as Zn concentration rises (Jalali and Zinli, 

2012). 

 

In calcareous soils, several factors other than CaCO3 content may control the availability 

of Zn, such as the soil geocolloidal minerals present, soil organic matter content and 

soil solution anion concentration (Obrador et al., 2003, Jalali and Zinli, 2012). The 

results of Siddiqui and Khattak (2010) suggested that, in calcareous soils, Zn was 

mainly associated with oxides of Fe, Mn and Al. However, they derived this result from 

a sequential extraction procedure which are notoriously operational in nature. Sharma 
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et al. (2014) found that soil organic matter tended to increase available Zn when applied 

to incubated samples in an Aridisol.  

 

1.2.4 Phosphorus (P) in the soil  

Zinc availability in the soil is reduced due to high levels of P (Mousavi and Galavi, 2012, 

Drissi et al., 2015a, Zhu et al., 2001a) and Zn deficiency indicators in plants are often 

noted in the presence of large amounts of soil P (Soltangheisi et al., 2013). Phosphate-

induced Zn deficiency can occur in various crops (Gianquinto et al., 2000) due to 

restriction of Zn uptake by P (Mousavi and Galavi, 2012).  

 

Interactions between Zn and P in soils have been studied by many researchers but the 

relative importance of different mechanisms is still not absolutely understood (Drissi et 

al., 2015b, Zhu et al., 2001a, Watts-Williams et al., 2013). It has been shown that 

interaction occurs between P and Zn in the soil solution. But, P application also reduces 

Zn availability due to the precipitation of mixed Zn-phosphate minerals (Lambert et al., 

2007). 

 

The effect of P on Zn availability also depends on the type of P fertilizer. The application 

of rock phosphate and triple superphosphate both cause reduced Zn uptake into plant 

shoots (Wang et al., 2008b). However, Gupta et al. (2014) reported that application of 

di-hydrogen phosphate salts, such as KH2PO4, NaH2PO4, NH4H2PO4 and Ca(H2PO4)2, 

significantly increased Zn uptake by  S. alfredii in paddy soils. This seemed to be caused 

by an increase in Zn availability following a decrease in the soil pH value after 

application of the phosphate. 

 

1.2.5 Kinetics of Zn fertilizer reaction 

To provide available Zn (soluble and exchangeable) for plant uptake, ideally, Zn 

fertilizer should remain available for several years after application. However, a high 
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proportion of applied Zn is rendered unavailable for plant uptake because of reactions 

between the Zn applied and soil constituents such as strong adsorption on the surface 

of soil particles and precipitation (Alloway, 2009). Information about such reactions is 

required to understand the performance of different Zn fertilizers and the kinetics of 

their reactions with soil. 

 

Zinc fertilizers applied to soil may undergo a range of time-dependent chemical, 

physical and biological reactions. Alvarez et al. (2008) suggested that the reaction 

between soil components and applied Zn may continue for more than several weeks 

but mechanistic investigations of Zn kinetics remain inconclusive (Reyhanitabar and 

Gilkes, 2010).  In calcareous soils, the time-dependent precipitation of Zn hydroxide or 

carbonate and surface-adsorption by CaCO3 are two major processes that regulate the 

availability of Zn (Hashemi and Baghernejad, 2009). This is well known that the 

efficiency of applied Zn fertilizers is gradually reduced with increasing soil CaCO3 

content because of increase in Zn adsorption (Reyhanitabar and Gilkes, 2010).   

 

1.3 Plant uptake of Zn 

It is estimated that almost 50% of the World’s vital cereal-growing soils have sub-

optimal amounts of plant available Zn (Watts-Williams et al., 2013) and in calcareous 

soils about 60- 85% of applied Zn may be rapidly converted to a fixed state (Xue  and 

Huang, 1994). Zinc is one of several essential micronutrients needed by plants for 

development (Mousavi et al., 2013), growth (Wang et al., 2017, Alloway, 2009) and 

reproduction (Ahmed, 2013). Zinc is involved in many physiological functions of plants 

(Hafeez et al., 2013) and is an important element as a regulatory co-factor of a large 

number of enzymes (Ahmed, 2013). These enzymes are essential in biological 

processes involved in photosynthesis, conversion of sugars to starch and carbohydrate 

metabolism (Ahmad et al., 2012). In the soil, plants absorb Zn ions through their root 

system; Zn then moves through the xylem system to be stored in leaves and may then 
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be transported to grain through the phloem (Saha et al., 2017). Plant phenological 

stage, plant Zn and nitrogen status and variation between cultivars are important 

influences on translocation. Developed leaves are capable of nutrient export via the 

phloem to developing grains and other organs (Shahid et al., 2017). However, there 

are impairment factors, such as chelation processes and the high pH of phloem so that 

Zn movement from leaves to the edible parts of the plant is more efficient if foliar Zn 

application is used as a fertilizer source (Fernandez and Brown, 2013). Furthermore, 

the efficiency of Zn uptake differs between plants. Hart et al. (1998) reported that 

durum wheat is less ‘Zn efficient’ than bread wheat.  

 

From soils, plants can only take up Zn in the form of Zn2+ ions (Mousavi, 2011), simple 

inorganic complexes such as  ZnOH+ and some low molecular weight organic complexes 

(Alloway, 2009) which are present in the exchangeable and water-soluble fractions 

(Dvorak et al., 2003, Reyhanitabar et al., 2011). Thus, in semi-arid and calcareous 

regions, Zn is a common nutritional problem for cereals and grains (Erenoglu et al., 

2002) because only a small proportion of soil Zn is available to plants (Ahmad et al., 

2012). Characterization of Zn ‘availability’ by various soil test methods represent 

attempts to measure potential soil Zn supply to plants (Cakmak and Marschner, 1993). 

A glasshouse trial conducted by Obrador et al. (2003) showed that plant Zn uptake 

from different to Zn sources was associated with soluble and extractable Zn as 

determined by extraction with DTPA.     

 

1.3.1 Soil factors affecting Zn uptake  

Soil constituents and properties control Zn availability (Wang et al., 2017) through 

control over Zn concentration in the soil solution (Bouain et al., 2014). Generally, the 

soil factors identified as controlling availability of Zn to plants, include content of organic 

matter, sesquioxides and clay particles and soil pH (Dvorak et al., 2003, Ramesh et al., 

2004, Obaid and Al-Hadethi, 2013). The quantity and type of anions in the soil solution 
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(Obrador et al., 2003), available P, soil moisture conditions (Karami et al., 2009, Ma et 

al., 2016) and the speciation of Zn dissolved in the soil solution (Tani and Barrington, 

2005) have also been identified as factors. In the case of high pH soils, Zn is absorbed 

as Zn2+ or ZnOH+, but uptake is metabolically regulated, especially in the case of low 

Zn concentrations (Ahmed et al., 2012). In addition to the influence of soil 

characteristics, Mousavi et al. (2013) reported an antagonistic effect on Zn uptake by 

Fe and P. By contrast, Tani and Barrington (2005) reported that Cu2+ has a synergistic 

effect on Zn uptake by plants.   

 

1.3.2 Plant controls over Zn uptake 

The uptake of Zn by plants is increased due to some factors such as Zn fertilizer 

application and release of organic acids (e.g. malic and citric acids) to dissolve soil Zn 

(Sadeghzadeh, 2013). To characterise uptake of Zn by plants, Mousavi (2011) divided 

plants into three categories depending on their sensitivity to Zn deficiency: ‘resistant’ 

includes plants such as alfalfa, carrots, forage plant and radish; ‘moderately sensitive’ 

applies to sugar beet, tomato, barley, lettuce and soybean and ‘most sensitive’ includes 

rice, beans, onion, sorghum and corn.  

 

Accumulation of Zn beyond the optimal range causes damage of various kinds. 

Accumulation of more than 300 mg kg-1 is toxic, causing growth inhibition and 

physiological alteration (Barrameda-Medina et al., 2017). Zinc accumulation in maize 

roots and shoots significantly increased when Zn concentration in the soil solution 

exceeded 3.25 mg L-1 (Islam et al., 2014). They also found that total soluble protein 

and chlorophyll content decreased with increasing Zn concentration. Cherif et al. (2011) 

divided the damage caused by excessive Zn in plants into three categories (i) leaf 

chlorosis, (ii) diminished root development, and (iii) reduced growth.  
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Plants can protect themselves to a degree against the negative impacts of excess Zn 

by limiting Zn uptake by roots (Stoyanova and Doncheva, 2002). Pre-soaking with a 

Zn-tolerant bacterial strain decreased the negative effect of Zn on plant growth (Islam 

et al., 2014). Also, plants can resist or control heavy metal toxicity by physiological 

mechanisms and an inter-related network of molecular strategies differ between plant 

species (Shahid et al., 2017). Using these strategies plants can decrease metal 

absorption and in-vivo transportation.   

 

1.3.3 Plant Zn uptake and interaction with P   

Phosphate has an antagonistic influence on Zn uptake by plant roots (Mousavi et al., 

2013, Watts-Williams et al., 2013), although there is little information about specific 

mechanisms. Zhu et al. (2001a) showed that increasing P applications to soil decreased 

the uptake of Zn by plants. Zinc movement from plants roots to shoots also decreases 

with increasing application rate of P fertilizer (Zhang et al., 2016). Bogdanovic et al. 

(1999) suggested several mechanisms for the effect of P on Zn uptake: (i) simple 

dilution of the concentration of Zn in the upper parts of the shoots in response to the 

growth response of P (ii) P–Zn interactions in the soil, (iii) slower Zn translocation from 

the root to shoot of plants, (iv) metabolic changes inside plant cells correlated to a 

difference in the ratio Zn:P and (v) a large P concentration interfering with the metabolic 

function of Zn at certain sites in the cell. Furthermore, root morphology could be altered 

by P fertilization which would have an effect on plant uptake of Zn (Zhang et al., 2016). 

It has been suggested that the main interactions between P and Zn appear as change 

in plant metabolism (Bogdanovic et al., 1999) rather than a reduction in Zn solubility 

in the soil. Mousavi et al. (2011) reported three major explanations (i) within the plant, 

Zn ion valence is reduced due to increasing P concentration in the plants, (ii) a high 

concentration of P reduces Zn transmission from roots to shoots of plants and (iii) Zn 

will dilute in plant tissues due to an induced P growth response. 
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Ryan et al. (2008) showed that Zn concentration in wheat grain decreased by 36% 

when P concentration increased by 17%. However, the source of P fertilizer is another 

factor which has a role in this interaction. Zwonitzer et al. (2003) found that Zn 

concentration in Sorghum-Sudangrass decreased with increasing amounts of P from 

(solid) rock phosphate, possibly due to greater Zn adsorption in the soil, but increased 

with increasing amounts of P from (soluble) KH2PO4, possibly due to increased root 

extension caused by improved P status.  

 

1.3.4 Use of Zn fertilizers to enhance uptake 

Zinc fertilizers can play a vital role in improving plant Zn content (Saha et al., 2017). 

Ahmad et al. (2012) reported that concentrations of Zn in roots, leaves, and stems 

increased with application of Zn fertilizers. Du et al. (2015) demonstrated a positive 

response of Zn concentration in tomato plants to foliar application of Zn. Differences 

have also been shown between genotypes with different Zn remobilization capacities 

(Mabesa et al., 2013).  

 

Plant response to Zn fertilization supply differs depending on the Zn fertilizer source 

(Obrador et al., 2003). Various Zn compounds are used as Zn fertilizers and their effect 

depends on the fertilizer composition and soil type (Mousavi et al., 2013). Typically, 

however, the plant use efficiency of Zn applied does not exceed 2% of the total amount 

of applied Zn (Saha et al., 2017).  

 

Generally, micronutrients are more available to plants when foliar applications are used 

because they are not fixed by soil components (Fahad et al., 2014). Zhao et al. (2016) 

showed that Zn fertilizer and foliar applications significantly increased the concentration 

of Zn in cereal grain. Weisany et al. (2014) showed that Zn treatment caused increase 

root, shoot, and seed Zn concentrations in soybean plants under saline conditions. 
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However, although foliar application of Zn fertilizers to plants can ameliorate shoot 

deficiency, it does not improve Zn deficiency in roots (Swietlik, 2002).    

 

Zhao et al. (2016) studied the effect of different Zn fertilization methods on 

translocation and absorption in wheat. The result of their field experiment showed that 

application of DTPA-Zn did not increase Zn concentration in grain. By contrast, in their 

hydroponic experiment Zn foliar spray, and application to roots, increased the grain Zn 

concentration. Additionally, Cakmak (2009) found that application of Zn fertilizers such 

as Zn-enriched urea to rice and wheat improved both grain Zn concentration and grain 

yield. Similarity, Wang et al. (2015) found that the Zn concentration in different parts 

of winter wheat significantly improved with Zn fertilizer rate.  

 

Biofortification through foliar Zn use has also been proposed for raising grain Zn 

concentration in crop plants grown in both Zn-deficient and Zn-sufficient soils 

(Poblaciones and Rengel, 2016). Zhang et al. (2012) studied the influence of Zn 

biofortification on concentration of Zn in crops and found that foliar application is more 

effective than soil application in the enhancement of wheat grain Zn. Similarly, Manzeke 

et al. (2014) found that application of Zn increased yield and micronutrient quality of 

maize.  

 

1.4 Zinc in human and animal nutrition 

Zinc is one of several micronutrient elements required by humans and animals for their 

physical development (Maret and Sandstead, 2006), growth (Alloway, 2009, Po et al., 

2016), brain development (Hemalatha et al., 2005), health (Chen et al., 2017b) and 

resistance to illness (Po et al., 2016). Zinc is the second most prevalent transition 

element in organisms after iron (Broadley et al., 2007), the fourth most vital trace 

element after vitamin A, iron and iodine (Hemalatha et al., 2007) and it plays a major 

role in the immune system (Salgueiro et al., 2000). Zinc deficiency is a worldwide 
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challenge for human populations (Wang et al., 2015a). About 30% of the World 

population suffers from insufficient consumption of Zn (Alloway, 2009).  

 

Zinc deficiency is the 11th most important factor causing death and disease (Poblaciones 

and Rengel, 2016). However, in developing countries, Zn is fifth in relative importance 

among the 10 leading risk issues related to disease and illness (Stacey et al., 2008). In 

some developing countries, Zn deficiency is even considered to be the main health 

problem (Luo and Xie, 2012). Mortality and sub-optimal growth are several of the 

severe indicators related to Zn deficiency in children globally (Manzeke et al., 2014). 

Also, some authors reported that high rates of virulent sicknesses and other difficulties 

are related to Zn deficiency in pregnant women during pregnancy and at birth.  And 

yet, the essentiality of Zn was first established only in 1963 (Prasad, 2012). 

 

 

In the human body, unlike Fe, there is no reservoir of Zn that can be easily mobilized 

when consumption is insufficient; this highlights the need for a diet which is consistently 

adequately supplied with Zn (Lowe et al., 2009). The total amount of Zn in an adult 

body is between 2-3 g (Das and Green, 2013) mostly dispersed in the musculoskeletal 

system (Trame et al., 2018). The concentration of Zn in humans differs between organs 

(Kabata-Pendias and Mukherjee, 2007a). They reported that Zn concentration in tissues 

varies between 13 and 310 mg kg-1, being lowest in the skin and highest in the liver 

and kidneys. Saunders et al. (2012) reported that about 60% of total body Zn is in the 

skeleton and 30% in bone mass.  

 

A daily intake of around 1.1-11.2 mg day-1 in children, 3-19 mg day-1 in adults or 11 

and 8 mg d-1 for man and women respectively is recommended (Manzeke et al., 2014). 

Also, Alloway (2009) recommended 3-16 mg Zn daily intake depending on gender, age, 
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and type of diet. While, Trame et al. (2018) reported recommended daily intakes (mg 

kg-1), of 0.14 for male and 0.12 for females. 

 

1.4.1 The physiological function of Zn  

The importance of Zn as a vital nutrient has been established for several years but only 

recently have academics understood the full importance of this nutrient on human and 

animal health (Ahmad et al., 2012). Researchers have classified more than 200 to 300 

Zn-dependent enzymes. All of these are key to biochemical pathways in the body 

(Ahmed et al., 2012, Prasad et al., 2016, Manzeke et al., 2014). Furthermore, Zn 

prosthetic groups are involved in about 3000 proteins in the higher human and animals 

(Alloway, 2009).    

 

Zinc is essential for the largest number of biological processes in human (Cakmak, 

2009). Consequently, sufficient Zn consumption is important for normal reproduction 

and healthy growth (Po et al., 2016, Chen et al., 2017b). In cellular processes, the 

main role of Zn includes cell proliferation, cognition/behaviour, vision, intermediary 

metabolism, DNA and RNA metabolism, repair, reproduction, taste, immune function 

and defence against free radicals, has been extremely recognized (Ho, 2004, Cakmak, 

2009, Maret and Sandstead, 2006, Lowe et al., 2009). Hence, in the human body, 

decreased Zn status causes impairment and cellular disturbance such as: (i) inhibited 

growth of children, (ii) high susceptibility to disease and immune dysfunctions, and (iii) 

delayed mental growth (Black, 2003). Women of childbearing age and young children 

are the most vulnerable to Zn malnutrition (Dickinson et al., 2009).  

 

1.4.2 Effect of Zn deficiency 

Zinc deficiency is the most important nutritional problem globally which influences 

around two million people, mainly children below 5 years old and pregnant women 

(Gargari et al., 2007, Chen et al., 2017b). At the worldwide level, Zn is one of several 
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micronutrient elements with the lowest level of acceptable intake (Beal et al., 2017). 

In developing countries, Zn deficiency is greater than developed countries because diets 

are low in vegetables and fruits (Saunders et al., 2012). 

 

The most recognised physiological indicators involve dry and rough skin, brittle 

fingernails, white spots on nails, dull hair, reduced smell and taste, loss of hunger, 

reduced adaptation to darkness, mood swings, normal diseases, deferred injury 

recovery and acne dermatitis (Das and Green, 2013). Additionally, in a study by 

Sandstead and Freeland-Graves (2014) memory, eye-hand coordination and reasoning 

ability in women, and immunity and lean-mass in children, were significantly affected 

by Zn deficiency.     

 

1.4.3 Plant phytic acid (PA) content  

In plants, PA is a recognised anti-nutrient factor and an effective chelator of nutrient 

metal ions which are fixed to the inositol ring (Okazaki and Katayama, 2014, Brankovic 

et al., 2015). Phytate can bind di- and tri-valent metals very strongly (Sandstead and 

Freeland-Graves, 2014) because it contains six negatively charged phosphate groups 

(Lopez et al., 2002b). The binding of Zn causes the formation of insoluble Zn-phytate 

which then prevents systemic assimilation of Zn (Gupta et al., 2015, Gabaza et al., 

2018). The daily intake of PA is about 2 g for developing countries and 0.2 to 0.8 g for 

industrialized countries (Wu et al., 2010a). The highest concentration of PA is found in 

cereal grains, nuts, legumes (Gargari et al., 2007), pulses and oleaginous crops (Febles 

et al., 2002). 

 

The phytase enzyme hydrolyzes PA into inositol tetraphosphate, pentaphosphate, 

tetraphosphate, triphosphate, diphosphate, and monophosphate in germination, 

fermentation, food processing, storage and digestion in the human digestive system 

(Garcia-Estepa et al., 1999). They reported that only inositol tetraphosphate (InP6) and 
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inositol pentaphosphate (InP5) have a negative effect on mineral bioavailability. The 

absence of intestinal phytase enzymes in the human gastrointestinal system causes 

decreased absorption of Zn (Abebe et al., 2007). In standard physiological conditions, 

the amount of absorbed Zn is affected by the total PA content (Gupta et al., 2015), the 

amount and type of protein, and the amount of Zn in foods (Lopez et al., 2002b). The 

latter authors reported that PA is the main factor affecting Zn absorption especially in 

foods with low animal protein content. Several strategies can be used to address the 

problem of PA in cereals, such as biofortification with Zn. Wang et al. (2015b) also 

found that application of Zn fertilizer actually caused a decrease in PA content of winter 

wheat.   

 

There are several methods to reduce the negative effects of PA in food. It is possible to 

hydrolyse PA by thermal processing, using a phytase enzyme, soaking seeds and grains, 

and fermentation during bread making process. Angela et al. (2012) reported that 

during the baking process, heat destroys more than 50% of PA; about 60% of PA is 

hydrolyzed by phytase during the bread making processing (Tavajjoh et al., 2011). 

They reported that by these methods the bioavailability and the bio-accessibility of Zn 

could be increased. Bio-accessibility can be defined as the proportion of element 

converted to soluble forms in the gastrointestinal system (Khouzam et al., 2011). 

Moreover, PA content is influenced by the rate of P application (Tavajjoh et al., 2011). 

Application of P fertilizer could be decreased to lower the PA concentration in the edible 

parts of plants. Approximately, 30% of human beings are at risk of Zn deficiency due 

specifically to large PA contents in grains and processed cereals (Sandstead and 

Freeland-Graves, 2014) - most of this is thought to be due to the high rate of P 

application to crops. 
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1.4.4 Phytic acid to Zn molar ratio 

To predict Zn absorption from edible foods (crops and cereals) containing PA, it has 

been usual to use their molar ratio in the food as an indication of the likely effect on Zn 

bioaccessibility (Roohani et al., 2012, Wang et al., 2015b). Karunaratne et al. (2008) 

divided diets into three groups based on PA: Zn molar ratio; < 5 high, 5-15 moderate, 

and >15 low bioavailability. In food, a PA/Zn ratio of 25-30 is considered a critical value 

for (restricted) Zn adsorption (Tavajjoh et al., 2011). To increase Zn bioavailability in 

foods by lowering the PA/Zn molar ratio Zn fertilization is one of several methods which 

may be used. Wang et al. (2015b) showed that application Zn fertilizer causes a 

decrease in the PA/Zn molar ratio in crops down to under 15.  

 

Calcium and iron content of foods and pharmacological intake of folic acid are other 

factors which they have an effect on Zn absorption (Nriagu, 2007). Luo and Xie (2012) 

reported that Zn absorption from grains increases with daily vegetable intake. Some 

vegetables such as spinach and carrot promote Zn absorption because these contain β-

carotene.       

 

1.5 Chemistry of phosphorus (P) in soil  

Approximately, 42% of agricultural soils in the world are influenced by P deficiency.  In 

developing countries, P deficiency is even more; commonly 70% of cultivated soils in 

China contain a low level of P (Zhang et al., 2014). The availability of P is an important 

determinant of crop growth. 

 

The total P concentrations (mg kg-1) in surface soils (0-30 cm) have been reported as 

200-5000 with an average of 600 (Lindsay, 1979) and 50-3000 in 0-15 cm for 

calcareous soil (Zhu et al., 2018). Inorganic P (Pi) accounts for about 60-80% of P in 

agricultural soils, while organic (Po) constitutes 30-50% in most soils (Zhu et al., 2018). 

The Pi is distributed among several fractions including various forms of the mineral 
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apatite (Ca5 (PO4)3 [F, OH or Cl]) and other Ca phosphates, secondary precipitates of 

Fe and Al, a surface-adsorbed exchangeable pool and free and complexed ions in the 

soil solution phase (Jalali and Ranjbar, 2010). Organic P in most soils exists as 

orthophosphate monoesters, phosphonate, organic polyphosphates and DNA 

nucleotides (Zhu et al., 2018). The physio-chemical properties of soil types are the 

main factors determining the forms of P present and their retention in soil (Jalali and 

Ranjbar, 2010).    

 

Only a very small proportion of soluble P is dissolved in soil water (Tunesi et al., 1999, 

Soinne, 2009, Hanrahan et al., 2005). The orthophosphate forms of HPO4
2- and H2PO4

- 

ions are plant-available P forms in the soil solution. The pKa value for these protonated 

anions is 7.2 and so in slightly acidic soils (pH 5-7) the H2PO4
- ion is dominant, while at 

pH> 7.2 the HPO4
2- ion is the main form of soluble P (Zhu et al., 2018, Jalali and Tabar, 

2011). Tunesi et al. (1999) showed that it is important to differentiate between different 

forms of soluble P in soils, because P speciation influences P availability to plants.  

 

1.5.1 Soil pH value 

pH is one of the main factors affecting the availability and forms of P in the soil (Holliday 

and Gartner, 2007). Devau et al. (2011) studied the effect of pH on P availability in 

alkaline soils. They found that increasing soil pH resulted in the formation of insoluble 

Ca-phosphate mineral types which then caused a decrease in P availability (McDowell 

et al., 2003, Gustafsson et al., 2012). At high pH, several calcium phosphate minerals 

may form. Superphosphate fertilizer contains monocalcium phosphate (MCP) but this is 

rapidly transformed to dicalcium phosphate (DCP) and then to octacalcium phosphate 

(OCP) and hydroxyapatite (HA) as the soluble P gradually mixes with the Ca-rich soil 

matrix. The minerals with a greater Ca:P ratio (OCP and HA) are less soluble and their 

formation therefore decreases P availability (Shen et al., 2011, Wadu, 2015b).  
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Maximum P solubility is found at pH 6.5 (Naeem et al., 2013). The solubility of P in acid 

soils (pH <6) is low due to P fixation by Fe and Al (Zhang et al., 2014) and adsorption 

on Fe/Al oxide surfaces (Onwonga et al., 2008). Gustafsson et al. (2012) reported that 

at low pH, mineral phases such as strengite (FePO4.2H2O) and variscite (AlPO4.2H2O) 

may form due to the reaction between P ions with Fe2+ and Al3+ ions and adsorption to 

hydroxyl- Al polymers in the interlayer space of clay minerals or the surface of FeIII and 

AlIII oxides. At pH values below 5.5, deficiency of P is mainly due to solubilisation of Al3+ 

ions (Desalegn et al., 2016) from gibbsite. Yang et al. (2013) showed that fulvic acid 

(FA) increased available P through complexation of solubilised Al ions in acid soils. In 

acid soil, fixed P can be released for plant uptake after liming to raise the soil pH 

(Desalegn et al., 2016) and precipitate exchangeable Al3+ (Haynes and Mokolobate, 

2001) 

  

1.5.2 Soil organic matter and soil texture 

A significant amount of potentially available P is returned in organic wastes and crop 

residues added to soil. For example, in western European half of all available P in 

agricultural soils is from the return of animal manure and a quarter in the United States 

(Smil, 2000). The amount of available P in the soil, which is derived from organic matter 

depends on the chemical composition of applied organic matter and the P:C ratio (Ziadi 

et al., 2013). The rate of decomposition of organic matter residues in soil is the major 

influence on the availability of P; the decomposition rate is dependent on microbial 

activity and the quality of organic residues (Salas et al., 2003).  

 

To reduce the fixation of P in soil, organic materials can be used (Mkhabela and 

Warman, 2005). They assumed that the addition of urban-waste leads to a reduction 

in immobilization of phosphate by coating sesquioxides with humus acids, which causes 

an increase in P solubility. The presence of organic molecules in the soil solution has 

also been shown to decrease P fixation by interfering with fixation reaction processes 
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(Leytem and Mikkelsen, 2005). Organic matter provides oxy-acid functional groups and 

microbial products such as citrate that can efficiently chelate Ca2+ ions and thus prevent 

Ca-phosphate precipitation (AL-OUD, 2011). Finally, the application of organic matter 

to agriculture soil increases the soil organic P fraction. Annaheim et al. (2015) report 

that organic matter input to agricultural soil increased sequential extractable organic P 

in cropping systems in the north of America. Delgado et al. (2002) found that 

application of organic matter to calcareous soils increased the amount of inorganic P in 

the soil solution due to inhibition of the precipitation of hydroxyapatite by organic acids 

and favoured the formation of dicalcium phosphate dihydrate (DCPD).    

 

Soil physical properties, principally texture, have an important role in determining P 

availability and solubility. Thus, Ziadi et al. (2013) and Schimel et al. (1985) reported 

greater reservoirs of available P in the finer-textured soils. However, Shariatmadari et 

al. (2006) found that greater amounts of clay in soil causes a decrease in P release to 

the soil solution. Gustafsson et al. (2012) showed an inverse relationship between P 

solubility and soil clay content and Smil (2000) showed that clayey soils have a high P 

fixation capacity compared to sandy soils. All these findings can be simply reconciled in 

terms of a Q/I (quantity/intensity) relationship. Clay soils will yield more extractable P 

but also adsorb more added P. Thus, fine textured soils have a higher P buffer capacity 

than sandy soils and will sustain a more conservative level of P solubility in the face of 

depletion by plant uptake or leaching.  

 

1.5.3 Soil calcium carbonate content  

Many researchers have found a significant correlation between P fixation, available P, 

and the soil CaCO3 content (Rawajfih et al., 2010). In calcareous soils, calcium 

carbonate transforms P into insoluble calcium phosphate complexes or surface adsorbed 

forms on calcite (Shariatmadari et al., 2006, Carey et al., 2011, Pizzeghello et al., 2011, 

Braschi et al., 2003, Zhang et al., 2014). With time, adsorbed P is probably transformed 
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to crystalline calcium phosphate minerals with very low solubility. About 80% of P in 

calcareous soils may be rendered unavailable for plant uptake because of these 

processes (Neset et al., 2008). As noted in section 1.5.2, (Delgado et al., 2002) the 

presence of organic acids, such as fulvic and humic acids, in soil could raise the 

efficiency of applied P fertilizer by increasing the portion of applied P that remains as 

more soluble Ca-phosphates.    

  

1.5.4 Kinetics of P fertilizer reaction with soil 

The kinetics of P fertilizers applied to soils have been widely studied. Given the time-

dependent fixation of P in soils it is important to understand the likely changes in P 

solubility during the course of a growing season, following fertilizer application.  

 

Samadi (2006) found that the rate constant (k) of P precipitation increased with 

increasing clay content and this was the main influence on P retention. Tunesi et al. 

(1999) found that the time of reaction was the major influence in Ca-P formation along 

with pH and Ca-ions concentration.  Over time, the reaction of applied P with soil 

decreases and become slower but without necessarily reaching an equilibrium state 

(Sinegani and Sedri, 2011).   

 

Less soluble forms of P fertilizer can become more available with time. Zhang et al. 

(2014) reported that plant available P is slowly released from rock phosphate which 

gradually increases the amount of available P. Rock phosphate (apatite) needs time for 

decomposition and then released P to soil as available P for plant uptake – but this is 

more likely to apply to acidic, rather than calcareous, soils. 

 

Various models have been used to describe the kinetics of P dynamics in soils (Sinegani 

and Sedri, 2011, McDowella and Sharpley, 2003). These studies have provided some 
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understanding of mechanisms controlling P sorption but also have practical application 

(Samadi, 2006).  

 

1.6 Plant uptake of P 

Phosphorus is one of several macronutrients required by plants (Nadeem et al., 2014) 

for their metabolic processes (Smith et al., 2003) and optimal growth (Ziadi et al., 

2013). Phosphorus in plants is important for numerous functions. Mullins (2009) 

separated P functions in the plant into (i) key processes of energy storage and transfer, 

cell division, respiration, photosynthesis, cell enlargement, (ii) a component of many 

cell constituents, and (iii) a physiological function of energy transfer. Also, P has a 

primary role in energy transfer for metabolic processes through cellular products such 

as ATP and ADP from the first stages to the end of a plant’s life (Ali et al., 2014).  

Phosphorus is involved in photosynthetic constituents, including proteins, sugars, lipids, 

and nucleic acids. The major components of cell membranes are phospholipids, and the 

building blocks of DNA and RNA are phosphate-containing nucleotides (Shih et al., 

2015). Plants accumulate P typically as the salt of PA (myoinositol-1, 2, 3, 4, 5, 6-

hexaphosphoric acid), mainly in seed (Ziadi et al., 2013). This accounts for around 50- 

80% of total P in crops (Steiner et al., 2007), which is the major anti-nutrient factor 

(Liu et al., 2006). Moreover, given that photosynthesis is the main indicator of plant 

productivity, Danyagri and Dang (2014) reported that P has an impact on plant 

productivity indirectly through the total size of leaf and directly by a decrease in 

Ribulose 1,5-bisphosphate regeneration and Rubisco activity. 

 

In plants, the P concentration is typically in the range 0.05-0.5% (Vance et al., 2003). 

Its availability is considered one of the key growth-limiting factors for plants in several 

natural ecosystems (Liu et al., 1998), and it is one of the two critical growth-limiting 

nutrients after nitrogen (Ma et al., 2016b). In natural soils, P uptake efficiency by plants 

is related to P availability (Bhattacharyya et al., 2015a). The inorganic P fraction (Pi) is 
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the major source of P for plants (Smith et al., 2003). Plants absorb Pi in the form of 

orthophosphate (H2PO4
- and HPO4

2-) which exists in the soil solution in extremely low 

concentrations 0.03-0.31 mg L-1 (Vance et al., 2003).   

 

Phosphate ions in the soil solution transfer to roots by the comparatively slow process 

of diffusion (Smith et al., 2003). And then, plants absorb P via their root hairs, root tips 

and outer layers of root cells (name, 1999). In the root, P is acquired via high–affinity 

inorganic P transporters (Liu et al., 1998). Thus, plants must have specific transporters 

at the root/soil interface to absorb Pi from the soil solution (Schachtman et al., 1998).  

The plant's ability to absorb soluble P from the soil solution varies depending on plant 

genotype (Yang et al., 2011). At the first stage of plant growth, root length is a major 

factor governing P uptake (Schroder et al., 2011), through their morphological and 

physiological characteristics. Fernandes et al. (2014) showed that P uptake by plants is 

influenced by root branch distribution within the soil. They studied the effect of potato 

root morphology on P uptake. Results showed that the factors determining P uptake 

included a balance between root morphological parameters (length and surface area) 

and physico-chemical parameters (P ‘intensity’). However, P ion concentration in the 

soil solution and the root surface absorbing area in contact with soil solution are 

probably the main factors controlling the ability of plants to take up P (Grant et al., 

2005).  

Other plant factors that influence P uptake when foliar application of P fertilizers are 

used include (i) leaf age and wetting (ii) the nature of cuticle layer on leaf surfaces and 

(iii) stomatal opening (Ali et al., 2014b). Furthermore, (Maruyama and Wasaki, 2017, 

Neumann and Martinoia, 2002, Cordell et al., 2011) reported five ‘strategies’ which can 

be used to enhance P uptake by plants, including (i) infection with mycorrhizal fungi (ii) 

increase in the root surface by change of root architecture, (iii) solubilisation of Pi by 

decreasing rhizosphere pH and exudation of organic acid, (iv) up-regulation of high-

affinity Pi transports, and (v) mineralization of organic P. Strategies ii – iv would be 
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achievable through plant breeding. The amount of available P to plants is increased by 

solubilization of soil P by citrate excreted from plant roots in some plants (Richardson 

et al., 2011).   

 

1.6.1 Soil factors controlling P uptake  

Soil characteristics which have an effect on P uptake by plants can be divided into 

chemical, physical and biological factors (Armstrong, 1999). The source of P, soil 

available P (Mohasses, 2015) and interaction with other nutrients are also important 

factors affecting P uptake by plants (Armstrong, 1999). Soil P is largely unavailable to 

plants (Vance et al., 2003), especially when P is applied to the soil surface where the 

highest amount of P fixation takes place (Akhtar et al., 2016). Plant P uptake is limited 

by the fixation mechanisms already discussed - formation of poorly soluble Ca-P 

minerals in calcareous soils (Hopkins and Ellsworth, 2005) and fixation with Fe and Al 

oxides in acidic soils (Tran et al., 2010). Thus P uptake by plants is usually low due to 

inadequate mobility and solubility of Pi sources (Lambers et al., 2008).  

 

Soil pH is the most important soil property affecting P uptake by plants.  The forms in 

which Pi exists in the soil solution change according to pH value given that the pKa 

values for H3PO4 dissociation into H2PO4
- and then into HPO4

2- are 2.1 and 7.2, 

respectively. Numerous studies on the pH dependency of Pi uptake by plants have found 

that the highest uptake occurs between pH 5.0 and 6.0 when H2PO4
- is dominant (Liu 

et al., 1998, Ziadi et al., 2013); this may suggest that Pi is taken up as the monovalent 

form. However, P uptake by plants from soil greatly depends on the soil buffering 

capacity, ease of Pi desorption from the solid phase, and subsequent diffusion to the 

root surface (Holford, 1997).    
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1.6.2 Plant controls over P uptake 

Phosphate toxicity symptoms occur in leaves when P uptake exceeds the tissue storing 

capacity because the capacity of plant stem tissues is limited (Shane et al., 2004). 

Phosphate toxicity causes enhanced leaf necrosis and senescence, induced 

micronutrient deficiency and reduced growth (Hawkins et al., 2008). The plant growth 

rate increases to resist excess uptake of P (Abdolzadeh et al., 2010). However, when 

plants absorb more P than required, various mechanisms react to avoid an increase to 

toxic P concentrations. Schachtman et al. (1998) described these processes as (i) 

decline of Pi uptake from the soil solution, (ii) Pi losses by efflux (between 8-70% of the 

influx), and (iii) transformation of Pi into organic storage complexes. To preserve 

intracellular Pi homeostasis, all of these processes may be used.   

    

1.6.3 Use of P fertilizer to enhance uptake 

Phosphate fertilizers are used worldwide to increase crop yield (Stutter et al., 2015). In 

all regions of the world, P deficiency and low P solubility have been countered by the 

use of P fertilizers (Yang et al., 2012). Approximately, 42% of cultivated soils are 

affected by P deficiency worldwide; this is particularly common in developing countries 

(Yang et al., 2012). They reported that, in the agronomic revolution, P fertilizers derived 

from rock phosphate have largely governed P nutrition of crop plants.  

 

The type of P fertilizers and application method can also have an effect on P uptake by 

plants. For example, Akhtar et al. (2016) investigated methods to improve P uptake by 

wheat cultivated in the calcareous soils of Pakistan. They found that P application 

methods affected grain yield and the efficiency of methods followed the order: 

phosphoric acid placed below the seed > phosphoric acid, DAP or TSP fertigation> DAP 

or TSP broadcast.  
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The efficiency of P fertilizers varies. Bhattacharyya et al. (2015) reported that only small 

amounts of applied P fertilizers are available and their efficiencies varied from 8% to 

33% depending on the nature of soils and crops. Moreover, P fertilizer use efficiency is 

increased through combination with organic matter which enhances P availability in the 

soil (Garg and Bahl, 2008). The effects of P fertilizers also depend on the balance of 

other nutrients present in the soil (Maqsood et al., 2014, Grant et al., 2005). 

 

In calcareous soils, plant P deficiency is especially common due to the presence of large 

amounts of CaCO3 and high pH (Jalali and Ranjbar, 2010, Naeem et al., 2013). 

However, long-term application of P fertilizers causes an increase in P uptake by plants 

(Bhattacharyya et al., 2015) due to increased available P (Li et al., 2006). They reported 

that larger fertilizer applications containing phosphate should be applied to cultivated 

calcareous soils to achieve optimum plant yield. Long-term P fertilizer application in 

excess to that normally required by plants for optimum growth causes P accumulation 

in the surface horizon (0-30 cm). In such circumstances, P loss can increase 

eutrophication of surface water if the landscape is prone to erosion. For example, 

residual P in agricultural land in China was estimated as 4.8 kg ha−1 of P in the 1980s 

but increased to 37.7 kg ha−1 in the 1990s (Sheng-Li et al., 2008). Moreover, Mehlich3-

extractable P build-up increased about 12% due to inorganic P with dairy manure 

application over a 10 year period in a sandy clay soil (Li et al., 2007). The potential for 

P loss clearly increases with soluble P in the soil (Pizzeghello et al., 2011, McDowell et 

al., 2003).   

 

1.7 Phosphorus in humans and animals  

Phosphorus plays an important role in human health and nutrition (Chen et al., 2016). 

In the human body, P is mainly acquired as organic P compounds found in food (Kiela 

et al., 2017). About 70-80% of dietary P is taken from milk products, meat, and grains 

(Kiela et al., 2017). It is one of the essential nutrients required by the body for energy 
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metabolism, gluconeogenesis, glycolysis, cellular signal transduction and skeleton 

mineralization processes for every system of animal and bacterial life on Earth (Suh 

and Yee, 2011, Lin et al., 2014). The structural role of hydroxyapatite in bone in the 

human body is the primary function of P (Bergman et al., 2009). The total P mass in an 

adult (70 kg) is about 650 g (Heaney and Graeff-Armas, 2018).  

 

Ervin et al. (2004) reported that the daily intake of P by an age-stratified population in 

the USA during 1999-2000 (Table 1.1). 

 

Table 1.1: Daily phosphorus intake depending on age during 1999-2000 in the USA. 

Age (year) P intake (mg d-1) 

0-5 913 
6-11 1078 

12-19 1172 
20-39 1251 
40-59 1239 

0ver 60 1055 

 

However, P daily dietary intake increased from 1233 mg day-1 in the 1960s to 1421 mg 

day-1 in 1995. While the usual range of P intake is between 775-1860 mg P d-1, only 

about 60-80% of dietary P is absorbed (Favus et al., 2006). However, a significant 

percentage of absorbed P is from cereals because cereals are staple foods (Takeda et 

al., 2012). 

 

The estimated P dietary intake differs depending on age and sex (Ervin et al., 2004). 

Recommended dietary allowances (RDA) and tolerable upper levels (UL) for P intakes 

are shown in Table 2. Since high intakes of P can cause health hazards, mean daily P 

consumptions should not exceed the UL (Gal and Dahl, 2013). 
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Table 1.2: Dietary intake reference and tolerable upper levels for P according to (Gal and Dahl, 

2013; Kiela et al., 2017). 

  
Recommended Daily 

Allowance  
Upper Limit 

Age (years) (mg d-1) 
 Children  

1 to 3 460 3,000 
4 to 8 500 3,000 

9 to 18 1250 4,000 

 Adults   
19 up to 70 700 4,000 

> 70 700 3,000 
  pregnant  

14 to 18 1250 3,000 
19 to 50 700 3,000 

 lactating   
14 to 18 1250 4,000 
19 to 50 700 4,000 

 

 

1.7.1 The physiological function of P 

In the human body, P is the second most abundant vital element after calcium (Raina 

et al., 2012); it is required by all cells for normal functions (Kalantar-Zadeh et al., 

2010). Phosphorus constitutes about 0.65-1.1% of the adult body and 0.5% of the 

infant body (Kiela et al., 2017); 80-85 % of total P in the body is stored in bone and 

teeth as hydroxyapatite (Takeda et al., 2012, McDowell et al., 2003, Bergman et al., 

2009).  Approximately 14% to 15 % of P is in soft tissues and blood and less than 1% 

is in the extracellular fluids (Allen-Durrance, 2017, Heaney and Graeff-Armas, 2018). 

Phosphorus is mostly present as phosphate (H2PO4
-, HPO4

2-, PO4
3-) ions and P esters 

(Kiela et al., 2017). The level of phosphate esters (PO4
3-), in serum, varies extensively 

depending on age, sex and dietary intake (Favus et al., 2006). Phosphorus is a vital 

constituent of adenosine triphosphate (ATP), nucleic acids and is essential for acid-base 

balance, a vital constituent of essentially all enzymes, carbohydrates, and cellular 

messengers such as the G-proteins (Takeda et al., 2014, Soetan et al., 2010). 

Phosphorus is needed to produce cyclic adenosine monophosphate, guanosine 



27 

 

triphosphate, and phosphocreatine (Allen-Durrance, 2017), which are needed to 

maintain energy stores, cellular membrane integrity and biochemical messenger 

systems (DiBartola and Willard, 2012). In addition, it is vital for regulating tissue 

oxygenation (2,3-diphosphoglycerate [2,3-DPG]), regulating many enzymes (eg,1α-

hydroxylase and glutamines) (Soetan et al., 2010), and in maintaining bone and dental 

matrices (Heaney and Graeff-Armas, 2018).    

      

Phosphorus is one of the key nutrients involved in several functions in living organisms 

(Puggaard et al., 2014) and sufficient P is required in the diet for normal skeleton 

growth (Mutucumarana et al., 2015), bone building (Neset et al., 2008), energy 

metabolism GTP (Ervin et al., 2004), glycolysis, gluconeogenesis (Takeda et al., 2012) 

and information coding in RNA and DNA (Heaney and Graeff-Armas, 2018). In body 

fluids, P is the main pH buffer (Kalantar-Zadeh et al., 2010). Phosphate has a vital role 

in managing peptide transporting activity through peptide transporter one (Pep T1) in 

the intestine (Furutani et al., 2013). Moreover, P has a major role in teeth maintenance, 

related to calcium utilization. Lin et al. (2014) reported that the ratio between P and Ca 

concentration in the diet is an important factor in demineralization and remineralization 

of enamel. They also reported that the P supply is related to the incidence of dental 

caries in young children.  

 

1.7.2 Effect of P deficiency on humans 

As already noted, P is a vital element for all life (Heaney and Graeff-Armas, 2018). The 

normal level of serum P should be between 25-35 mg L-1 (Kiela et al., 2017). 

Phosphorus is one of the main factors in the preservation of bone health, and its 

deficiency causes clinical illness and bone pathology, such as osteomalacia and rickets 

(Chen et al., 2016). Moreover, low P levels cause bone pain, poor coordination, and 

muscle weakness while, in children, it causes poor and reduced tooth development and 

decreased growth rate (Gal and Dahl, 2013). Suboptimal Ca/Pi levels cause impaired 
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skeletal mineralization due to the low level of P in serum (Favus et al., 2006). Also, low 

dietary Pi significantly increases chronic kidney disease (Furutani et al., 2013).  

 

Chen et al. (2017a) studied the effect of P deficiency in fish and reported that it caused 

weak bone mineralization, increased lipid content in the body, operculum and skeletal 

deformities. However, excessive intake of P is more widespread than inadequate. 

Excessive P intake through the diet causes deleterious effects on the health of heart, 

kidney, bone, and metabolism (Calvo and Uribarri, 2013, Takeda et al., 2012). They 

reported that the risk of cardiovascular disease in healthy people was increased due to 

an increase in serum P concentration because of a rise in medial calcification and chronic 

kidney disease. 

 

1.7.3 Plant phytic acid content 

Phytic acid (PA), the salt of (myo-inositol 1, 2, 3, 4, 5, 6-hexakisphosphate, InsP6) is 

the main form of stored P in plant seeds (Liu, 2005). Approximately, 50%- 80% of total 

P in plants is accumulated as PA (Steiner et al., 2007). Furthermore, it is about 1% to 

5% weight of cereals, oilseeds, edible legumes and nuts used by humans and animals 

as a staple food (Okazaki and Katayama, 2014). In crops, rich in PA, such as grains, 

the bioavailability of P is between 10-30% due to the absence of the degradation 

phytase enzyme (Kalantar-Zadeh et al., 2010, Donate-Correa et al., 2012).    

 

In humans, P deficiency may be caused by PA because PA cannot be utilized due to the 

lack of a digestive phytase enzyme in the intestines (Kumar et al., 2010, Kiela et al., 

2017). Furthermore, the presence of high amounts of PA in foods has a negative result 

on human health due to chelation of dietary minerals such as Fe and Zn, which affects 

mineral-related deficiencies in humans, and decreases protein and lipid utilization 

(Kumar et al., 2010). They reported that the protection from various diseases, 

especially heart and cell activities can be increased by increasing the amount and 
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activity of the phytase enzyme in dietary foods which reduce PA during the processing 

of foods.  

 

Recently, the beneficial role of PA in human health has been reported by some 

researchers. Undigested PA accumulates in the digestive area of monogastric animals 

such as humans and this has beneficial effects on gut microflora (Sekita et al., 2016). 

Furthermore, PA has additional benefits such as anticarcinogenic, antioxidant, and 

antidiabetic activity (Okazaki and Katayama, 2014). Phytate and myo-inositol 

encourage insulin sensitivity in adipocytes by improving glucose uptake, lipid storage 

capacity, and inhibiting lipolysis (Kim et al., 2014). 

 

1.8 An overview of the Kurdistan region of Iraq  

The Iraqi Kurdistan Region consists of three provinces: Erbil, Sulaymaniyah, and Duhok, 

with a population of 5.2 million. It covers an area of 40,640 km2 and borders Iran to 

the east, Syria to the west, and Turkey to the north. The fertile land lies adjacent to 

the Zagros Mountains. It is crossed by the rivers Sirwan, Dukan, the Tigris and their 

branches and the large and small Zab River. There are several small lakes, such as Lake 

Sirwan and Lake Duhok. 

 

The average height of the Kurdistan Region Mountains is about 2,400 m increasing to 

about 3,000–3,300m in the north. The Halgurd is the highest peak (3,660 m) in the 

region, close to the Turkey and Iranian borders. The Kurdistan region western and 

southern parts are not as mountainous as the eastern part. 

 

The climate of the Kurdistan Region is semi-arid and conditions fluctuate with seasons: 

cold and dry in winter and hot and dry in summer. The other two seasons are moderate 

in the Kurdistan Region. Average temperatures range from 13-18 0C in March to 27-32 

0C in May whereas temperatures reach 39-45 0C in July and August for the north and 
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south parts respectively. In winter high-temperatures reach 7-13 0C and low are 0-7 

0C. 

 

1.9 Objectives of the current project  

Phosphorus and Zn are two essential elements required by humans and plants for 

healthy growth and development. Soil properties affect P and Zn bioavailability to plants 

and also the nature and extent of their interaction. Their bioavailability in calcareous 

soils is low due to various soil properties, principally a high calcium carbonate content 

and soil pH value and a low organic matter content.  

 

The general aims of this current thesis are listed below: 

1. Determine the chemical form, solubility and bioavailability of zinc (Svecnjaka et al.) 

and phosphorus (P) in the calcareous soils of Iraqi Kurdistan and the nature and 

extent of their interaction. 

2. Assess the utilization of Zn and P by crop plants in Kurdistan and the viability for 

biofortification of Zn in the face of calcareous soils subject to long term large 

applications of P fertilizer. 

3. Quantify the transfer of Zn and P into the Kurdistan diet and their possible 

interaction through Zn binding to phytate. 

 

1.10 Hypothesis  

In the calcareous soils of Kurdistan, the presence of high amounts of calcium carbonate 

and high soil pH values may not only impact on P and Zn availability and crop yield but 

may also have a negative impact on the quality of agriculture products. In particular, it 

is hypothesized that crops produced may contain low concentrations of Zn which may 

increase risk to human health, as well as restricting yield. Furthermore, in Kurdistan, 

farmers apply high amounts of P fertilizer to soils to offset the tendency of the 

calcareous soils to fix phosphate; the focus is, quite naturally, on maximising crop yield. 
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Thus Zn bioavailability to human populations may be decreased, both due to increased 

phytic acid (PA) concentration in crops and immobilization of Zn in soil by phosphate 

fertilizer and naturally occurring calcium carbonate.  However, information about Zn 

deficiency in Kurdistan soils and the chemical forms of Zn and P in these soils is 

currently very limited.  
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2 Methods and Materials 

This chapter gives details of methods and analytical procedures that have been used 

throughout the current study for soil and plant analysis. Methods relating to specific 

experiments are provided within the relevant chapters. 

 

2.1 Soil sampling and preparation  

Soil samples were collected using a stainless steel trowel and then sealed in plastic 

bags. About 1 kg of each soil was dried at room temperature in an aluminium tray, 

disaggregated, then sieved to obtain the <2 mm fraction. A representative sample of 

approximately 50 g of each sample was transferred to a plastic bag, labelled and 

transported to Nottingham University, UK. A 10 g portion of each sample was finely 

ground using an agate ball mill (Retsch, Model PM400), and then stored in a polyethene 

bag before further analysis. 

 

2.2 Soil analysis    

2.2.1 Soil pH  

Soil pH was determined in a suspension of 5 g of 2 mm sieved air-dried soil suspended 

in 12.5 mL distilled water (ratio 1:2.5) after shaking at 40 rpm for 30 minutes on vertical 

shaker. A pH meter (model Hanna pH-209 with a combined glass electrode (Ag/AgCl; 

PHE 1400) calibrated using pH 4.01 and 7.0 buffer solutions was used for pH 

measurement after five minutes of stabilization.  

 

2.2.2 Loss on Ignition (LOI %) 

A known weight of <2 mm oven-dried soil was placed in a pre-weighed silica crucible 

and placed in a muffle furnace (Gallenkamp size 3, Weiss, Gallenkamp, UK) overnight 

at 550 0C to ignite the organic matter. After ignition, the crucible was cooled in a 
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desiccator before the weight loss was determined and expressed as a percentage of soil 

organic matter using equation 2.1. 

 

 

ODSW

100*W
% LOI 

IS
ODS

C
                              Eq.  2.1 

 

Where WODS is the weight of the oven dry soil and WIS is the weight of the ignited soil. 

 

2.2.3 Soil digestion 

Approximately 200 mg of finely ground soil was digested in 2.5 ml HF (40% AR), 2.0 

mL HNO3 (Trace Analysis Grade: TAG), and 1 ml of HClO4 (AR) in PFA digestion vessels 

using a 48-place block digester (Model A3, Analysco Ltd, UK). Digested samples were 

diluted to 50 ml of Milli-Q water and stored in universal sample bottles prior to elemental 

analysis. Samples were diluted 1-in-10 with Milli-Q water immediately before analysis. 

 

2.2.4 Determination of Olsen-P 

 Approximately 2.0 g of air-dried soil was transferred into a 50 ml centrifuge tube with 

30 ml of extracting solution (0.5 M NaHCO3, 5 ml of 5% polyacrylamide, pH 8.5), to 

achieve a 1:15 soil to extractant ratio. The sample was then shaken for 30 minutes 

before centrifugation for 15 mins at 3500 rpm. Phosphorus concentration in the 

supernatant was determined spectrophotometrically at 880 nm in a 1 cm cell using the 

ascorbic acid method of (Murphy and Riley, 1962). Available P in the sample was 

calculated from equation 2.2 
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Where POlsen is the available phosphate in the soil (mg P kg-1), Psoil, and Pblank are the 

measured amounts of phosphate-P in the aliquots used for colour development (µg 

P), Ws is the weight of air-dried soil extracted (c.2.0 g), Vext is the volume of sodium 

bicarbonate (c. 30 mL), and Vsoil-CD and Vblank-CD are the volumes of the supernatant 

used for colour development. 

 

2.2.5 Determination of DTPA-Zn 

Approximately 2.0 g of air-dried soil was transferred to a 20 ml universal tube and 8 ml 

of diethylene triamine pentaacetic acid (DTPA)–Triethanolamine TEA buffer (0.005 M 

DTPA+ 0.01 M CaC12 + 0.1 M TEA)  was added to achieve a 1:4 soil to extractant ratio. 

The suspension was shaken for 1 h at 30 rpm at room temperature before centrifugation 

for 10 min at 3000 rpm, filtration (Quevauviller, 1998). Samples (5 ml) for ICP-MS 

(Thermo Fisher scientific iCAP Q, Germany) analysis of Zn were preserved by the 

addition of 0.2 ml of 50% nitric acid. Zinc concentrations in each sample were converted 

to mg kg-1 using equation 2.3. 

 

 

Soil

soil
soil

W

VC
Zn

solblankC
                                 Eq.2.3 

  

Where Znsoil is the Zn concentration in soil samples (mg Kg-1), Colu and Cblank are Zn 

concentrations in the soil and blank digests (µg l-1), Vsol is the diluted soil extraction 

volume (8 mL), and Wsoil is the mass of soil sample used for extracting Zn (2.0 g). 

 

2.2.6 Determination of soluble P and Zn 

Approximately 2.0 g of air-dried soil was transferred to a 50 ml centrifuge tube with 20 

ml of 0.01 M calcium nitrate and shaken for 48 h followed by centrifugation (2500 rpm 

for 15 min), filtration (0.22 µm) and acidification of 5 ml of the supernatant with 0.2 

ml of 50% HNO3 for preservation prior to analysis of P, Zn, Ca, Na, K, Mg, and S. A 
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separate aliquot was retained for pH determination and measurement of dissolved 

inorganic carbon (DIC), dissolved organic carbon (DOC), and phosphate as described 

by Murphy and Riley (1962). Concentrations of soluble P in samples were calculated 

using equation 2.4. 

𝑆𝑜𝑙𝑢𝑏𝑙𝑒 𝑃 =
(𝐴𝑏𝑠 × 𝑆𝑙𝑜𝑝𝑒)

𝑉𝐸𝑥𝑡.
  … … … … .                       𝐸𝑞. 2.4 

                                       

In Eq. 3.1 Soluble P is the concentration of phosphate in the soil solution (µg mL-1), Abs 

is the absorbance measured with a spectrophotometer at 880 nm, Slope is the slope of 

standard P solution, and VExt is the volume of the supernatant used in the colour 

development 

 

2.2.7 Phosphate solubility 

Double function parameters consisting of phosphate potential logH2PO-
4-pH and lime 

potential (log Ca2+ + 2pH) were used to construct a solubility diagram for calcium 

phosphate minerals. It was assumed that the free ion activity of H2PO-
4 was controlled 

by lime potential and pH based on published solubility product (Ksp). It was also 

assumed that the solubility of phosphate in calcareous soils is controlled by a solid 

phase of calcium phosphate minerals listed in Table 2.1 (Lindsay, 1979). 
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Table 2.1: Calcium phosphate phases, reactions and Ksp used in the construction of a phosphate 

solubility diagram. 

Mineral Formulae Equation Ksp 

Monocalcium 

phosphate (MCP) 

 

Ca(H2PO-
4)2.H2O Ca(H2PO4)2.H2O ⇌ Ca2+ + 2H2PO4

- + H2O 

*2H+ ===== 2H+ 

Log H2PO4
--pH = - 0.575 -0.5 (LogCa2++ 2pH) 

-1.15 

Dicalcium 

phosphate (DCP) 

 

CaHPO4 

 

CaHPO4 + H+  ⇌ Ca+2 + H2PO4
- 

H+ ======  H+ 

Log H2PO4
- -pH ⇌ 0.3 – (LogCa2++ pH) 

0.3 

 

Brushite (DCPD) 

 

CaHPO4.2H2O    CaHPO4.2H2O + H+ ⇌ Ca +2 + H2PO4
- + 2H2O 

H+ ====== H+ 

Log H2PO4
-- pH = 0.63 - (LogCa2++ 2pH) 

0.63 

β-Tricalcium 

phosphate  

Ca3(PO4)2 Ca3(PO4)2 + 4H+   ⇌    3Ca2+ + 2H2PO4
- 

2H+ ====== 2H+ 

Log H2PO4
--pH ⇌ 5.09 - 1.5 (Log Ca2+ + 2pH)  

10.18 

Octacalcium 

phosphate (OCP)   

 

Ca4H(PO4)3.2.5H2O Ca4H(PO4)3.2.5H2O + 5H+ ⇌ 4 Ca+2 + 3H2PO4
- + 

2.5H2O 

3H+ ======  3H+  

Log H2PO4
- - pH = -11.76 –( Log Ca2+ + 2pH) 

11.76 

Hydroxyapatite 

(HA) 

 

Ca5(PO4)3OH 

 

Ca5(PO4)3OH + 7H+ ⇌ 5Ca2+ + 3H2PO4
- + H2O 

3H+ ======  3H+ 

Log H2PO4
- - pH = 4.82 - 1.66 ( Log Ca2+ + 2pH) 

14.46 

 

* H+ ion added to both side of equations in order to calculate lime potential (Lindsay, 1979). 

 

2.2.8 Zn solubility 

Log free ion activities of Zn2+ against hydrogen potential were used to construct a 

theoretical solubility diagram for Zn minerals. It was assumed that (Zn2+) was 

controlled by pH based on published Ksp values for Zn minerals.  It was assumed that 

the solubility of Zn in calcareous soils is controlled by solid phase of Zn minerals listed 

in Table 2.2 (Lindsay, 1979, Nazif et al., 2015, Urgun and Rimmer, 2000).  
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Table 2.2: Zinc minerals, reactions and Ksp used to draw a Zn solubility diagram. 

Mineral Formulae Equation Ksp 

Smithsonite ZnCO3 ZnCO3 + 2H+ ⇌ Zn2+ + CO2 + H2O 

Log Zn2+ = 7.71 - PCO2 - 2pH 

7.91 

Amorp Zn(OH)2 Zn(OH)2  +  2H+ ⇌  Zn2+ + 2H2O 

Log Zn2+  =  12.48 - 2pH 

12.48 

Hydrozincite Zn5(OH)6(CO3)2 Zn5(OH)6(CO3)2 + 10H+ ⇌ 5Zn2+ + 2CO2 + 8H2O 

Log Zn2+  =  9.2 - 0.4pCO2 - 2pH 
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Zincite ZnO ZnO + 2H+ ⇌ Zn2+ + H2O 

Log Zn2+ = 11.16 - 2pH 

11.16 

Soil-Zn 

 

Soil-Zn 

 

Soil-Zn + 2H+  ⇌   Zn2+ 

Log Zn2+ = 5.8 - 2pH 

5.8 

 

Where the partial pressure of CO2 = -1.52 for Smithsonite and hydrozincite   

 

2.2.9 Phosphate Fractionation 

The fractions of P in the soils were determined using a modified version of the procedure 

described by Audette et al. (2016) in Table 2.3.  

 

Table 2.3: Modified sequential fractionation approach for phosphate fractionation. 

Step  Inorganic P fraction Extractant pH Shaking time 

1a  Ca2-P type 0.25 M NaHCO3 8.0 1 h 

2  Ca8-P type 0.5 M NH4Acb 4.2 16 h stand, 1 h 

3  Prevent re-adsorption 1.0 M MgCl2 8.0 2 h 

4  Al-P 0.5 M NH4F 8.2 1 h 

5  Fe-P 0.1 M NaOH-Na2CO3 12 2 h, 16 h stand, 2 h  

6  Occluded  0.3 M CDc 13 16 h stand, 1 h 

7  Ca10-P type 0.25 M H2SO4 1.0 1 h 

a Ethanol wash after step 1,  b  Ammonium acetate,  c  0.3 M Sodium citrate (20 mL)-dithionite (1.0 g)- 1.0 M 

sodium hydroxide (5 mL) 

 

The extracts were stored at 50C prior to analysis by ICP-MS for total P and colourimetrically 

using the molybdate blue method (Murphy and Riley, 1962) for inorganic P. Organic P 

concentrations were calculated by subtracting the amount of inorganic P from the total P. 
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2.2.10 WHAM speciation 

The Windermere Humic Aqueous geochemical speciation model version 7 (WHAM (VII))  

was used to estimate (H2PO-
4) and (Zn2+) using the following input parameters: (a) 

[Na], [Mg], [K], [Ca], in mgL-1 and [Zn] in µgL-1 of suspensions, [PO4], [NO3], and [SO4] 

in mole L-1 (b) the suspension pH, (c) dissolved inorganic carbon (DIC), and (d) Fulvic 

acid (FA). The temperature was set to 22°C. It was assumed that DIC contained 50% 

C and that 50% of the DOC was organic in origin (Nazif et al., 2015). 

 

2.3 Plant sampling and preparation 

At harvest, plant samples were collected by hand. All samples were sealed in a 

polyethene bags to transport to soil laboratory of Agriculture Technical college of 

Halabja. At the laboratory, all samples oven dried at 45 ˚C to a constant weight for dry 

matter yield in a forced air oven (model LDO, 060E) and then recorded dry weight in 

an aluminium tray.  A representative sample of approximately 10 g of each sample was 

transferred to plastic bags labelled and transported to the Nottingham University, UK. 

About 10 g portion of each sample was finely ground using a centrifugal mill (Retsch, 

Model ZM200), and then stored in a polyethene bag before further analysis. 

 

2.4 Plant analysis 

2.4.1 Plant digestion  

Approximately 200 mg of milled plant material was digested under microwave heating 

(Anton Parr, Multiwave 3000) for about 45 mins at 2 MPa in 6.0 mL of 68% TAG HNO3 

for vegetables and 4.0 mL HNO3, 2mL H2O2 for grains. Digested samples were diluted to 

20 mL with Milli-Q water and stored at room temperature prior to multi-element analysis 

by ICP-MS.   
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2.4.2 Determination of phytic acid (PA) 

 Phytic acid (PA) was determined using a Megazyme kit (K-PHYT, Megazyme, and Bray, 

Ireland). Approximately, 1 g of grain was extracted with 20 mL of hydrochloric acid 

(0.66 M), capped with aluminium foil and left to stand overnight at ambient laboratory 

temperature. An aliquot of the extract (1 ml) was centrifuged at 13000 rpm for 10 mins 

and neutralized with 0.5 mL of 0.75 M NaOH. Total P was estimated in 0.05 mL of 

extract to which 0.60 mL of distilled water was added followed by addition of 0.2 mL of 

0.2 M sodium acetate buffer and 0.02 ml of phytase and mixing by vortex. After 

incubation at 40 0C for 10 min, 0.2 mL of 0.4 M glycine buffer and 0.02 ml of alkaline 

phosphatase (20 µl) were added. The reaction was stopped by the addition of 0.3 mL 

of 50% trichloroacetic acid. The contents were centrifuged at 13000 rpm for 10 min 

and to 1 ml of the solution 0.5 mL of colour forming reagent (10% ascorbic acid [5:1 

ratio] 5% ammonium molybdate) was added and the optical density measured at 655 

nm. At the same time, free phosphorus was determined by mixing 0.2 ml of sodium 

acetate buffer and 0.62 ml of distilled water to 0.05 ml of the mixed and neutralized 

extract, followed by incubation at 40 0C for 10 min. To this, 0.02 ml of distilled water 

and 0.2 mL of glycine buffer was added, mixed, and incubated at 40 0C for 10 min, 

followed by the addition of trichloroacetic acid to stop the reaction. The contents were 

centrifuged at 13000 rpm for 10 mins and to 1 mL of the aliquot, 0.5 ml of colour 

forming reagent added before the absorbance at 655 nm was measured. A calibration 

curve was generated using the standard solution supplied with the kit. The P and PA 

contents were calculated using equation 2.6. 

 

 
 P

F







W10000

20 M 
c              Eq. 2.6 

 

Where M is mean of phosphorus standard value, 20 is original sample extract volume 

(mL), F is dilution factor, 10000 is conversion from µg/g to g/100g, W is weight of 
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original material, ⱱ is sample volume used in colourimetric determination step (1 mL) 

and ∆A is the difference between total and free P (i.e. total P – free P). The 

concentration of PA was calculated using equation 2.7. 

282.0

)100/(
(g/100g)PA 

ggP
                  Eq.2.7 

Where 0.282 is a factor to convert P to PA  

 

2.4.3 Determination of Phytic acid to Zn molar ratio (PA/Zn molar ratio) 

 The number of moles of PA and Zn was determined by dividing the weight of PA and 

Zn with its atomic weight (phytate: 660.8 g/mole and Zn: 65.38 g/mole). The molar 

ratio between PA and Zn was determined after dividing the number of mole of PA by 

the number of mole of Zn. 

 

2.4.4 Determination of human Zn bioavailability 

Estimated human bioavailability of Zn was calculated for an intake of 300 g of grain 

using a published model for Zn absorption as a function of dietary Zn and PA. The 

development of the model is described in detail by Miller et al., (2007):     
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       Eq. 2.8 

 

The model has three predictor variables include of total daily Zn (TDZ), total daily PA 

(TDP) and the response variable is total absorbed Zn (Haynes et al.). All units are mM 

d-1. The model has three parameters maximal absorption (AMAX), Zn-transporter 
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binding equilibrium dissociation constant (KR) and a Zn-phytate binding equilibrium 

dissociation constant (Mitchikpe et al., 2008). The values of AMAX, KR, and KP vary 

calculated for healthy adult depending on the reference Table 2.4. 

 

Table 2.4: Reference values (AMAX, KR, and KP) used for the calculation of human Zn bioavailability. 

References AMAX KR KP 

Miller et al. (2007)  0.13 (0.034 to 0.23) 0.1 (-0.073 to 0.28) 1.2 (-0.36 to 2.8) 

Brown et al. (2010)  0.11 0.065 0.77 

Imran et al. (2016) 0.091 ± 0.007 0.033 ± 0.22 0.68 ± 0.01 

All values are mean ± SE. AMAX, maximal absorption of Zn; KP, Zn-phytate equilibrium constant; KR, Zn- transport 

receptor equilibrium dissociation constant. 

 

2.5 Elemental analysis using ICP-MS 

 The multi-element analysis was undertaken using ICP-MS (Thermo Fisher scientific 

ICAP Q, Germany) operated in “collision cell mode” using helium gas to reduce 

polyatomic interferences. Samples were introduced from an autosampler (Cetac ASX-

520 with 4 x 60 place sample racks). Internal standards were introduced to the sample 

stream through a T-Piece and included Ge (100 ng m L-1), Rh (20 ng m L-1), and Ir 

(10 ng mL-1) in 2% HNO3. External multi-element calibration standards (Claritas-PPT 

grade CLMS-2, Certiprep/Fisher) included As, Al, Ca, Cu, Co, Cs, Cr, Cd, Fe, K, Mo, 

Mg, Mn, Ni, Na, Rb, Se, Sr, U, V, and Zn, all in the range of 0-100 µg L-1.  Sample 

processing was undertaken using plasma lab software Qtegra intelligent data solution 

TM (ISDS) (Thermo-Fisher Scientific, UK). Measured concentrations were corrected 

using the average of three blank digestions. All elemental concentrations were 

converted to mg kg-1 using equation 2.9. 

 

 

Soil

soil
soil

W

VC
C

solblankC
                             Eq.    2.9 
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Where Csoil is the element concentration in soil (mg kg-1), Csoln and Cblank are the 

concentrations in the soil and blank digests (µg L-1); Vsol is the digestion volume and 

Wsoil the mass of finely ground soil digested. 

 

2.6 Statistical analysis  

For analysis of variance; one way and two way, person correlation coefficient were used 

for all samples by using SPSS statistics v. 24 and Minitab 17.2.1. Other statistical 

calculations e.g. standard deviation, standard error, mean, median and average values 

were calculated using Microsoft Excel 2013. Statistically significant differences were 

considered to have a P value <0.05.   
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3 THE SOLUBILITY OF PHOSPHORUS AND ZINC IN THE 

CALCAREOUS SOILS OF KURDISTAN 

 

3.1 Introduction  

Phosphorus (P) and zinc (Zn) are two important nutrients in the biological system which 

are essential for plants and humans for optimal growth and development (Fekri et al., 

2011, Maret and Sandstead, 2006). However, their deficiency is a worldwide nutritional 

problem that reduces the yield of many crops especially cereals (Drissi et al., 2015). In 

arid and semi-arid regions with calcareous soils, P and Zn solubility, and the processes 

that limit their solubility differ with soil properties (Catlett et al., 2002, Al-Tameemi et 

al., 2015). It is not always straightforward to differentiate between mechanisms 

(Wandruszka, 2006). Soil-applied Zn and P fertilizers react with the soil solid phase, 

causing reduced soluble P and Zn by forming secondary minerals. When applied to soil 

containing a large amount of calcium, typically soluble P is precipitated as dicalcium 

phosphate (DCP) or octacalcium phosphate (OCP) (Al-Tameemi et al., 2015). Soluble 

Zn may precipitate Zn as ZnCO3 (Dahiya et al., 2005), Zn2SiO4 and Zn(OH)2 

(Sadeghzadeh, 2013), or be adsorbed on soil colloids (Abid et al., 2013) and carbonates 

(Jalali and Zinli, 2012) at pH <8.4 (Duffner et al., 2012).  

 

Jalali and Tabar (2011) and Catlett et al. (2002) suggest that at low pH, adsorption 

may control P and Zn solubility while at high pH, precipitation appears to determine 

solubility. Duffner et al. (2012) reported that Zn deficiency frequently co-occurs with P 

inadequacy since the bioavailability of both P and Zn is reduced with increasing soil pH. 

In general, soil CaCO3 content appears to have a substantial influence on the solubility 

of P and Zn. Al-Tameemi et al. (2015) and Jalali and Zinli (2012) reported that 

adsorption processes dominate at low P and Zn concentrations while precipitation 

reactions tend to occur at higher P and Zn concentrations.  
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In addition to CaCO3 content, contact time and rate of P and Zn fertilizers are also 

important factors controlling P and Zn solubility (Gustafsson et al., 2012, Shen et al., 

2011, Delgado et al., 2002, Halajnia et al., 2009). Numerous reports have 

demonstrated variations in P and Zn solubility with other soil properties. Soil type, soil 

cation exchange capacity (CEC), metal concentration, clay mineral type, soil pH, Fe, Mn 

and Al oxides and organic matter content are also important variables affecting 

solubility and bioavailability (Fernandez-Calvino et al., 2012, Bradl, 2004, Martinez and 

Motto, 2000, Catlett et al., 2002). It has been estimated that about 80% (Neset et al., 

2008) and 90% (Abid et al., 2013) of applied P and Zn in soils is rendered unavailable 

for plant uptake.  

 

To understand the adsorption reactions of P and Zn various models have been used 

(Sinegani and Sedri, 2011, McDowell et al., 2003, McDowella and Sharpley, 2003). 

These reports give some information about mechanisms governing P and Zn adsorption 

but have limited practical use (Samadi, 2006).  

 

Knowledge about Zn inadequacy in Kurdistan soils is limited but, there are several 

papers concerning P status. The current chapter explores the impacts of incubation 

time, soil pH and CaCO3 content on P and Zn solubility in Kurdistan calcareous soils. 

Thus, the purposes of current work were to (i) recognise mineral controls over P and 

Zn solubility, (ii) evaluate the influences of incubation time on P and Zn solubility and 

(iii) determine the minerals controlling P and Zn solubilities in the calcareous soils of 

Kurdistan and (iv) determine the solubility and availability of P and Zn with time in soils 

from areas used for vegetable cultivation.   

 

 

 

 



45 

 

3.2 Material and methods 

3.2.1 Soil survey in Sulaimanyah Province 

Twenty-one soil samples were taken from seven geographically distributed sites in 

Sulaimanyah province, Kurdistan region, Iraq in November 2011 from five main 

locations (Sulaimanyah, Halabja, Sirwan, Khormal, and Kalar) (Table 3.1; Fig. 3.1). 

Previous PhD student collects these samples. A number of reasons have been 

considered to select samples location including (i) agricultural activity, (ii) source of 

irrigation water and (iii) types of agricultural products. There are no consistent data on 

P and Zn status in agricultural soils in the selected sites. High applications of phosphate 

fertilizers as triple superphosphate and diammonium phosphate were observed when 

farmers were interviewed to determine the amount and types of phosphate fertilizer 

that they applied but Zn fertilizer application was not mentioned because farmers 

usually only apply NPK. Therefore, this is the first work investigating the P and Zn status 

of the areas and determining the solubility of selected elements for this province.  

 

The soil at each site was collected from selected fields used to cultivate various types 

of crops and fruits and leafy and fruit vegetables for local use or commercial sale. The 

selected sites are described below. At each site, 3 three soil samples were collected 

depending on a variety of produced vegetables. The distance between samples varied 

between 200 m to more than 1000 m (Fig. 3.1).   

       Table 3.1: Soil sample locations and sites details. 

Location 

No. of 

farms  Site description Code 

Sulaimanyah 3 Tanjaro STA 

Halabja   3 Halabja vegetable area HAL 

 3 Halabja waste area HWA 

Sirwan 3 Sirwan vegetable field SVF 

Khormal 3 Khormal KHO 

Kalar  3 Grdagozina KAG 

  3 Sirwan KAS 



46 

 

 

Fig. 3.1: Map of Sulaimanyah province showing soil collection sites. (A) Sulaimanyah province 

showing selected sites and (B) Iraqi map highlighting Sulaimanyah province. 
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3.2.1.1 Sulaimanyah Tanjaro 

The Sulaimanyah Tanjaro site (STA) is located to the south of Sulaimanyah city, which 

is a peri-urban site (45˚25ꞌ28.36"E and 35˚28ꞌ47.51"N). Agricultural fields in this site 

are used for planting a range of vegetables and fruits. The main source of irrigation of 

water is the Tanjaro River, which contains of nutrients due to the inclusion sewage 

water from the city. Organic fertilizer, such as poultry manure and inorganic fertilizers 

are used as supplementary sources of nutrients-particularly NPK. Three sewage 

channels flow into the Tanjaro River; these were built to carry the household 

wastewater of the area. Beside this river, a range of agricultural activities is practised. 

Many types of fruit and vegetables are produced in this area for local consumption or 

commercial purposes. Close to the site, some places are used for city waste disposal, 

including metal workshop wastes, car scrap parts, and small-scale industries. Three soil 

samples were taken randomly from three different fields of waste located in this area 

(Fig. 3.2). 

   

 

           Fig. 3.2: Soil sampling around Tanjaro site in Sulaimanyah. 
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3.2.1.2 Halabja vegetable area 

This site is located north-east of Halabja city (45˚59ꞌ13.34"E and 35˚11ꞌ25.75"N). 

Orchards, containing pomegranates and vineyards and many types of vegetable 

production are common including crops such as tomato, chard, radish, eggplant, okra, 

cowpea and beans. The main source of irrigation water is a natural spring which comes 

from Anab village located to the south-east of Halabja city and a well which has been 

made for agricultural purposes. A significant amount of fertilizer is used to increase fruit 

and vegetable production. The main markets for agricultural activity in this site are 

Halabja city and other cities in Kurdistan. Three soil samples were taken from this site 

randomly distributed across different fields (Fig.3.3).  

 

 

   Fig. 3.3: Soil sampling location around Halabja vegetable site in Halabja location. 
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3.2.1.3 Halabja waste area 

This site is located to the north-west of Halabja city in Zamaqi village a distance of 

approximately 3 miles from Halabja city (45˚56ꞌ57.65"E and 35˚25ꞌ28.36"N). 

Agricultural activity at this site commonly includes vegetable production. A natural 

spring located in the north of the area and a well located in the south are the main 

sources for irrigation in the area. A significant amount of fertilizer is used to increase 

fruit and vegetable production. As for the Halabja vegetable area, the main markets for 

agricultural activity in this site are Halabja city and other cities in Kurdistan. Three soil 

samples were taken in this area depending on the vegetable type being grown (Fig.3.4).    

 

 

        Fig.3.4: Soil sampling location around the waste site in Halabja. 
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3.2.1.4 Sirwan vegetable area 

This site is located to the west of Halabja city in Sirwan district, 7 miles away from 

Halabja city close to rural areas near the Sirwan dams (45˚51ꞌ31.72"E and 

35˚15ꞌ12.74"N). In this area both field and greenhouse agricultural activity is common 

and vegetables are widely produced. The main source of irrigation is an artesian well 

which has been made for agriculture purposes. Three soil samples were collected from 

different fields which were cultivated with many types of vegetable including cucumber, 

okra, eggplant, bean, cowpea, and tomato (Fig. 3.5).  

 

    Fig. 3.5: Soil sampling locations around the vegetable field site in the Sirwan location. 
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3.2.1.5 Khormal  

This site was located to the west of Khormal district, approximately 2 miles from 

Khormal (46˚1ꞌ29.88"E and 35˚18ꞌ15.83"N). Agriculture activity in this area is 

commonly vegetable production including the use of greenhouses. The source of 

irrigation water is the Ahmed Awa River which is a large natural water source accessible 

to all fields in this area. This water is used by farmers with fields around the river as 

irrigation water to produce vegetables, field crops, and orchard fruit for local consumers 

or commercial outlets. Soil samples were taken in three different fields (Fig. 3.6).  

 

 

  Fig.3.6: Soil sampling locations around the Khormal site. 
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3.2.1.6 Kalar Grdagozina area 

This site was located to the south-west of Kalar city which is in the south-east of the 

Kurdistan region (45˚16ꞌ55.18"E and 34˚35ꞌ02.44"N). Grdagozina is rural land used 

mainly to product vegetables to sell in Kalar city.  Sulaimanyah city normally depends 

on this site for its vegetable requirements because the area produces such a wide range 

of vegetables. Wells and water from the Sirwan River are the main sources of irrigation. 

To maximise production in this area large amounts of chemical fertilizer, especially NPK 

and organic manure, are used (Fig. 3.7). Three soil samples were taken of this site.  

 

 

    Fig. 3.7: Soil sampling locations around the Grdagozina site in Kalar. 
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3.2.1.7 Kalar Sirwan site 

This site is located directly on the Sirwan River, south of Kalar city (45˚19ꞌ04.63"E and 

34˚36ꞌ21.63"N). The Sirwan River is the main source of irrigation water in the area. A 

wide variety of leafy, root and fruit vegetables and crops are produced in this area, 

especially radish, cowpea, okra, tomato, and beans. In common with the Kalar 

Grdagozina area, farmers use a large amount of NPK and organic manures to increase 

production (Fig. 3.8).    

 

 

             Fig. 3.8: Soil sampling locations around the Sirwan site in Kalar. 

 

3.2.1.8  Soil sampling and preparation 

Surface soil samples (0-30) cm were collected using a stainless steel trowel and then 

sealed in plastic bags for transport to a laboratory at the Technical Institute of Halabja. 

Approximately 1 kg of each soil was dried at room temperature in an aluminium tray, 

disaggregated, then sieved to obtain the <2 mm fraction. Approximately 25 g of each 

sample was then stored in plastic tubes, double labelled, and transported to Nottingham 
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University, UK. A portion of each sample was finely ground using an agate ball mill 

(Retsch, Model PM400), and then stored in polyethene bags.  

 

3.2.2 Soil analysis  

All the soils were analysed for soil chemical properties as shown in (Table 3.3). 

                               Table 3.2: Sections and chapter used for soil analysis properties 

Soil Analysis Section Chapter 

Soil pH value 2.1.1 2 

Loss on Ignition (LOI %) 2.1.2 2 

Soil digestion 2.1.3 2 

Elemental analysis 2.2.2 2 

Determination of Olsen-P 2.1.4 2 

Available Zn by DTAP  2.1.5 2 

 

 

3.2.3 Soil inorganic carbon (SIC %) 

About 50-100 mg air-dried soil was added to acid washed furnace ceramic boats and 

then, positioned in the Shimadzu solid sample unit instrument chamber (SSM-5000A).  

After 2.5 min. 0.7 mL 25% phosphoric acid (H2PO4
-) was added to the sample and 

positioned in the instrument again for measuring inorganic carbon content. Sodium 

bicarbonate and standard chalky soil (B2188) were used to produce a calibration curve 

for measuring soil inorganic carbon in the soil samples.  

 

3.2.4 Phosphorus and zinc solubility experiment 

The solubility of P and Zn were determined by incubating duplicate samples of 21 soils 

(c. 2 g, in total 220 samples incubated for five different period) at 50% water holding 

capacity (WHC %) at room temperature (20±2) 0C for up to eight weeks. Soil water-

holding capacity was measured from each composite samples (one replicate) by soaking 

the soil samples in water for 2 h and then draining for 2 h with the method of Priha and 
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Smolander (1999). Periodically the solubility of nutrients was investigated by 

suspending 2 g soil in 20 ml of 0.0034 M calcium nitrate and shaking for 48 h followed 

by centrifugation (2500 rpm for 15 min), filtration (0.22 µm) and acidification of a 5 ml 

aliquot with 0.2 ml of 50% HNO3 for analysis of P, Zn, Ca, Na, K, Mg, and S by ICPMS. 

A separate aliquot of prior to the un-acidified supernatant solution was retained for pH 

determination and measurement of dissolved inorganic carbon (DIC), dissolved organic 

carbon (DOC), and phosphate concentration as described by Murphy and Riley (1962). 

Concentrations of soluble P (µg mL-1) in samples were determined by using Equation 

3.1.  

 

𝑆𝑜𝑙𝑢𝑏𝑙𝑒 𝑃 =
(𝐴𝑏𝑠 × 𝑆𝑙𝑜𝑝𝑒)

𝑉𝐸𝑥𝑡.
  … … … … .                       𝐸𝑞. 3.1 

 

In Eq. 3.1 Soluble P is the concentration of phosphate in the soil solution (µg mL-1), Abs 

is the absorbance measured with a spectrophotometer at 880 nm, Slope is the slope of 

standard P solution, and VExt is the volume of the supernatant used in the colour 

development 

 

3.2.5 Geochemical speciation using WHAM 7 

The speciation of Ca and phosphate was undertaken using WHAM 7 according to Section 

1.1.10 in Chapter 2. 

 

3.2.6 Statistical analysis 

Statistical analysis of data was performed using SPSS v. 24 to analyze multivariate 

relationships between soil properties and element concentrations. Soil parameters were 

subjected to analysis of variance (ANOVA) and means between sites were associated 

using an LSD (least significant difference) test (p ≤ 0.05). Correlations were expressed 

as Pearson’s correlation coefficient.  
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3.3 Results and discussion  

3.3.1 Soil chemical characteristics  

The measured values of soil pH, Loss on ignition (LOI %) and soil inorganic carbon (SIC 

%) in the soils are summarized in Table 3.3, for each field studied. The pH of soils 

ranged from 7.33 for STA1 to 8.27 for STA2 which reflects the calcareous soil 

characteristics with SIC (%) from 0.67-4.92. The loss on ignition ranged from 4.80% 

for the KAS2 field to 12.0% for the Hal1 field. There was a significant difference 

(p<0.05) across sites for LOI and SIC but, no significant difference for soil pH due to 

the narrow range of pH values caused by buffering in all soils reducing from the 

universal presence of CaCO3. All pH values were in the range expected for calcareous 

soils (Alloway, 2009).  

Table 3.3: Values of soil pH, %LOI and %SIC; (n=21). Data are organized by the field code. 

Site Field code pH LOI (%) SIC (%) 

HAL  HAL 1 7.85 12.0 1.86 

 HAL 2 8.07 10.2 1.21 

 HAL 3 8.17 11.8 1.15 
HWA HWA1 8.15 10.8 1.57 

 HWA2 8.16 11.4 2.37 

 HWA3 7.83 11.0 1.59 
SVF SVF1 8.13 9.00 0.67 

 SVF2 8.17 8.40 3.97 

 SVF3 8.12 8.00 3.08 
KHO KHO1 7.94 7.20 4.56 

 KHO2 7.80 8.20 4.83 

 KHO3 7.77 7.40 4.48 
STA STA1 7.33 10.0 4.92 

 STA2 8.27 7.40 3.64 

 STA3 8.23 10.0 4.01 
KAG KAG 1 8.13 8.00 3.71 

 KAG 2 8.03 10.0 3.56 

 KAG 3 8.04 8.80 3.71 
KAS KAS1  8.14 7.60 3.11 

 KAS2 8.15 4.80 3.04 

 KAS3 8.16 5.20 3.25 
     

Average   8.03 8.90 3.06 
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All 21 soil samples were analyzed for total element concentrations by ICP-MS according 

to Section 2.2.2 in Chapter 2. The average soil P concentration (mg kg-1) ranged from 

622 for STA to 1210 for HWA respectively as shown in Fig. 3.9; a significant difference 

(p<0.05) was found between sites. The P concentrations in the studied soils fell in the 

worldwide range reported by Lindsay (1979); the reported world average is 600 mg kg-

1 with a range from 200 to 5000 mg kg-1. The difference in P concentration between the 

sample sites may reflect the influence of the parent material and environmental 

conditions but probably mainly reflects the phosphate fertilizer application history by 

individual farmers because these areas are used to produce a range of vegetables, 

crops, and fruits. Farmers in these areas have traditionally applied large rates of 

fertilizer-especially NPK. Farmers apply NPK every month, especially in the case of leafy, 

root and fruit crop production. Song et al. (2017) studied the long-term application of 

organic manures and inorganic phosphate fertilizers on soil inorganic phosphorus in 

calcareous soil. They found, using a P fractionation approach that continued application 

of inorganic phosphate fertilizers caused accumulation of DCP, OCP and Al-P in the soil 

which increased the risk of pollution.  

Regression analysis indicated that total P concentration was negatively related to soil 

pH (r=0.74, p<0.05) (Fig. 3.10) but not significantly correlated with %LOI.     
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Fig. 3.9: The average values of total P concentration in studied soils collected at seven different 

locations in Sulaimanyah province. The source of irigation water in STA, KHO and HAL was water 

waste from cities, in KAS and KAG was leake and in SVF and HWA was well water (clean water).  

 

 

Fig. 3.10: The relationship between total P and soil pH in studied soils collected in seven different 

sites in the agricultural activity fields. 

 

The average values of ZnT (mg kg-1) ranged from 48.8±4.65 to 151±58.2 for KAG and 

STA sites respectively as shown in (Fig. 3.11). A significant difference (p<0.05) was 

found between sites. Similar Zn concentrations (15.2 to 277 mg kg-1) have been 

reported in urban soils (Romic and Romic, 2003) and ZnT in all the studied soils were 

in the worldwide range reported by Preetha and Stalin (2014) and Noulas et al. (2018) 

average = 50 mg kg-1; range = 10-300 mg kg-1. According to Kabata-Pendias and 
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Mukherjee (2007a), the range of Zn in calcareous soils varies from 50 to 100 mg kg-1. 

The difference in Zn concentration between the sample sites may reflect the influence 

of the parent material and environmental conditions.  Thus, Chowaniak and Gondek 

(2009) found that soil properties have more effect than quantities of fertilizer applied 

on ZnT. However, variation in ZnT may also reflect the use of sewage water for irrigation 

by farmers. The sample sites are used to produce a range of vegetables, crops, and 

fruits and farmers in these areas use sewage water as a source of irrigation water. 

Kharche et al. (2011) studied the long-term application of sewage water on soil Zn 

content. They found that ZnT in the soils irrigated with sewage water was four times 

higher than in the soils irrigated with (clean) well water.  

 

A number of parameters may control metal solubility and bioavailability in the soil, 

including metal concentration and speciation, soil type, soil pH, and contact time (Bradl, 

2004). In general, greater metal retention and lower solubility occur at high soil pH and 

low organic carbon content and at low metal concentrations. In the current study, STA 

site had much higher ZnT compared with other studied sites. This is may be because 

this site used by farmers for longer time than others and higher applications of organic 

matter and sewage water were used. Rattan et al. (2005) studied effect of long-term 

using waste water on heavy metal content in soils, they found that irrigation soil with 

sewage increased Zn concentration by 113%. The regression analysis showed that ZnT 

was only related to LOI% (R2=0.3349, p<0.006) (Fig. 3.12). No significant correlation 

was observed between ZnT and pH suggesting that the ability of the soil to retain Zn 

was not a factor in determining the total Zn content. 
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Fig. 3.11: The average total concentration of ZnT in 21 soils from seven locations (Table 3.3). The 

source of irigation water in STA, KHO and HAL was water waste from cities, in KAS and KAG was 

leake and in SVF and HWA was well water (clean water). 

 

 

Fig. 3.12: Correlation between loss on ignition and ZnT in 21 soils from seven locations (Table 3.3). 

 

3.3.2 Soils phosphate  

3.3.2.1 Phosphorus balance under phosphate fertilization 

Average values of total P (PT), Olsen-P (POlsen) and extractable P by (0.034 M Ca (NO3)2) 

(PSol) in all sites are summarised in Table 3.3. Large concentrations of PT, POlsen and PSol 

were present in selected areas, probably due to long-term P fertilization. Values of POlsen 

0

50

100

150

200

250

STA HAL SVF HWA KHO KAS KAG

Zn
T

(m
g 

kg
-1

)

Location

y = 52.24x + 156.41
r = 0.3349, p<0.006

0

200

400

600

800

1000

1200

4 6 8 10 12 14

Zn
T

(m
g 

kg
-1

)

LOI%



61 

 

(mg kg-1) and PSol (mg L-1) varied from 24.2±6.14 mg kg-1 and 0.04±0.01 mg L-1 for 

the HWA site to 122.4±16.7 mg kg-1 and 1.46±0.37 mg L-1 for the STA site respectively. 

The mean concentrations for POlsen and PSol across all the studied soils were 65±2.33 mg 

kg-1 and 0.59±0.03 mg L-1 respectively (Table 3.4). The concentrations of POlsen and PSol 

forms were significantly greater in the STA and KAG sites compared to other sites and 

differences between the mean values of all sites were also significant.  

 

 The POlsen and PSol concentrations increased with PT. Shaheen et al. (2007) and Garg 

and Bahl (2008) reported that POlsen strongly depended on the inorganic P fractions in 

the soil. Values of PSol also increased with POlsen especially above a value of 

approximately 60 mg kg-1 of POlsen. A similar result was reported by Motavalli and Miles 

(2002); they found that the long-term application of inorganic P fertilizers was the main 

determinant of soluble P due to the accumulation of P in the surface soil. PSol may be 

regarded as the primary indicator of P accumulation.  

 

The concentrations of POlsen accounted for only about 4-15% of PT; values of PSol were 

approximately 0.10-0.20 % of the PT. Then only about 3.70-1.21% of POlsen was present 

as PSol. Regression suggested that POlsen and PSol were linearly correlated to PT (r=0.54, 

p<0.01, r=0.42, p<0.05) (Figs 3.13a and b respectively), but not significantly 

correlated with soil pH, LOI and SIC contents. Similar results were reported by Devau 

et al. (2011). The results show a significant difference between soils in their chemical 

P forms possibly an indicator of the effect of environment, soil type and the amount of 

applied P fertilizer. McDowell et al. (2003) indicated that the kinetics of P release differ 

between soil types and may control the availability of P in the soil environment. 

Shariatmadari et al. (2006) suggested that the availability of P in the soil is a function 

of the quantity and intensity of P rather than specific soil properties. Poor correlations 

were found between PT and POlsen with LOI% and SIC%. 
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Table 3.4: The average values of PT, POlsen in (mg kg-1) and PSol (mg L-1) in studied sites. 

Location No. of PT POlsen PSol 

  farms    (mg kg-1)  (mg L-1) 

HAL  3 1010±180c 61.7±9.33bc 1.00±0.10bc 
HWA 3 622.0±22.6c 24.2±1.73c 0.89±0.02c 
SVF 3 660.0±19.6c 31.1±3.05c 0.88±0.02c 
KHO 3 1040±151bc 57.1±10.7bc 1.30±0.50abc 
STA 3 1210±195a 122±29.5a 1.40±0.66a 
KAS 3 745.0±195c 57.7±10.1bc 1.00±0.19abc 
KAG 3 680.0±107c 101±15ab 1.40±0.30ab 
* Different letters show significant differences among soil sites 

 

 

 

     

 

     

          

          

          

          

          

          

          

          
Fig. 3.13: Correlations between (A) PT and POlsen and (B) POlsen and PSol in soils from seven study 

locations (Table 3.3). 
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surface water contamination risk. When P concentration in the soil solution exceeds the 

solubility product of solid phase, P will tend to precipitate.  

 

All the studied soil samples were analyzed for PSol, ranged from 2.24±0.28 to 

0.03±0.005 mg L-1 for SVF3 and KHO1, KAG3 and HAL1 fields respectively (Table 3.5). 

A significant difference (p< 0.05) was found in PSol between soil sites. In 62% of soil 

samples, the PSol value was more than 0.3 mg L-1, which increases the risk of P losses.  

This unexpectedly high level of P is probably due to long-term phosphate fertilizer 

application by farmers.  

 

Table 3.5: Values of POlsen and PSol in studied soils; mean values with standard deviations. 

    POlsen SD PSol SD 
Site Farm/site (mg kg-1)   (mg L-1)   

STA STA1 58.6 1.25 0.94 0.025 

 STA2 35.3 5.70 0.15 0.015 

 STA3 91.1 0.39 1.41 0.049 
KHO KHO1 19.2 1.46 0.03 0.000 

 KHO2 29.6 4.77 0.07 0.002 

 KHO3 23.7 2.16 0.03 0.000 
HAL HAL1 27.7 0.25 0.03 0.005 

 HAL2 41.5 1.01 0.15 0.003 

 HAL3 24.1 4.35 0.11 0.000 
KAS KAS1 20.8 0.24 0.10 0.003 

 KAS2 82.3 3.96 0.88 0.005 

 KAS3 68.3 2.33 0.39 0.011 
KAG KAG1 71.9 0.04 0.35 0.001 

 KAG2 70.6 2.68 0.67 0.012 

 KAG3 224 1.00 2.03 0.247 
SVF SVF1 49.2 1.81 0.19 0.007 

 SVF2 131 3.40 1.96 0.042 

 SVF3 123 15.7 2.24 0.280 
HWA HWA1 91.4 0.87 0.56 0.005 

 HWA2 49.6 3.18 0.14 0.006 
  HWA3 32.6 0.21 0.05 0.000 

  
 

Concentrations of PSol from incubated soils are shown in (Fig. 3.14); although the data 

were slightly affected by time of incubation the changes were not significant. During 

the experiment, the amount of PSol remained stable over time from the first day until 
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the end of the experiment. Exceptionally, in KAG2, PSol decreased from 28 days to the 

end of the incubation while in STA3 and KAS1 PSol increased slightly over time. The 

stability of PSol after 14 days of incubation suggests equilibrium was achieved.  

 

 

 

Fig. 3.14: Mean change in PSol (mg L-1) over time after incubation for 1, 7, 14, 28 and 56 days. 

 

A strong significant correlation (R2= 0.84, <0.001) was found between POlsen and PSol 

(Fig. 3.15), but no correlations were found between PSol with PT, soil pH and LOI Jalali 

and Tabar (2011) and Mohasses (2015) reported a similar correlation between POlsen 

and PSol in calcareous soils from Hamedan and Qazvin, Iran. Figure 3.16 shows the 

correlation between P ‘intensity’ (HPO4
2- and H2PO4

- activities in the soil solution 

following speciation using WHAM-7, mg L-1) and P ‘quantity’ (mg kg-1) for all studied 

soil with respect to time of incubation. The P intensity with time of incubation showed 

a strong correlation between P quantity and P intensity for both anion species.     
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Fig. 3.15: Correlation between POlsen and PSol in studied soils before incubation. 

 

 

           

          

          

          

          

          
 

 

Fig. 3.16: The average of P Quantity-intensity relationship for studied soils, expressing P intensity 

concentration (X-axis) (A) HPO4
= and (B) H2PO4

- as a function of P quantity ‘Olsen-P’. The studied 

soils from Kurdistan were incubated for () 1 day, (⬜) 7 days, (◊) 14 days, () 28 days and (x) 56 

days. 
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concentration in the solution determined following speciation using the geochemical 

model WHAM-7. The partition coefficients suggest a generally low soil adsorption 

strength for labile P; log KdP ranged from 2.27±0.37 for HWA sites to 3.01±0.12 for 

HAL sites respectively (Table 3.5). 

  

The soil properties likely to affect log Kd P values include soil pH and the concentrations 

of CaCO3, soil organic matter and Fe, Al and Mn oxyhydroxides. However, log Kd P values 

were very conservative and, unexpectedly, were not related to the value of soil pH due 

probably to the small range of soil pH values (Fig. 3.17a).  Values of log Kd P increased 

slightly with Ca concentration and the %SIC (Figs 3.17b and c) but again variation was 

restricted due to similar Ca and SIC contents in all the studied soils. Correlation between 

kd P and SIC was reported by Shaheen et al. (2013) and Wandruszka (2006).   

 

Table 3.6: The average values of Log Kd for H2PO4
- in studied sites. 

        Soil sites       

  HAL  HWA SVF KHO STA KAG KAS 

Log KdP 2.27 3.01 2.83 2.84 2.82 2.66 2.93 

SD 0.37 0.12 0.13 0.16 0.16 0.43 0.10 

*SD= standard deviation  
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Fig. 3.17: Correlations between solid-liquid partition coefficient in studied soil (n=21) with (A) soil 

pH, (B) SIC% content and (C) total Ca content. 

 

3.3.2.4 Phosphate solubility    

Phosphate solubility is generally low in calcareous soils because of rapid immobilization 

by calcium carbonate and slow re-crystallisation as poorly soluble calcium phosphate 

minerals (Pizzeghello et al., 2011, Braschi et al., 2003). The initial mineral phosphate 

formed in calcareous soils is dicalcium phosphate, from the original mono-calcium 

phosphate in TSP, which is then converted into octacalcium phosphate and more basic 

hydroxyapatite. A ‘predominance’ or ‘stability’ diagram for calcium phosphate equilibria 

was developed by plotting `phosphate potential’ (log H2PO4
--pH) against lime potential 

(log Ca2++2pH). The activities of Ca2+, H2PO4
− and H+ (pH) used to develop this 

diagram, were determined using measured values of pH and Ca and P concentration in 

solution followed by speciation using WHAM-7. This approach can indicate the likelihood 

of specific phosphate minerals being present in soils at different pH values (Zhang et 

al., 2014).  
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Figure 3.18 presents the soil solution composition (phosphate and lime potential) in 

relation to common Ca phosphate minerals in the studied soils. The Ca and phosphate 

data fell between slightly supersaturated with respect to dicalcium phosphate (DCP) 

and undersaturated with respect to β-tricalcium phosphate (β-TCP) or hydroxyapatite 

across all the studied soils and in all incubation periods (weeks 1-8).  The results in Fig. 

3.16 also suggest that the soils that have more available phosphate (Indices 6 and 8) 

were saturated with DCP while the soils that have less available P (Indices 2 and 3) 

were undersaturated with respect to OCP, indicating a clear link between available P 

and indicated Ca phosphate minerals. A similar result was reported by (McDowell et al., 

2003). The results of the current study indicate that OCP and β-TCP minerals may be 

stable forms of P mineral in all the studied soils. This is agreement with the finding of 

Zhang et al. (2014) who found that the solubility of phosphate in farmed soils was 

controlled by β-TCP while, in unfarmed soils it was controlled by HP. They also reported 

that in farmed calcareous soils, after several years, HA became the controlling Ca 

phosphate mineral despite historically large applications of phosphate fertilizers. 

 

The solubility of phosphate minerals appeared to decrease over time with small 

fluctuation from the first day to 56 days of incubation for all studied soils.  Thus the Ca-

phosphate minerals gradually transformed to more stable forms in the presence of a 

large excess of CaCO3 in the calcareous soils.   
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Fig. 3.18: Phosphate solubility in the studied soils in relation to crystalline Ca–P minerals: 

monocalcium phosphate, MCP; dicalcium phosphate dihydrate, DCPD; dicalcium phosphate, DCP; 

Octacalcium phosphate, OCP; β-tricalcium phosphate, β-TCP; and hydroxyapatite, HAP. Equilibrium 

lines for mineral phases were calculated based on the Ksp values reported by Lindsay (1979). The 

points in the diagram seperated with different color depending on its index (amount of available P 

(mg kg-1) as POlsen in the soil); including index 2 (10-20), index3 (20-30), index4 (30-40), index5 (40-

50), index6 (50-60) and index8 (˃80) mg kg-1 POlsen in the soil.  
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water for irrigation, although the amounts and composition of this water are not 

recorded. It is also recognised that use of sewage water can increase ZnT (Jalali and 

Khanlari, 2006) and ZnDTPA (Kidd et al., 2007). The data from the current study shows 

that ZnSol increased with ZnDTPA – possibly suggesting a solid-solution equilibrium within 

the ‘available’ Zn pool; a similar result was reported by Motavalli and Miles (2002).  

 

Values of ZnSol were under the critical value for optimum plant growth in all the studied 

soils; a similar result for calcareous soils was reported by Zeng et al. (2011); they found 

a negative correlation between soil pH and extractable Zn in paddy soils. Kabata-

Pendias and Mukherjee (2007a) reported that only about 1% of ZnT was present as 

ZnDTPA. In the current data, ZnDTPA was slightly greater and accounted for 0.48-8.57% 

of ZnT; ZnSol was 0.008-0.034% of ZnT and 0.24-1.81% of ZnDTPA. Regression against 

soil characteristics suggested that ZnDTPA and ZnSol were linearly correlated to ZnT 

(r=0.52, p<0.004; r=0.47, p<0.03) (Fig 3.19a and) respectively, suggesting broadly 

similar controls on solubility and availability in the range of soils surveyed.  

  

Table 3.7: Average values of ZnT, ZnDTPA and ZnSol in 21 soils collected from seven different locations. 

Location No. of ZnT ZnDTPA ZnSol 

  farms    (mg kg-1)  (mg L-1) 

HAL 3 113±18.0b 9.65±6.69a 0.009±0.004bc 

HWA 3 95.5±3.20bc 0.45±0.17c 0.006±0.002c 

SVF 3 81.7±24.4bc 1.31±0.18c 0.005±0.00c 

KHO 3 87.6±16.3bc 1.23±0.19c 0.013±0.008ab 

STA 3 151±58.2a 3.01±1.41b 0.016±0.009a 

KAG 3 48.8±4.65d 3.01±1.41bc 0.008±0.004bc 

KAS 3 74.3±13.8cd 2.99±1.78bc 0.007±0.002c 

Note: different letters show significant difference among soil areas at (p<0.05) 
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Fig. 3.19: Correlation between (A) ZnT and ZnDTPA, (B) ZnT and ZnSol, and (C) ZnDTPA and ZnSol in 

the studied soils collected at seven deferent sites in the agricultural activity fields. 
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The 21 soil samples were analyzed for extractable ZnSol by equilibration in 0.034 M 

Ca(NO3)2; STA1 and SVF1 fields had the highest and lowest values of ZnSol (Table 3.9). 

A significant difference (≤0.05) was found in ZnSol between soil sites. Values of Znsol 

were lower than the critical value for optimum plant growth 4-270 µg L-1 (Alloway, 

2009), again reflecting the calcareous nature of soils, high pH, low amount of organic 

matter and possibly high application of phosphate fertilizers (Noulas et al., 2018). Singh 

Singh et al. (2017) reported that in calcareous soils, long-term phosphate fertilizer 

application decreases soluble Zn due to change in soil physiochemical properties or 

formation of Zn-P compounds. No correlations were found for ZnSol with ZnT, soil pH or 

LOI%. 
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Table 3.8: The values of ZnDTPA and ZnSol and standard deviation in 21 soils sampled. 

    ZnDTPA   ZnSol   
Site Farm (mg kg-1) SD (µg L-1) SD 

HAL HAL1 10.2 0.04 2.84 1.48 

 HAL2 1.69 0.10 0.79 0.24 

 HAL3 15.6 0.74 1.61 0.04 
HWA HWA1 0.36 0.06 0.63 0.26 

 HWA2 0.44 0.00 1.01 0.31 

 HWA3 0.42 0.02 0.79 0.32 
SVF SVF1 1.23 0.14 0.46 0.03 

 SVF2 1.34 0.16 1.09 0.74 

 SVF3 1.38 0.07 0.49 0.02 
KHO KHO1 1.47 0.16 0.54 0.05 

 KHO2 1.36 0.07 2.77 0.09 

 KHO3 1.04 0.02 1.97 0.23 
STA STA1 6.52 0.26 3.39 1.12 

 STA2 5.55 0.28 2.14 0.06 

 STA3 1.28 0.06 0.65 0.04 
KAG1 KAG1 1.38 0.01 0.77 0.13 

 KAG2 3.07 0.07 1.48 0.51 

 KAG3 4.31 0.26 2.70 0.61 
KAS KAS1 4.47 0.04 1.02 0.41 

 KAS2 3.60 0.10 0.54 0.04 
  KAS3 0.66 0.02 0.60 0.07 

 
     

The concentrations of ZnSol in incubated soils are shown in Fig.3.20; there was a slight 

effect of incubation time but this was not significant. During the first 7 days of 

incubation, a decrease in ZnSol was observed but values did not change between 14-28 

days of incubation. The similar result obtained by Ma  and Uren (1997) who found that 

extractable Zn in calcareous soils decreased as a time of incubation increased. There 

was a weak but positive linear correlation (R2= 0.24, p<0.023) between ZnDTPA and 

ZnSol (Fig. 3.21) suggesting similar labile Zn adsorption behaviour and active buffering 

of the labile Zn pool (ZnDTPA adsorbed and ZnSol in solution).   
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Fig. 3.20: Mean change in ZnSol (µg L-1) over time following incubation for 1, 7, 14, 28 and 56 days. 

   

 

                               Fig. 3.21: Correlation between ZnDTPA and ZnSol in studied soils. 

 

Figure 3.22 shows the correlation between Zn intensity (Zn2+ ion activity in the soil 

solution following speciation of ZnSol using WHAM-7, µg L-1) and Zn quantity (ZnDTPA; 

mg kg-1) for all studied soil with respect to time of incubation. The results indicated that   

intensity of Zn2+ increased with increasing the quantity of Zn in all the studied soils, 
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possibly due to high Zn quantity values. The Zn intensity with time of incubation showed 

a strong correlation with Zn quantity.  

 

 

Fig. 3.22: The average Zn Quantity-intensity relationship for studied soils, expressing Zn intensity 

concentration (ZnSol, X-axis) as a function of Zn quantity ZnDTPA. The studied soils from Kurdistan 

were incubated for () 1 day, (⬜) 7 days, () 14 days, (◊) 28 days and (x) 56 days. 

 

3.3.3.3 Zinc solid⇌liquid partition coefficient (Log Kd Zn)        

The quantity-intensity relationship has been used for the study of many nutrients such 

as Mg2+, NH4
+, and K+ (Pasricha et al., 1987). Zinc has not been studied in this way, 

partly due to the analytical challenge of determining the extremely low concentrations 

of Zn in the solution phase of calcareous soils. In the current study, the Zn quantity-

intensity relationship was determined, using ICP-MS, to examine the conditions arising 

in Kurdistan soils from the absence of Zn fertilizer and reported application of sewage 

irrigation water.  

 

In the studied soils, the value of log Kd Zn was estimated for Zn adsorption in all the 

studied soils (Csolid/Caqueous), where Csolid (mg kg-1) and Caqueous (mg L-1) refer to ZnDTPA 

and Zn2+ ion concentration in solution following speciation of ZnSol data using the 
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range of soil locations Table 3.10. The variation in log Kd Zn with soil pH, Ca content 

and SIC content is shown in Fig. 3.23 (a, b and c). A slightly positive correlation was 

observed between log Kd Zn and soil pH as might be expected notwithstanding the 

narrow range of soil pH values, but a slight negative correlation was found for log Kd Zn 

with Ca and SIC contents in all the studied soils. This is may be due to competitive 

adsorption between Zn and Ca for carbonate adsorption sites as suggested by Degryse 

et al. (2011) and by Merrikhpour and Jalali (2015). However, the correlations were very 

weak which again reflects the similarity of the soils in terms of their Zn dynamics.  The 

relatively high value of Log Kd Zn, compared to logKd P, reflects a greater attraction of 

the soil solid constituent for Zn and may reflect greater strength of adsorption generally 

at low concentrations (Merrikhpour and Jalali, 2015, Sastre et al., 2002).        

 

Table 3.9: The average and standard deviation of log Kd Zn values for studies sites at Sulaimanyah 

province. 

 

  HAL  HWA SVF KHO STA KAG KAS 

Log Kd 3.45 3.49 2.91 2.96 2.90 2.91 3.95 

SD 0.39 0.94 0.25 0.42 0.35 0.33 0.15 

*SD= standard deviation 
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Fig. 3.23: Correlations between solid-liquid partition coefficient in studied soil (n=21) with (A) soil 

pH, (B) soil Ca content and (C) soil SIC% in studied soils (n=21). 

 

 

3.3.3.4 Zn solubility 

Speciated values of ZnSol were used to determine the solid phase of Zn minerals which 

potentially control the solubility of Zn in the studied soils. A solubility diagram for Zn 

minerals was developed by plotting ̀ logarithm activity of Zn’ (log Zn2+) against soil pH. 

The activity of Zn2+, pH and partial pressure (CO2) used to develop this diagram, were 

determined using measured values of pH and Zn concentration in solution with 

speciation using WHAM-7. This approach has been used to indicate the likelihood of 

specific Zn minerals being present in soils at different pH values (Lindsay, 1979, Nazif 

et al., 2015, Urgun and Rimmer, 2000).   

 

Figure 3.24 presents a ‘predominance’ or ‘stability’ diagram for Zn2+ in relation to 

possible common Zn minerals in the studied soils. The Zn data fell between slightly 

supersaturated with respect to respect to a hypothetical solid phase suggested by 
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Lindsay (1979) called ‘Soil-Zn’ and undersaturated with respect to Smithsonite (ZnCO3) 

across all the studied soils and in all incubation periods (week 1-8). Similar results were 

reported by Urgun and Rimmer (2000) who found that, in calcareous soil, the solubility 

of Zn2+ was controlled by Smithsonite and Sachdev et al. (1992) who found that the 

solubility of Zn in the calcareous soils controlled by Lindsay’s hypothetical ‘Soil-Zn’.   

 

The solubility of Zn minerals appeared to decrease slightly over time with small 

fluctuations from the first day to 56 days of incubation for all studied soils. Moreover, 

the solubility of Zn in studied soils decreased with increasing soil pH.  There was also 

a general trend towards solubility control by Smithsonite as pH increased. At the same 

time it is difficult to distinguish between changes in solubility control and adsorption 

reactions stated by Alloway (2009) and Ashworth and Alloway (2004) that the ability 

of soil solid surfaces to absorb trace cations is pH-dependent because of changes in 

negative surface charge, hydrolysis of Zn species and chemi-sorption on Fe oxides and 

calcite. 
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Fig. 3.24: Stability or predominance diagram for soil data and the Zn minerals: amorphous Zn 

carbonate, hydrozincite, zincite, smithsonite and ‘soil-Zn’. Equilibrium lines for mineral phases 

were calculated based on the Ksp values reported by (Lindsay, 1979, Nazif et al., 2015, Urgun and 

Rimmer, 200). The points in the diagram seperated with different color depending on its index 

(amount of available Zn (mg kg-1) as ZnDTPA in the soil); including index 1 (0-1), index2 (2-3), index3 

(3-4), index4 (4-5), and index8 (˃5) mg kg-1 ZnDTPA in the soil.  

 

3.3.4 Multivariate statistical analysis 

3.3.4.1 Correlation matrix of soil elemental analysis and other soil properties  

For all the studied soils (n = 21), Pearson correlation coefficients were calculated for 
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Ca, Mn, Fe, Co, As, Cd, Pb and U at (p<0.05). Soil pH was significantly correlated (0.55 

and 0.51) with Mg and K at (p<0.05). SIC% was significantly correlated (r= 0.71, 0.71, 

0.57, 0.63, 0.54, 0.5, 0.45, 0.46 and 0.66) with Co, Ni, Mo and Cd at (p<0.05) and 

with K, Ca, Mn, Fe and U at (p<0.001). Phosphorus was significantly correlated (0.67, 

0.57) with Zn at (p<0.001). Zn was significantly correlated (r= 0.47, 0.42, 0.57, 0.49, 

0.79, 0.58 and 0.83) with Mn, Fe, Co, Cu at (p<0.05) and Ni, Cd and Pb at (p<0.001). 

No correlations were found between PT and ZnT with selected soil properties. 
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Table 3.10: Correlation matrix presenting significant positive and negative relationships (r values) among soil pH, %LOI, %SIC, macro and micro elements 

in the studied soils (n=21). 

Parameters LOI% pH SIC% Na Mg P K Ca Mn Fe Co Ni Cu Zn As Mo Cd Pb 

%LOI 1 
                 

pH -0.177 1 
                

%SIC -0.477* -0.359 1 
               

Na -0.601* 0.343 -0.09 1 
              

Mg 0.025 0.557* -0.324 0.324 1 
             

P 0.219 -0.339 0.206 -0.34 -0.218 1 
            

K 0.403 0.515* -0.710** 0.123 0.621* 
-0.155                 

1 
1 

           
Ca -0.478* -0.3 0.713** -0.014 -0.204 0.371 -0.779** 1 

          
Mn 0.579** 0.272 -0.578** -0.148 0.453* 0.145 0.856** -0.603** 1 

         
Fe 0.433* 0.412 -0.633** -0.122 0.571** -0.031 0.921** -0.700** 0.871** 1 

        
Co 0.458* 0.36 -0.548* -0.209 0.613** 0.059 0.855** -0.563** 0.897** 0.968** 1 

       
Ni 0.406 0.396 -0.509* -0.115 0.749** 0.023 0.814** -0.485* 0.829** 0.895** 0.96** 1 

      
Cu 0.411 0.142 -0.343 -0.256 0.549* 0.383 0.679** -0.257 0.809** 0.823** 0.905** 0.886** 1 

     
Zn 0.254 -0.311 -0.008 -0.255 0.193 0.676** 0.234 0.129 0.471* 0.423* 0.522* 0.494** 0.793* 1 

    
As 0.423* -0.073 -0.33 -0.478* -0.399 0.113 0.327 -0.530* 0.448* 0.438* 0.341 0.089 0.192 0.086 1 

   
Mo 0.414 -0.129 -0.453* -0.187 -0.275 -0.054 0.305 -0.733** 0.321 0.31 0.229 0.16 0.031 -0.11 0.570** 1 

  
Cd 0.687** -0.065 -0.462* -0.539* 0.024 0.414 0.596** -0.537* 0.806** 0.736** 0.751** 0.626** 0.744** 0.581** 0.680** 0.551* 1 

 

Pb 0.431* -0.233 -0.251 -0.231 0.304 0.576** 0.479* -0.242 0.595** 0.593** 0.644** 0.639** 0.805** 0.836** 0.169 0.229 0.691* 
 

U 0.479* 0.371 -0.668** -0.031 0.571** 0.028 0.937** -0.702** 0.892** 0.906** 0.867** 0.818** 0.751** 0.351 0.376 0.337 0.721** 0.585** 

*correlation significant at (p≤0.05), **correlation is significant at (p≤0.01)
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3.3.4.2 Hierarchical clustering analysis  

A dendrogram of soil properties (Fig. 6.25) showed that four coherent groups could be 

identified with similarity levels greater than 65%. From left to right in Fig. 3.25, Group 

I (LOI, Cd and Mo (weak)), might arise from Cd and Mo association with humus. Group 

II represents the presence of an oxide mineralogy (Al, V, Fe, Mn, Co, Ni and Cu). Group 

III, includes P, Zn, Pb and Ag which might indicate a common source of soil 

contamination such as phosphate fertilizers and wastewater. Group IV includes pH and 

some base cations (Mg, Na and Ca) reflecting the calcareous nature of soils with soil 

pH values around 8.  

 

 

 

 

 

 

 

              

 

 

 

 

 

 

 

Fig. 3.25: Hierarchical cluster analysis of elemental analysis data of soils (n=21) 

collected in Sulaimanyah province, Kurdistan at seven different sites. 
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3.4 Conclusions  

In this study, the mean concentrations of PT and ZnT were 842±247 and 93.5±36.8 mg 

kg-1 which differed between sites. In all soil samples, POlsen was high and in about 67% 

of samples PSol was higher than the critical value for optimum plant growth. In 

approximately 85% of samples, ZnDTPA was lower than the critical value while PSol in all 

samples was lower than the critical value for plants optimum plant growth. The high 

amount of available P may be due to the high application of NPK fertilizer, organic 

matter and the irrigation of plants with sewage sludge, while low ZnSol values may be 

due to high adsorption of Zn in soil due to high CaCO3 contents and the absence of Zn 

fertilizer use. Log Kd values between 2.98-3.65 for Zn, expressed as ZnDTPA/ZnSol, were 

1-2 orders of magnitude greater than similar values (1.74-2.91 (POlsen/PSol)) for P. This 

appears to reflect the strong adsorption of low concentrations of Zn in these soils in 

contrast to the effects of large annual phosphate fertilizer additions which create a 

supply of available P despite the calcareous conditions.  

 

The results of the incubation experiment showed that P and Zn solubilities differed 

between soils depending on CaCO3, pH and the amount of POlsen and ZnDTAP. An attempt 

was made to determine possible P and Zn mineral control over solubility. Solubility 

decreased with increasing CaCO3 content, time and pH. OCP and β-TCP were apparently 

the stable calcium phosphate minerals and Smithsonite or ‘Soil-Zn’ were the stable 

forms of Zn minerals in the Kurdistan arable soils. Overall, the most outstanding 

characteristics of the soils surveyed was their similarity.  All measures of Zn and P 

status suggested a conservative range of values – almost certainly reflecting the 

calcareous nature of all the soils and a common agricultural policy of high phosphate 

applications and the absence of Zn fertilizer use. 

  



83 

 

4 TIME-DEPENDENT SORPTION OF PHOSPHATE AND ZINC 

BY CALCAREOUS SOILS OF KURDISTAN  

Abstract 

Adsorption reactions regulate nutrient availability in soil. However, establishing 

relationships between adsorbed and dissolved nutrient concentrations is not 

straightforward because of the time-dependent transformation of nutrient ions. 

Precipitation and absorption reactions can be slow and persistent following initial 

contact between fertilizer and soil adsorption surfaces. To evaluate time-dependent 

changes in P and Zn adsorption in Kurdistan soils, an experiment was conducted with 

two calcareous soils from Sulaimanyah province, Kurdistan region, Iraqi. Triplicate 

samples of the soils (c. 30 g) were treated with a range of P (KH2PO4) concentrations 

(0, 50, 100, 200, and 300 mg kg-1) and 70Zn2+ isotope concentrations (0, 2, 5, 10, and 

20 mg kg-1). The soil samples were incubated at 20±2 oC, and 50% WHC, and sub-

sampled for analysis after 1, 7, 14, 28, 56, and 84 days. The ‘available’ P and 70Zn were 

determined by extraction with 0.5 M NaHCO3 and 0.005 M DTPA respectively. In 

addition, the solubility of P and 70Zn in 0.01 M Ca(NO3)2 solution were also measured 

at each sampling time. From the determination of the isotopic ratio 70Zn/66Zn in solution 

it was possible to determine the pool of soil Zn with which the spiked isotope (70Zn) had 

mixed – this is referred to as the ‘apparent’ E-value (ZnE). With increasing soil contact 

time the proportions of P and Zn adsorbed and the apparent ZnE values significantly 

increased while available P and Zn decreased in both soils. Initial adsorption was very 

rapid. The Langmuir-Freundlich model described P adsorption well for both studied soils. 

The Residual Standard Deviation (RSD; mg kg-1) values for the Langmuir-Freundlich 

model applied to soils 1 and 2 were lowest at 1.10 and 10.4 compared to 1.46 and 10.8 

for Langmuir and 1.75 and 10.7 for Freundlich models respectively. However, the 

Freundlich model described Zn adsorption best for both studied soils. The RSD values 

(mg kg-1) for the Freundlich model applied to soils 1 and 2 were 0.026 and 0.073 
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compared to 0.027 and 0.096 for Langmuir and 0.034 and 0.075 for the Langmuir-

Freundlich models respectively. The results suggested that the most important period 

of incubation is the first day. In this time, across the range of P and Zn concentrations 

applied, the soils lost almost 65.7, 61.3, 53.3 and 57.7% and 20.8, 21.6, 30.6 and 

34.5% of added P and 91.6, 92.7, 88 and 95.9% and 98.4, 98.6, 99.1, 99.5 of added 

70Zn for soil 1 and 2 respectively. A solubility analysis, comparing ion activity products 

with solubility products, showed that P in control soils fell between hydroxyapatite and 

tri-calcium phosphate but the further addition of phosphate showed progressive 

movement towards di-calcium phosphate.  Similarly, Zn solubility moved from being 

under-saturated with respect to ZnCO3 (smithsonite), by approximately two orders of 

magnitude in (Zn2+) activity, towards the smithsonite solubility line with increased Zn 

addition.
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4.1 Introduction 

Phosphorus and Zn are important nutrients for plant health (Ashraf et al., 2008, Sheng-

Li et al., 2008, Hararah et al., 2011, Bai et al., 2017) and crop production (Heidari et 

al., 2017, Zhu et al., 2018). However, calcareous soils have a large capacity for P and 

Zn adsorption and fixation (Jalali and Zinli, 2012) and so deficiency of these two 

elements in soils containing CaCO3 is common (Alloway, 2009, Zhu et al., 2001b). The 

application of P and Zn as solid or liquid fertilizers may also lead to a reaction between 

these two nutrients, and with various soil components, which causes the removal of P 

and Zn from the soil solution phase and conversion to progressively less soluble P and 

Zn forms with time. The mechanisms whereby P and Zn fertilizers in soils are changed 

to less soluble forms are generically referred to as ‘fixation’ and may include 

precipitation, adsorption and absorption processes (Graouer-Bacart et al., 2015, 

Samadi, 2006, Jalali, 2007, Dandanmozd and Hosseinpur, 2010, Baranimotlagh and 

Gholami, 2013). 

 

The application of P fertilizer to calcareous soils will cause the formation of more stable 

phosphate minerals with a higher Ca:P ratio because of the high Ca2+ concentration in 

the soil solution supported through equilibrium with CaCO3. Thus Al-Tameemi et al. 

(2015) reported that in calcareous soils, P is mostly bound to the adsorption surface at 

low concentrations of orthophosphate in solution but precipitation of Ca phosphates 

occurs at higher concentrations of P. Soluble Zn also reacts with soil geocolloids which 

reduce Zn availability to plants at low Zn concentrations (Nystrom, 2012) but adsorption 

probably remains the dominant process controlling Zn availability even at high Zn 

concentrations (Jalali and Zinli, 2012).  

 

The relationships between Zn and P-sorption capacity, availability to plants and the 

nature of soil constituents in calcareous soil have been studied in other countries. It is 

recognised that some soil parameters strongly influence adsorption and distribution 
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between the soil solid and solution phases (Guttieri et al., 2015), including soil texture, 

Fe oxide and CaCO3 content, soil pH and cation exchange capacity (CEC).  In addition, 

experimental conditions such as solid: solution ratio, analyte concentration and contact 

time also influence the apparent behaviour of P and Zn in soil adsorption experiments 

(Bradl, 2004, Jalali and Zinli, 2012). Zhou and Li (2001) reported that P sorption in 

soils is primarily associated with Fe oxides and that CaCO3 plays a less important role. 

Samadi (2006) found that soil clay content significantly correlated with P adsorption 

while CaCO3 has less effect. However, Jalali and Moharrami (2007) and Zhu et al. 

(2018) reported that in calcareous soil the adsorption of P was significantly correlated 

with CaCO3 content. Jalali and Tabar (2011) found that soil CEC, pH and CaCO3 content 

significantly correlated with Zn sorption. Duffner et al. (2012) reported that in 

calcareous soils P and Zn deficiency occurred at high soil pH values because the 

bioavailability of both elements decreases with increasing pH.   

 

Following the reaction of nutrients added to soil through time is compromised by the 

presence of soil-derived nutrients.  One solution to this problem is to employ enriched 

stable isotopes of the nutrient which allows discrimination between fertilizer- and soil-

derived species. Thus, for example, an enriched stable isotope of Zn can be used to 

determine the solid⇌solution equilibrium of added Zn and also, from isotopic ratios in 

solution, the extent to which the added Zn has mixed with the native soil Zn pools 

(Buekers et al., 2007, Degryse et al., 2011, Nazif et al., 2015). Furthermore, the 

‘isotopically exchangeable’ Zn (E-value) can be determined from isotope ratios in a 

labile phase (e.g. the solution phase of a soil suspension) following spiking with an 

enriched stable isotope such as 70Zn. The E-value can then be used to provide an 

estimate of free Zn2+ activity in the soil solution when used as an input variable in 

geochemical ‘assemblage’ models that predict solid⇌solution equilibrium (Marzouk et 

al., 2013). However, there are some practical problems when applying a low 

concentration of a Zn isotope to calcareous soils. Sufficient isotope has to be added to 
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enable measurement in the solution phase after equilibration. However, too large an 

addition might result in precipitation of the Zn isotope which would then be 

misinterpreted as a large soil pool of ‘reactive’ Zn with which the isotope had apparently 

mixed (Nazif et al., 2015). In the current study, isotope exchange measurements using 

a 70Zn addition (spike) was used to follow the time-dependent inclusion of Zn into two 

representative calcareous soils from Kurdistan. Apparent Zn lability (the E-value) was 

determined from measurements of the isotopic ratio 70Zn/68Zn in DTPA extractions of 

the soils. In following time-dependent fixation of Zn it is important to appreciate that 

an apparent E-value measured over long isotope contact times simply represent the 

pool of soil Zn with which the isotope has mixed; it is not indicative of the ‘labile’ or 

‘reactive’ Zn but rather of the extent of the 70Zn spike fixation. At the same time, 

measurements made after one or two days may be taken as representative of a 

‘traditional’ E-value and would provide a reasonable estimate of the labile Zn pool.  The 

assumption has to be made that the 70Zn spike has only mixed with reactive Zn within 

the 1 – 3 day period of equilibration. In addition, using DTPA as the soil extractant 

permits a contrast between estimates of labile Zn from (i) the total soil-derived Zn and 

added 70Zn extracted by DTPA and (ii) the isotopically exchangeable Zn determined 

after a short period of isotopic equilibrium (1 – 3 days). 

 

The overall aims of the current study were to: (i) evaluate the time-dependent reaction 

of calcareous Kurdistan soils with P and Zn; (ii) identify possible mineral solubility 

control over P and Zn solubility from applied fertilizers; (iii) determine isotopically 

exchangeable Zn using a 70Zn isotopic exchange method (E-value); (iv) assess the 

validity of using DTPA and Olsen-P as measures of ‘reactive’ fractions during progressive 

fixation of Zn and P respectively by determining the consistency of adsorption 

isotherms. 
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4.2 Methods and Materials  

4.2.1 Soil sampling 

The calcareous soils used in the present experiment were collected from the top 0-30 

cm layer in two different locations selected to represent contrasting soil properties. Site 

1 was close to Kalar city belonging to the order of Aridisol (calcareous) (34°41'52"N, 

45°12'41"E); Site 2 was a Mollisol from Halabja city (35°17'46"N, 45°59'55"E). Due to 

the prevailing climatic conditions, no organic horizon existed in either of these two soils. 

Subsamples from the surface horizon were combined to provide one sample of about 2 

kg in both cases. All visible roots, macrofauna, and fresh litter were removed from the 

samples and the soil material was homogenized, air dried for several days, and the 

aggregates crushed to pass through a 2-mm sieve.  

 

4.2.2 Soil analysis 

The ground air-dried soil samples were digested in a HClO4-HNO3-HF mixture to 

determine total soil P and Zn contents (Bai et al., 2017). The digested soil solutions 

were analyzed by ICP-MS (Model X-SeriesII, Thermo-Fisher Scientific, Bremen, 

Germany) operated in ‘collision cell mode’ (7% hydrogen in helium) to reduce 

polyatomic interferences. Available P (Olsen-P) was extracted using 0.5 M sodium 

bicarbonate (NaHCO3) solution and subsequently determined colorimetrically (Olsen et 

al., 1954, Murphy and Riley, 1962a). For available Zn (including 70Zn), 2.0 g of soil was 

suspended in 8 mL of 0.005 M DTPA (Quevauviller, 1998) and shaken end-over-end in 

polypropylene centrifuge tubes, for 2 h. Suspensions were then centrifuged at 2500 

rpm for 15 min and the supernatant was filtered (0.22 μm, Millex® Millipore) and 

acidified to produce 2% HNO3 prior to multi-element analysis by ICP-MS. Soluble P and 

Zn were determined by shaking (end-over-end) 2.0 g soil with 20 ml of 0.01 M calcium 

nitrate for 48 h prior to centrifuging at 2500 rpm for 15 min and filtering the supernatant 

(<0.22 μm syringe filters, Millex® Millipore). The isolated supernatant solution was 
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acidified to produce 2% HNO3 prior to multi-element analysis (including 70Zn) by ICP-

MS.  

 

Soil pH was determined in soil: water suspensions (1.2.5 ratio). For soil organic carbon, 

a known weight of <2 mm oven-dried soil (105oC) was placed in a pre-weighed silica 

crucible and ignited in a muffle furnace (Gallenkamp size 3, Weiss- Gallenkamp, UK) 

overnight at 550 0C (Heiri  et al., 2001). Exchangeable cations and cation exchange 

capacity (CEC) were determined by extraction with ammonium nitrate (NH4HNO3). Soil 

samples (c. 2.0 g) were suspended in 20 mL of 1M NH4HNO3 and shaken end-over-end 

in polypropylene centrifuge tubes, for 2 h. Suspensions were then centrifuged at 3500 

rpm for 30 min and the supernatant was filtered (<0.22 μm syringe filters, Millex® 

Millipore) and acidified to produce 2% HNO3 prior to Na, K, Mg, Ca, Zn and 70Zn analysis 

by ICP-MS. Total organic and inorganic carbon (TOC and TIC) were determined using a 

Total Organic Carbon Analyser (Shimadzu TOC-V CPH). Soil texture determined by 

hydrometer method according to (Rowell, 1994).  

 

4.2.3 Adsorption isotherms  

Time-dependent adsorption isotherm experiments were performed using three 

replicates from each of the two soils equilibrated under laboratory conditions to 

investigate P and Zn adoption. Approximately 30 g soil samples of each soil were placed 

into screw-cap plastic jars (60 mL) and then adjusted to half the water holding capacity 

(WHC, %) including P and Zn standard solutions as part of the added solution.  The P 

and Zn were added to separate incubations as KH2PO4 and 70Zn(NO3)2 solutions at 

various concentrations: 0, 50, 100, 200, 300 mg P kg-1 and 0, 2, 5, 10 and 20 mg 70Zn 

kg-1. The samples in plastic bottles were then incubated at room temperature 20±20C 

for up to 84 days. Periodically, Olsen-P was determined by shaking subsamples of 2.0 

g soil with 30 ml of 0.5 M NaHCO3 for 30 min followed by centrifugation (3500 rpm for 

15 min), and then available P determined colorimetrically as described by (Murphy and 
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Riley, 1962b). For DTPA-Zn, approximately 2.0 g soil subsamples were transferred into 

20 ml centrifuge tubes with 8 ml of DTPA–TEA buffer (0.005 M DTPA+ 0.01 M CaC12 + 

0.1 M TEA) added to achieve a 1:4 soil to extractent ratio. Soil suspensions were then 

shaken end-over-end for 2 h at 30 rpm at room temperature. The suspension was then 

centrifuged for 15 min at 2500 rpm, filtered, and stored in a polyethene container at 4 

0C prior to analysis (Quevauviller, 1998). ICP-MS (Thermo Fisher scientific iCAP Q, 

Germany) was used to measure Zn isotopes (66Zn and 70Zn) in solution after dilution 1 

to 2 (1:2 dilution ratio). Finally, 2.0 g of subsamples were extracted by addition of 20 

ml of 0.01 M calcium nitrate (Ca(NO3)2) with shaking for 48 h followed by centrifugation 

(2500 rpm for 15 min), filtration (< 0.22 μm) and acidification of 5 ml with 0.2 ml of 

50% HNO3 for analysis of soluble P, Zn, Ca, Na, K, Mg, and S by ICP-MS. A separate 

aliquot was retained for pH determination and measurement of dissolved inorganic 

carbon (DIC), dissolved organic carbon (DOC), and determination of the amount of 

soluble P as described by (Murphy and Riley, 1962b) .  

 

The percentage of adsorbed P and Zn were determined by the difference between the 

added amount of P and Zn and the measured amount of the extracted solution by soil. 

Eq. 4.1. 

100
)(

Q 



o

to

C

CC
       ………………………. Eq. 4.1 

Where Q is the percentage of P or Zn adsorbed (mg kg-1), C0 is the initial P or Zn applied 

(mg kg-1), Ct is the equilibrium P or Zn concentration (mg kg-1).  

 

4.2.4 Adsorption isotherm models 

Adsorption isotherms show how elements are distributed between the solid phase and 

the liquid phase when the adsorption process achieves equilibrium. The analysis of the 

isotherm data by fitting them to different isotherm models is an important step to find 

a suitable model that can be used for predictive purpose. For Zn and P isotherm data 
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were fitted to three well known models: the Langmuir, Freundlich and Langmuir-

Freundlich isotherms. Phosphorus and Zn adsorption were determined by subtracting 

the equilibrium Zn or P concentration in solution (0.01 M Ca(NO3)2 suspensions) from 

either the added Zn or P, or from the measurement of available Zn (DTPA) and P (Olsen 

et al.) at each sampling interval. It is possible to present adsorption isotherms as a 

relationship between solution concentration (X-axis) and either (i) the total adsorbed P 

and Zn (including reactive and fixed forms) or (ii) the ‘reactive’ adsorbed P and Zn 

alone, as determined by Olsen-P and DTPA-extractable Zn. The time-dependency of the 

fixation process can be quantified by comparison of these two approaches as the 

relationship between ‘reactive’ and solution P or Zn would be expected to be constant 

with time – whereas the relationship between ‘total adsorbed’ and solution P and Zn 

would be expected to change as fixation proceeds.  The general form of Langmuir, 

Freundlich and Langmuir-Freundlich equations are presented in Equations 4.2, 4.3 and 

4.4. 

 

4.2.4.1 Freundlich Model 

 

𝑞𝑎𝑑𝑠. = 𝐾𝐹(𝐶𝑆𝑜𝑙.)
𝑛 … … … … … … … … … … … … … … 𝐸𝑞. 4.2 

 

Where 

qads = Amount of P and Zn adsorbed per unit weight of soil  

CSol = Equilibrium P and Zn concentration in soil solution (mg L-1) 

KF and n= Freundlich constants; KF reflects the strength of adsorption by the soil and 

n gives an indication of how variable the adsorption strength is across the range of 

the dataset. 
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4.2.4.2 Langmuir Model 

 

𝑞𝑎𝑑𝑠 =
𝐾𝐿 ∗ 𝑁𝑆 ∗ 𝐶𝑆𝑜𝑙

1 + 𝐾𝐿 ∗ 𝐶𝑆𝑜𝑙

… … … … … … … … … … … … … . 𝐸𝑞. 4.3 

 

Where 

qads = Amount of P and Zn adsorbed per unit weight of soil (mg kg-1) 

CSol = Equilibrium P and Zn concentration in soil solution (mg L-1) 

KL and NS = Langmuir constants; KL is related to bonding energy of P and Zn to the 

soil and Ns is the maximum adsorption capacity of the soil (mg kg-1). 

  

4.2.4.3 Langmuir-Freundlich Model 

 

𝑞𝑎𝑠𝑑 =
𝑁𝑆(𝐾𝐶𝑆𝑜𝑙)

𝑛

1 +  (𝐾𝐶𝑆𝑜𝑙)𝑛
… … … … … … … … … … … … … 𝐸𝑞. 4.4 

 

Where 

qads = Amount of P and Zn adsorbed per unit weight of soil (mg kg-1) 

CSol = Equilibrium P and Zn concentration in soil solution (mg L-1) 

K, NS and n = Langmuir-Freundlich constants – essentially as described above. 

 

4.2.5 Calculation of Evalue 

The enriched stable isotope 70Zn (95.47%) was purchased from ISOFLEX USA in form 

of a metal foil. HNO3 was used to dissolve the isotope foil initially and the solution was 

diluted with Milli-Q water to give a 70Zn isotope stock solution with a concentration of 

238.7 µg L-1 in 5% HNO3. Working spike solutions for the isotope adsorption experiment 

were made up freshly from this stock solution with concentrations of 0, 2, 5, 10 and 20 

mg 70Zn kg-1 to be added to 30 g samples of the two test soils and incubated in plastic 
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pots. The nitric acid (HNO3) concentration in the solutions added to the soils was less 

than 5%.    

   

The apparent E-value (ZnE) was measured periodically. Approximately 2.0 g of 

incubated soil sample was weighed into a 20 mL universal tube and equilibrated with 8 

mL of 0.005 M DTPA+0.01 M CaC12+0.1 M TEA and shaken for 2 h followed by 

centrifugation (2500 rpm for 15 min) and filtration (0.22 μm, Millex®). The filtered 

solution of 5 ml was acidified with 5 ml of 2% HNO3 for analysis of 70Zn and 66Zn isotopes 

by ICP-MS as described by (Nazif et al., 2015). The E–values were measured from the 

ratio of the main spike isotope (70Zn) to one of the major background isotopes (66Zn).  

The isotope ratio 70Zn:66Zn was then used to determine ZnE from   

 

 ZnE = ( 
 Am Msoil

W
) (

 Cspike Vspike

Am 𝑀𝑠𝑝𝑖𝑘𝑒

) ( 
IAspike −  IAspike  

66𝑍𝑛
 

70𝑍𝑛 Rss

IAsoil Rss − IAsoil  
70𝑍𝑛

 
66𝑍𝑛

) … … … Eq. 4.5 

 

Where AmMsoil is the average atomic mass of the Zn in the soil, W is the weight of the 

soil used (g), Cspike is the concentration (mg L-1) of the metal spike, Vspike is the volume 

of spike added (L), IA is the isotopic abundance (mole basis) and Rss is the ratio of 

isotopic abundances for 70Zn:66Zn determined in the spiked soils. The Zn isotope ratio 

analysis was undertaken using ICP-MS as described by (Marzouq et al. 2013, Nazif et 

al. 2015).   

 

4.2.6 Geochemical speciation using the WHAM-VII program 

The geochemical speciation model (WHAM VII: Windermere Humic Aqueous Model, 

version 7) was used to estimate the free ion activities of the orthophosphate anion 

(H2PO4
-) and the divalent form of Zn (Zn2+) using the following input parameters: (a) 

solution concentration of [Na], [Mg], [K], [Ca], in mg L-1 and [Zn] in μg L-1 of 

suspensions, and [PO4], [NO3], and [SO4] in mol L-1; (b) the suspension pH; (c) 

dissolved inorganic carbon (DIC); and (d) the Fulvic acid (FA) concentration. The 
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temperature was set to 22°C. It was assumed that fulvic acid contained 50% C and 

also that only 50% of the DOC was fulvic in origin (Nazif et al., 2015).  

 

4.2.7 Statistical analysis  

Three replicates were used for all analysis. Statistical analysis was performed on all 

datasets using SPSS (SPSS, version 22). The least significant differences (LSD) was 

used to investigate correlations. To determine differences and significance, the level of 

probability (p≤0.05) was used. 
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4.3 Results and discussion  

4.3.1 General soil characteristics  

Selected soil characteristics are summarised in Table 4.1. The soil pH values and 

carbonate content indicate the calcareous nature of both Kurdistan soils. The soil 

textures were silty clay for soil 1 and silty clay loam for and 2. Values of PT and ZnT 

were in the ranges reported globally. The values of POlsen and ZnDTPA were below 

recommended values of 10 and 0.5 mg kg for P and Zn respectively for optimum plant 

growth (Ahmed, 2013, Imran et al., 2016). Alvarez and Maria (2003) reported that a 

value of ZnDTPA below 0.5 mg kg-1 is deficient in alkaline soils. Alloway (2009) reported 

values of ZnDTPA between 0.10-8.70 for Iraqi soils. The cation exchange capacity (CEC) 

and soil organic carbon concentration (as %LOI) were higher in Soil 1 than Soil 2, 

indicating the effect of parent material, environment and geographical differences. Free 

oxide Fe and Al concentrations were considered due to the effect of both elements on 

soil P and Zn adsorption properties. 

Table 4.1:Soil characteristics of the two selected calcareous soils used in the experiment. 

Parameters Unite Soil 1 Soil 2 

pH  8.1 8.24 

CEC  (cmol kg-1) 30.9 10.1 

LOI  % 12.2 2.45 

Sand   % 11.4 14.4 

Silt  %  45.6 54.2 

Clay  %  43 31.4 

Soil inorganic carbon   %  6.13 41 

POlsen  (mg kg-1) 1.45 0.92 

ZnDTPA   (mg kg-1) 0.26 0.14 

P T  (mg kg-1) 583 418 

ZnT  (mg kg-1)  87.3 38.7 

Fe   (g kg-1) 39.3 19.5 

Al  (g kg-1)  46.9 24.7 
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4.3.2 Phosphorus behaviour in two calcareous soils from Kurdistan 

4.3.2.1 Time-dependence of phosphorus adsorption (%) in studied soils 

Figure 4.1 shows that phosphate fertilizer application rates and time of incubation 

increased P adsorption significantly (p<0.05) in the two selected soils. The results indicate 

that P adsorption onto the soils was comparatively rapid in the first day and continued 

until reaching an apparent equilibrium. From the results of the study we can see that the 

adsorption of P in Soils 1 and 2 increased from 65.7% and 20.8% on day one to 80.2% 

and 63.4% on day 84 for the 50 mg P kg-1 treatment.   

 

The results in (Fig.4.1) indicate rapid adsorption of applied P on the first day increased the 

adsorbed P concentration in both soils. Jalali and Zinli (2012) reported that P adsorption 

is very fast in the early stages after application but continued slowly with an increase in 

the incubation time. Equilibrium had not been reached in the incubated soils by the end of 

the experiment. Mallikarjun and Shashikant (2013) also found that P adsorption increased 

with an increase in time of incubation. Moreover, the high adsorption capacity of the 

studied soils may be due to their calcareous nature (high CaCO3 and pH). Shaheen et al. 

(2009) studied P sorption in acid, neutral and alkaline soils and found the highest sorption 

was in alkaline soils (90%).  

 

The results in (Fig. 4.2) show that total P adsorption is higher in Soil 1 than Soil 2, possibly 

due to the greater soil clay content, and Fe and Al concentrations in Soil 1. Uddin et al. 

(2014) studied the effect of time of incubation on P adsorption in four different calcareous 

soils of Pakistan and found that adsorption differed between soils due to physio-chemical 

properties such as organic matter content, nature and amount of clay content, and pH 

value. Rashmi et al. (2016) studied P sorption parameters related to soil properties in four 

different types of Indian soils, they found a significant correlation between P sorption with 

concentration of clay (r2=0.70), Fe (r2=81) and Al (r2=0.73). Devau et al. (2011) found 

that in soils with neutral-to-alkaline conditions, clay minerals appeared to be the principal 
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determinant of P-fixation – presumably a reflection of the density of adsorption sites rather 

than specifically indicating phosphate adsorption on alumino-silicate clays. Thus it may be 

also be expected that P adsorption is significantly correlated with soil CEC because the 

values of CEC in soils were 30.9 and 10.1 cmolC kg-1 in Soils 1 and 2 respectively. 

 

The mineralogy of the clay content of both soils was not determined but it is known that 

the majority of the soils in Kurdistan contain montmorillonite in various amounts. However, 

it is clear from the results that these calcareous soils have a high capacity for P 

adsorption/fixation - probably due to a high CaCO3 content, high pH and relatively high Fe 

and Al concentrations.   

 

 

Fig. 4.1: The percentage of adsorbed phosphorus in the two calcareous soils collected from 

Sulaimanyah province, Kurdistan region, Iraq: Soil 1 (filled symbols) and Soil 2 (open symbols). At 

(p≤0.05) significant differences were found between soils and day one when compared with other 

incubated days.  
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Fig. 4.2: Effect of phosphate fertilizer application rates on adsorption of P in the two calcareous 

soils collected from Sulaimanyah province, Kurdistan region, Iraq: Soil 1 (filled symbols) and Soil 2 

(open symbols).  

 

4.3.2.2 Phosphorus recovery (%) extracted by NaHCO3 (Olsen-P, mg kg-1)  

Understanding the main factors affecting the recovery of applied P is important and 

may be facilitated with knowledge of soil properties and the fractionation of P in the soil 

(Samadi, 2006). Table 4.2 presents the proportion (%) of P in a reactive state in the 

two studied soils - measured as POlsen. In the P-treated soils recovery of P (as Olsen-P) 

increased with increasing P application rates but decreased with time of incubation 

(p<0.05). Audette et al. (2016) studied the kinetics of P transformation applied to 

calcareous soil and found that application of 225 mg P kg-1 soil as KH2PO4, increased 

labile P extracted by NaHCO3. However, more stable P compounds formed slowly during 

126 days of incubation time in a calcareous sandy loam soil containing a much lower 

clay content 5% compared to the soils used in this study 43% (Soil 1) and 31% (Soil 

2).   

 

The results in Table 4.2 also indicate that the effects of P application rate were greater 

in the period between 1-7 days. From the first day to 7 days of incubation, the 

percentage of P recovery (as Olsen P) decreased for Soils 1 and 2 and increased with P 
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application rate with the greatest proportional change occurring within the first day. 

However, from 14 days to the end of the incubation period (84 days), the proportion of 

Olsen-P decreased steadily and did not reach an equilibrium. (Al-Rohily et al., 2013) 

studied the effect of time of incubation (up to 16 weeks) on inorganic P fertilizer in 

calcareous soils of Iran and concluded that the most critical time period affecting P 

availability was the first week. The decrease of P recovery in the studied soils from the 

first day to the end of the experiment (1-84 days) suggests that there are slow time-

dependent reactions, perhaps including precipitation or progressive absorption of 

applied phosphate into mineral structures. The concentration of Olsen-P remained 

greater in Soil 2 which had a lower CEC (3-fold), clay content, and Fe and Al 

concentrations than Soil 1. Halajnia et al. (2009) also found a negative relationship 

between POlsen and soil CEC. Samadi and Gilkes (1999) recovered about 40±9% of 

applied P as NaHCO3-P in 14 calcareous soils containing similar clay contents 20-48% 

as the soils used in this study after incubation for 160 days.   

 

Regression analysis showed that PSol was positively correlated with POlsen in the case of 

P rates and incubation times, Table 4.3; Jalali (2007) reported that application of 

inorganic P fertilizer caused an increase in the dissolved P in the soil solution.  

 

Table 4.2: The proportion (%) of phosphorus recovery (±SD) as NaHCO3-extractable P (POlsen) in two 

soils used in the study. 

Soil P added     

Incubation time 
(days) 

      

  (mg kg-1) 1 7 14 28 56 84 

1 50 34.3±2.17 31.9±4.25 23.7±2.65 23.5±0.59 19.9±1.66 19.8±0.93 

 100 38.7±3.45 26.9±2.38 24.7±1.52 25.0±0.56 16.2±2.93 18.3±1.51 

 200 46.7±1.44 36.3±1.75 26.8±0.79 26.7±3.44 19.9±2.05 19.6±0.28 

 300 42.3±1.21 35.5±4.98 30.8±0.88 29.7±1.95 21.8±0.52 21.5±0.84 
2 50 79.2±7.74 47.6±2.81 42.4±6.24 46.4±4.54 40.0±1.04 36.6±1.56 

 100 78.5±1.99 50.3±3.63 44.5±2.60 44.6±2.16 39.6±1.74 35.3±1.40 

 200 69.4±4.19 47.8±1.69 43.7±2.09 44.1±2.09 35.9±1.03 34.8±1.10 
  300 65.5±3.09 46.5±1.61 42.7±4.83 38.6±0.83 28.5±1.82 27.6±0.79 
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Table 4.3: Correlations between POlsen and PSol in the two studied soils incubated up to 84 days. 

Incubation time (days) 

    1 7 14 28 56 84 

Soil 1 p-value 0.002 0.004 0.003 0.001 0.001 0.002 

 r 0.98 0.98 0.99 0.99 0.99 0.98 

Soil 2 p-value 0.002 0.004 0.001 0.03 0.05 0.01 

  r 0.98 0.97 0.97 0.91 0.86 0.78 

 

 

4.3.2.3 Phosphorus adsorption isotherm 

Adsorption isotherms were modelled by fitting data to the nonlinear forms of three 

equations, the Langmuir, Freundlich and Langmuir-Freundlich models. Adsorbed P was 

assessed both as POlsen (Fig. 4.3 A and C) and as total adsorbed P (Fig. 4.3 B and D). 

The continuing adsorption of phosphate through time (due to P fixation) should produce 

a progressive change in the slope of the adsorption isotherm.  By contrast, if POlsen really 

represents a ‘reactive P’ pool then there should be a single constant adsorption isotherm 

with all data falling on a single trendline regardless of incubation (P contact) time. This 

would reflect the existence of a true equilibrium between POlsen and PSol.  A comparison 

of Fig. 4.3 A and B and Fig 4.3 C and D clearly illustrates the fixation process through 

time and also verifies that POlsen and PSol are in a robust equilibrium regardless of 

incubation time.  This justifies the use of POlsen in these soils, not just as a measurement 

of available P reserves but also as an indicator of immediately available P in the soil 

solution. 

 

Overall, the Langmuir-Freundlich model described the POlsen data best for both soils 

although there was little difference in the fitting of all three models. For Soils 1 and 2 

respectively, the residual standard deviation (RSD) values for the fit of the Langmuir-

Freundlich model were lowest (1.10 and 10.4 mg kg-1) compared to 1.46 and 10.8 for 

Langmuir and 1.75 and 10.7 for Freundlich models .  
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Soil 1 demonstrated stronger P adsorption than Soil 2 at the start of the experiment – 

again reflecting the greater clay, Fe and Al oxides content and CEC value. Rashmi et al. 

(2016) studied phosphate adsorption parameters in relation to agricultural soils of 

India, they found that P adsorption maxima were significantly related to clay (r2=0.70), 

Fe (r2=0.81) and Al (r2=0.73). However, it can also be seen that at the end of the 

incubation period, Soil 2 had greater P adsorption (at 84 days) – this may be due to a 

higher carbonate content and a greater pH value in Soil 2. Hadgu et al. (2014) studied 

phosphorus adsorption its relation to soils properties, they found that P adsorption 

increased with increase in CaCO3 content. Tunesi et al. (1999) found that the formation 

of Ca-P mineral phases increased with an increase in the reaction time. Mallikarjun and 

Shashikant (2013) conducted a batch experiment to study P adsorption characteristics 

in different soils and found that an increase in soil pH from 8.0 to 8.5 slightly increased 

P adsorption from 62.5 to 64%.  
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Fig. 4.3 Phosphate adsorption isotherms  for Soils 1 and 2, expressing solution P concentration (X-

axis) as a function of ‘adsorbed Olsen-P’ (A and C) and ‘total adsorbed P’ (B and D). The two 

calcareous soils from Kurdistan were incubated with phosphate for () 1 day, () 7 days, () 14 

days, () 28 days, () 56 days and (⬜) 84 days respectively. In graphs A and C three models are 

fitted to the entire ‘reactive phosphate’ dataset across all incubation times. In graphs B and D the 

best-fit model line achieved for the Olsen P data is shown to illustrate the progressive adsorption 

(fixation) reaction against a consistent relationship between solution P and reactive adsorbed P. 

 

4.3.2.4 Solubility of phosphate minerals in studied soils 

In calcareous soils, phosphate is expected to form a range of Ca phosphate minerals 

(MCP, DCPD, OCP, TCP and HA) with progressively decreasing solubility in a Ca-rich 

environment (Al-Tameemi et al., 2015). Figure 4.4 presents the soil solution 

composition (phosphate potential and lime potential) in relation to common Ca 

phosphate minerals for the two studied soils. The Ca and phosphate data fell between 

undersaturated with respect to  DCPD and supersaturated with respect to HA, OCP and 

β-TCP across the two studied soils and across all incubation periods (day 1-84). This 

result is in agreement with results reported by (AL-Tameemi et al., 2015) who applied 

0, 60 and 120 mg P kg as superphosphate to two calcareous soils from southern Iraq 

and incubated the soils for one week at 30 0C and at 1.5 and 0.5 of their field capacity. 

They found that the applied P had been converted to OCP and HA by the end of the 

experiment. Wadu (2015a) found that Ca plays a major role in causing P precipitation 

and decreasing its solubility; Jalali and Jalali (2017) suggested that Ca-phosphates 

control P solubility calcareous soils.  

 

The results in (Fig. 4.4) also suggest that in control versions of both soils the P solubility 

is probably controlled by HA which therefore probably represents the stable Ca 

phosphate mineralogy for those soils. Jalali and Jalali (2017) studied P solubility in long-

term cultivated calcareous soils of Iran and found that HA is the most stable and least 

soluble of the Ca-P minerals found in aerobic calcareous soils. Where P has been added, 
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the solubility of the phosphate minerals appeared to systematically decrease with 

increasing time of incubation. Increased applied P rates also increased the solubility of 

P and actually produced supersaturated conditions with respect to DCP on day one.  By 

contrast, progressive re-crystallisation (possibly) led eventually to undersaturated 

conditions with respect to OCP and β-TCP by day 84. Notwithstanding the suggestion 

of HA in control soils, the results of the current study indicate that OCP and β-TCP 

minerals are the stable forms of P mineral in both soils where P has been recently 

added. This is agreement with the finding of Zhang et al. (2014) who found that the 

solubility of phosphate in farmed soils was controlled by β-TCP while, in unfarmed soils 

it was controlled by HA. Zhang et al. (2014) reported that in farmed calcareous soils, 

after several years, HA gradually develops even in the presence of high application of 

phosphate fertilizers. 

 

Fig. 4.4: Phosphate solubility in the studied soils in relation to crystalline Ca–P minerals; 

monocalcium phosphate, MCP; dicalcium phosphate dihydrate, DCPD; dicalcium phosphate, DCP; 

Octacalcium phosphate, OCP; β-tricalcium phosphate, β-TCP; and hydroxyapatite; HAP. 

Equilibrium lines for mineral phases were calculated based on the Ksp values reported by Lindsay 
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(1979). The two calcareous soils from Kurdistan were incubated with phosphate for (black) 1 day, 

(blue) 7 days, (red) 14 days, (orange) 28 days, (yellow) 56 days and (green) 84 days respectively. 

 

4.3.3 Zinc behaviour in two calcareous soils from Kurdistan 

4.3.3.1 Time-dependence of zinc adsorption in the studied soils (%) 

Figure 4.5 shows that 70Zn applied rates and time of incubation increased Zn adsorption 

significantly under (p<0.05) in the two selected soils. The results indicate that Zn 

adsorption onto the soils was comparatively rapid in the first day and continued until 

approximating an apparent equilibrium. The proportional change in adsorbed Zn was 

quite minor across the duration of the trial. For example, adsorption of Zn in the two 

soils increased from 93.4 and 92.2% on day one to 98.7 and 97.4% on day 84 for the 

2 mg 70Zn kg-1 treatment for Soil 1 and 2 respectively. Results are broadly in agreement 

with those reported by Ashraf et al. (2008) who studied Zn adsorption in calcareous 

soils.  

 

Figure 4.6 suggests that the two studied soils had similar Zn adsorption capacities 

although adsorption in Soil 2 was slightly higher, possibly reflecting the higher soil 

carbonate-C content (41%), low organic matter content as LOI 2.45% and a high pH 

(8.24) compared to corresponding values of 6.13%, 12.2% and 8.20 in Soil 1. Ashraf 

et al. (2008) and Kamali et al. (2010) studied Zn adsorption behaviour in a range of 

calcareous soils and found that increasing soil CaCO3 content increased Zn adsorption. 

Girija et al. (2013) also reported that pH value had the main role in Zn absorption, at 

high soil pH values (>7.7).  Abdu and Mohammed, (2016) studied Zn adsorption in a 

Savanna soil and found maximal Zn adsorption in soil with a pH value above 7. Al-

Tamimi (2006) studied Zn adsorption in a Torrifluvents soil of the Sub-Saharan region 

in the south of Libya and found a negative correlation between Zn adsorption and soil 

organic matter content. Given the proportion of Zn adsorbed, the results suggest that 
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application of Zn to the calcareous soils of Kurdistan is probably not a viable method of 

increasing the available Zn for plants (Fig. 4.5).   

 

 

Fig. 4.5: The percentage of 70Zn adsorbed by two calcareous soils, (●) Soil 1 and (ο) Soil 2, from 

Sulaimanyah province, Kurdistan region, Iraq. Adsorption was determined from the difference 

between 70Zn added and the solubility measured in 0.01 M Ca(NO3)2 suspension. 

 

 

Fig. 4.6: Effect of 70Zn isotope application rates on the amount of adsorbed Zn in Soil 1 (●) and Soil 

2 (ο). 
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4.3.3.2  70Zn recovery (%) extracted by DTPA (available, mg kg-1) 

Table 4.4 presents the percentage of 70Zn extractable as ZnDTPA. The results indicate 

that the recovery of Zn increased with increase in the applied Zn rates but decreased 

with time of incubation significantly (p<0.05). Similarly, Kamali et al. (2010) studied 

Zn adsorption in calcareous soil and found that increasing time of incubation 

significantly decreased exchangeable and soluble Zn. The results indicate that the effect 

of 70Zn application rate was greatest in the first day and higher rates caused a greater 

proportion of Zn to remain in a plant-available form as ZnDTPA for a longer period of 

time. From the first day to 7 days of incubation, the % Zn recovered decreased for soil 

1 and 2 and increased with Zn rate, suggesting that the critical time for Zn application 

is the first day. However, from 14 days to the end of the incubation period (84 days), 

the value of % Zn recovered continued to decrease and did not reach an equilibrium. 

Alvarez and Maria (2003) reported that incubation time is an important factor in the 

process of decreasing available Zn in calcareous soils. They found that incubation of 

calcareous soils in columns with 10 and 20 mg Zn-EDTA kg-1 for 60 days, deceased 

ZnDTPA by 72 and 75% respectively. The difference in Zn recovery between the results 

of the current study and those reported may be due to the type of Zn fertilizer and 

soils.  

 

The amount of ZnDTPA data in Soil 1 were lower than in Soil 2 from day one to day 14, 

while from day 28 to end of the experiment the trend was reversed. This may reflect 

differences in key soil properties such as carbonate content, soil pH and soil organic 

matter content. According to Kamali et al. (2010), a high amount of applied Zn reacts 

rapidly with carbonate present in the soil. Ramzan et al. (2014) study the fractionation 

of Zn and their association with soil properties in the soil of the Kashmir Himalayas. 

They found a negative relationship between exchangeable Zn and pH value and a 

positive correlation with SOM content. 
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Table 4.4: The recovery of 70ZnDTPA in (mg kg-1) in the two soils used in the study, which were 

incubated for days and at laboratory condition with different applied amount of 70Zn.   

Soil Zn added     
Incubation time 

(days) 
    

  (mg kg-1) 1 7 14 28 56 84 

1 2 6.64±2.45 3.23±0.46 3.23±1.77 3.24±0.39 1.89±0.39 1.32±0.24 

 5 6.02±0.66 3.35±0.14 3.73±0.53 2.82±1.00 2.42±0.33 1.51±0.18 

 10 4.23±0.10 3.90±0.74 3.04±0.36 2.91±0.07 2.30±0.25 1.74±0.60 

 20 4.06±0.85 3.50±0.29 3.15±0.56 2.56±0.42 2.56±0.21 1.82±0.13 
 

2 
 

2 
 
7.77±1.89 

 
4.69±2.05 

 
4.00±2.11 

 
2.88±1.13 

 
2.15±0.79 

 
1.25±1.05 

 5 8.39±3.11 3.29±1.08 3.42±0.19 4.94±1.77 3.13±1.27 1.03±0.24 

 10 7.32±0.11 5.00±2.02 4.87±1.49 3.54±0.52 3.34±0.53 1.84±1.60 
 20 11.7±2.61 4.79±1.97 5.04±0.64 3.38±0.32 3.55±0.65 1.14±0.28 

 

4.3.3.3 Measurement of isotopically exchangeable Zn in soils (E-value; ZnE) 

The effects of incubation time and applied Zn rates on measurement of Zn ‘lability’ and 

fixation were studied by determination of isotopically exchangeable Zn as an apparent 

E-value (ZnE). It is important to recognise that ZnE was determined following 

progressively longer contact times between the tracer isotope (70Zn) and the soil and 

so the values of ZnE presented do not represent ‘labile’ Zn except perhaps for the 

earliest measurements.  Rather the values of ZnE represent the progressive mixing of 

the 70Zn isotope with the native soil Zn and so effectively quantify a fixation process.  

Generally, increasing 70Zn application rates and time of incubation significantly 

increased the values of ZnE in the two soils (p≤0.05) as shown in Table 4.5. Sinaj et al. 

(2004) studied soil isotopically exchangeable Zn in the batch experiment and found that 

the (apparently) isotopically exchangeable Zn increased with time. They also found that 

about 52% of the total Zn extracted by DTPA was from the pool of isotopically 

exchangeable Zn at the end of an incubation experiment (109 days). The ZnE values 

were 1.04±0.08 and 0.76±0.18 for Soils 1 and 2. This difference was probably due to 

clay content, CEC value, and Al and Fe concentrations which are higher in Soil 1. The 
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fluctuation of ZnE values at the end of the experiment (day 84) might be due to other 

processes affecting the distribution of 70Zn isotope in the studied soils with time.    

The percentage of isotopically exchangeable Zn in the two selected soils (%ZnE), 

generally increased with applied 70Zn rates Table 4.6, a significant correlation was found 

between %ZnE with applied rates (R2= 0.42 and 0.47, p<0.05) for soil 1 and 2 

respectively when the full dataset was considered. However, there was no correlation 

found between %ZnE and time of incubation. This has been detected before for soils 

treated with soluble Zn salts (Degryse et al., 2011).  

 

Table 4.5: Effect of time of incubation and Zn application rates on Zn E-values (± standard deviation) 

for the two soils.    

    ZnE (mg kg-1) 

Soil 
 70Zn 

Added Incubation time (days) 

  (mg kg-1) 1 7 14 28 56 84 

1 2 0.33±0.11 0.37±0.03 0.62±0.42 0.57±0.08 0.90±0.16 1.03±0.18 
  5 0.38±0.03 0.57±0.01 0.50±0.05 0.78±0.22 0.84±0.22 0.97±0.09 

 10 0.56±0.01 0.63±0.09 0.69±0.06 0.77±0.03 0.91±0.04 1.06±0.35 

 20 0.75±0.11 0.80±0.01 0.86±0.12 1.37±0.15 1.01±0.02 1.12±0.03 

        
2 2 0.17±0.03 0.29±0.09 0.27±0.10 0.41±0.13 0.60±0.29 1.31±0.23 

 5 0.24±0.14 0.40±0.10 0.30±0.01 0.31±0.10 0.40±0.11 0.86±0.17 

 10 0.25±0.01 0.35±0.14 0.33±0.07 0.40±0.05 0.38±0.12 0.48±0.11 
  20 0.23±0.02 0.45±0.11 0.40±0.02 0.52±0.03 0.51±0.05 1.01±0.22 

 

 

Table 4.6 presents lability (ZnE) as proportion of total 70Zn in the two selected soils. 

About 70.4 and 90.5% ZnE and 13.8 and 8.86% of total applied Zn were recovered 

when the whole dataset was considered in soil 1 and 2 respectively. In general, the 

recovered %ZnE from soil increased with increase in the applied Zn rates (R2 ranged 

between 0.32-0.91 and 0.41-0.86, p<0.001) but decreased with incubation time, (R2 

ranged between 0.17-0.52 and 0.26-0.42, p<0.01) for soil 1 and 2 respectively. These 

high values of %ZnE in relatively fertilized soils suggest that the majority of the available 

soil Zn is from applied Zn. Ayoub et al. (2003) also observed a high %ZnE, about 65% 
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in soil from Great Billings (UK) amended with sewage sludge. They calculated %ZnE in 

4 treated soils and attributed high %ZnE values ranging between 70-90% for most 

treatments. In contrast, Nazif et al. (2015) measured low values of %ZnE, 0.24-6.24% 

extracted by 0.01 M Ca(NO3)2 in 36 uncontaminated calcareous soils from Peshawar, 

Pakistan. Thus, increasing %ZnE in the studied soils is due to the application of Zn.   

 

Table 4.6: The proportion of ZnE of total added 70Zn extracted by DTPA in the two studied soils 

which were incubated for 84 days with different level of applied 70Zn isotope. 

    Lability   (%ZnE) extracted by 0.005M DTPA 

 
70Zn added  Incubation time (days)  

Soil (mg kg-1) 1 7 14 28 56 84 

1 2 56.5 41.5 27.6 72.1 44.5 32.8 
  5 52.4 28.8 32.6 66.0 62.0 39.2 

 10 37.0 34.1 26.6 69.2 57.8 45.8 

 20 35.6 30.7 27.7 70.4 65.6 48.8 
 

2 2 68.0 40.9 34.9 68.6 54.0 38.7 

 5 73.8 28.9 30.1 68.9 79.8 27.3 

 10 64.5 44.0 42.9 86.4 82.1 64.5 
  20 90.5 42.2 44.5 84.3 94.0 31.3 

  

 

4.3.3.4 Zinc adsorption isotherms 

The adsorption isotherms were assessed by fitting nonlinear forms of the three 

adsorption equations (the Langmuir, Freundlich and Langmuir-Freundlich models). The 

‘adsorbed’ data was either ZnDTPA or total adsorbed Zn (both in mg kg-1) for the two 

studied soils; these were plotted against equilibrium Zn concentrations (mg L-1) 

measured in 0.01 M Ca(NO3)2 (Fig. 4.7). Overall, the Freundlich model described the 

ZnDTPA data well for both studied soils; the RSD values (mg kg-1) were 0.026 and 0.073 

for Soils 1 and 2, compared to 0.027 and 0.096 for the Langmuir model and 0.034 and 

0.075 for the Langmuir-Freundlich model. Hararah et al. (2011) studied Zn adsorption 

in some calcareous soils of Iran and also found that Zn sorption was described by the 

Freundlich isotherm. There have been many studies of heavy metal retention in which 
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the adsorption characteristics appear to follow the Freundlich model (Antoniadis et al., 

2017, Dandanmozd and Hosseinpur, 2010, Hararah et al., 2011). The Freundlich 

equation is an empirical equation but equates broadly to a distribution coefficient (KF) 

qualified by an affinity (power) term (n) which represents a progressive reduction in 

adsorption strength with site coverage.  In this way the Freundlich model 

accommodates heterogeneity of adsorption sites in soils.  Ashraf et al. (2008) 

suggested that the success of the Freundlich isotherm is that while it supposes unlimited 

adsorption sites it includes provision for variation in soil adsorption site chemical and 

physical properties. 

 

The values of the Freundlich constants, KF and n, for ZnDTPA adsorption were 2.28 and 

0.56 for Soil 1 and 9.59 and 1.18 for Soil 2. According to Selim (2017), n values greater 

than 1 could suggest precipitation reaction.  Adsorption reactions should produce n 

values less than 1.0 as adsorption weakens with progressive site coverage.  However, 

a rising trend (n>1) in the adsorption isotherm could suggest precipitation. Thus the 

value of n for Soil 2 (1.18) may be because Soil 2 contains a greater amount of CaCO3 

and a higher pH value than Soil 1; and so the applied Zn may react with CaCO3 to form 

surface precipitates as ZnCO3 or mixed Zn, CaCO3 particles. Dandanmozd and 

Hosseinpur (2010) studied the thermodynamic parameters of Zn sorption in some 

calcareous soils of Iran and found that the sorption maxima correlated to the soils’ 

calcium carbonate contents which again is reflected in the current comparison of Soils 

1 and 2. Reyhanitabar and Gilkes (2010) studied the characteristics of Zn sorption in 

some calcareous soils of Iran and reported a highly significant relationship (p≤0.01) 

between the Freundlich KF constant and calcium carbonate contents in soils and 

between the Freundlich n coefficient and soil pH value.  

 

Surprisingly, Soil 1 had greater adsorbed Zn at the end of the experiment (84 days) 

than Soil 2 (Fig.4.7b and c). This may reflect the greater clay content and Fe and Al 
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oxide content and CEC value in Soil 1. Antoniadis et al. (2017) studied the effect of 

removal of carbonates and hydrous oxides on Zn sorption in different soils. They found 

that Zn sorption decreased from 98% to 83% with the remove of CaCO3 and from 99% 

to 85% with the remove of Fe and Al oxides in all soil samples. They also found that in 

the CaCO3-removed soils, Fe and Al oxides were the main soil components affecting Zn 

sorption. (Antoniadis et al., 2017) also found that Fe and Al oxides become functional 

when CaCO3 was removed.  

 

Figure 4.7 B and D also clearly show the effect of time on Zn adsorption.  The single 

model trend representing ZnDTPA adsorption is far lower than the total Zn adsorption 

data and represents the relatively constant relationship between reactive adsorbed Zn 

(ZnDTPA) and solution Zn concentration.  By contrast, the total adsorbed Zn data shows 

a clear time-dependency suggesting (i) there is clear evidence of progressive Zn fixation 

and (ii) the majority of the sorbed Zn is indeed fixed and unreactive. Even after just 

one day the recovery of Zn by extraction with DTPA is very small and further fixation 

proceeds beyond day 1 up to the time of the final measurement after 84 days of 

incubation.  It is clear from the trend in the data that the half-life of the reactive Zn 

would be < 1 day suggesting extremely rapid fixation. The trends in Fig 4.7 B and D 

clearly underline that it would be pointless adding soluble Zn fertilizer to these 

calcareous soils as the vast majority would be rendered unavailable to plants long 

before any benefit to plant health could be realised. 
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Fig. 4.7: Zinc adsorption isotherms  for Soils 1 and 2, expressing solution 70Zn concentration (X-axis) 

as a function of ‘adsorbed DTPA-70Zn’ (A and C) and ‘total adsorbed 70Zn’ (B and D). The two 

calcareous soils from Kurdistan were incubated with 70Zn for () 1 day, () 7 days, () 14 days, 

() 28 days, () 56 days and (⬜) 84 days respectively. In graphs A and C three models are fitted 

to the entire ‘reactive 70Zn’ dataset across all incubation times. In graphs B and D the best-fit model 

line achieved for the DTPA-70Zn data is shown to illustrate the progressive adsorption (fixation) 

reaction against a consistent relationship between solution 70Zn and reactive adsorbed 70Zn. 

 

4.3.3.5 Zn solubility  

The concentration of soluble Zn measured in the soil suspension (0.01 M Ca(NO3)2) can 

be used to determine the Zn mineral solid phases which may control the solubility of 

Zn in the studied soils. A solubility diagram for Zn minerals was developed by plotting 

`logarithm activity of Zn2+ (log Zn2+) against soil pH. The activity of Zn2+, pH and partial 

pressure of CO2 (PCO2) used to develop this diagram, were determined using measured 

values of pH and Zn concentration in solution with speciation using the geochemical 
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model WHAM-VII. This approach can indicate the likelihood of Zn minerals being present 

in soils at different pH values (Lindsay, 1979, Nazif et al., 2015, Urgun and Rimmer, 

2000). 

 

Figure 4.8 presents the soil solution composition of Zn2+ in relation to common Zn 

minerals in the two studied soils. The Zn data was mainly undersaturated with respect 

to Smithsonite initially across all Zn applied rates but moved towards the Smithsonite 

solubility line with time (day 1 to 84) due mainly to a gradual increase in pH. Jalali and 

Zinli (2012) reported that in the calcareous soils, the Zn solubility is controlled by 

Smithsonite (ZnCO3) due to the reaction of Zn with carbonate ions and then 

precipitation as ZnCO3. Martinez and Motto (2000) studied solubility of Zn added to 

minerals soil and found that in calcareous soils a significant fraction of Zn reacts with 

carbonate. The results of the current study suggests that Smithsonite may be the stable 

form of Zn mineral for applied Zn in the two studied soils.   

 

Similar results between Zn solubility and soil pH were obtained by (Sachdev et al., 

1992) who studied the effect of soil pH on Zn activity in alkaline soils. The values of pH 

increased with increasing incubation time in both soils and so the Zn2+ free ion activity 

fell within the stability zone of smithsonite. This trend may have arisen because the 

initial addition of Zn caused a drop in pH and the time-dependent dissolution of CaCO3 

then compensated and eventually caused precipitation of ZnCO3.  This result contrasts 

with the study of Nazif et al. (2015) who suggested that in calcareous soils, Zn was 

adsorbed on CaCO3 but undersaturated with Smithsonite.  However, they worked with 

native Zn and did not initially add soluble Zn to the soil.  The progressive fixation of Zn 

seen in the trends in Fig. 4.7 B and D should also be interpreted as being influenced by 

the gradual rise in pH seen and possibly as a consequence of ZnCO3 precipitation rather 

than a continuing adsorption process.  Inevitably, adding soluble Zn to the soils has an 
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initial acidifying effect which the soil’s buffer capacity will counter as a time-dependent 

process. 

 

 

Fig. 4.8: Zinc solubility in studied soils in relation to crystalline Zn minerals; amorphous (ZnCO3), 

hydrozincite, zincite, soil- zinc and smithsonite. Equilibrium lines for mineral phases were 

calculated based on the Ksp values reported by (Nazif et al., 2015, Lindsay, 1979, Urgun and 

Rimmer, 2000). The two calcareous soils from Kurdistan were incubated with phosphate for (grey) 

1 day, (blue) 7 days, (orange) 14 days, (yellow) 28 days, (red) 56 days and (green) 84 days 

respectively. 
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4.4 Conclusion  

The current experiment has demonstrated that the calcareous soils of Kurdistan, which 

are used for wheat grain production, have a substantial capacity for P and Zn fertilizer 

adsorption and fixation into forms which are unavailable to plants. Phosphorus and Zn 

adsorption increased with applied rates and incubation time at rates dependent on key 

soil characteristics. The highest adsorption strength for P was found in Soil 1 due to its 

higher clay content, CEC value, Fe and Al concentrations. Although Zn adsorption was 

initially greater in Soil 2 due to its high CaCO3 content and low organic matter adsorption 

was also greater in Soil 1 by the end of the experiment (84 days). Langmuir-Freundlich 

and Freundlich models described available P and Zn adsorption (POlsen and ZnDTPA) in 

both soils.  The relationships between available adsorbed P and Zn and concentrations 

in solution were remarkably consistent regardless of incubation time.  This justifies the 

use of both the Olsen test and DTPA extraction to determine the available P and Zn 

pools which are in equilibrium with soil pore water P and Zn (the immediately available 

fractions).  For both P and Zn there was progressive fixation with time which followed 

a very consistent pattern for both analytes and both soils. This was partly associated 

with a gradual increase in pH with time. The solubility of P and Zn increased with 

increasing application rates but, as expected, decreased with increasing time of 

incubation and pH value. The solubility of P appeared to be controlled by DCP and HA 

and Zn solubility gradually moved into the stability zone controlled by smithsonite with 

time. Both nutrients are therefore likely to exhibit plant uptake limitations - as expected 

in calcareous soils. The progressive changes in Zn solubility were confirmed by the 

progressive increase in apparent ZnE values demonstrating the gradual mixing of the 

spiked Zn isotope with a larger soil Zn fraction.  
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5 PHOSPHORUS AND ZINC INTERACTION IN MAIZE, 

COWPEA AND TOMATO PLANTS GROWN IN THE 

CALCAREOUS SOIL OF KURDISTAN 

 

5.1 Introduction  

Phosphorus (P) and zinc (Zn) deficiencies are common nutritional limitations of crop 

production in several parts of the world, and P-Zn interaction has been extensively 

studied (Zhu et al., 2001a, Imran et al., 2016). The application of high amounts of P 

fertilizer can decrease the solution concentration of Zn (Lambert et al., 2007) due to 

the formation of insoluble Zn-P compounds (Zn3(PO4)2)  (Hafeez et al., 2013a), thereby 

decreasing plant Zn uptake. Wang et al., (2008) reported that TSP reduced Zn 

concentrations in shoots of cabbage (Brassica chinensis L.). In calcareous soils, Zn 

uptake and accumulation in crops generally decreases with increasing P application. Ma 

et al. (2016a) reported that increasing P causes a decrease in available Zn due to 

increased adsorption of Zn by Fe and Al oxides and precipitation of Zn-P compounds. 

However, Zhang et al. (2016) found that at low P application rates of 0-50 kg ha-1, Zn 

accumulation at the flowering stage was increased in roots but then slightly decreased 

by increasing application rates to 100-400 kg ha-1; this was thought to be related to 

root dry matter. In addition to directly influencing Zn solubility in the soil, P is also 

thought to have an antagonistic effect on Zn uptake by plant roots (Mousavi et al., 

2013, Watts-Williams et al., 2013), but there is little information about specific 

mechanisms.  

 

Zinc movement from plant roots to shoots decreases with an increase in the application 

rate of P fertilizer (Zhang et al., 2016). Bogdanovic et al. (1999) reported several 

possible reasons for this phenomenon including, (i) a simple dilution effect on Zn 

concentration in the plant shoots due to a P-related growth response, (ii) P–Zn 
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interactions in the soil, (iii) slower rates of translocation of Zn from the roots to the 

plant shoots, (iv) a metabolic change in plant cells related to changes in P and Zn 

concentrations, or (v) interference with the metabolic function of Zn at certain sites in 

the cell at extreme concentrations of P. It is also possible that root morphology could 

be altered due to P fertilization which may have an effect on Zn uptake by plants (Zhang 

et al., 2016). It has been recognised that the main interactions between Zn and P 

appear to be at the plant metabolic level (Bogdanovic et al., 1999).  

 

In plants, phytic acid is an anti-nutrient factor because it contains six negatively 

charged phosphate groups (Lopez et al., 2002a), fixed to the inositol ring (Okazaki and 

Katayama, 2014) which forms extremely stable complexes with nutrient cations (Lopez 

et al., 2002a) and forms insoluble salts (Sakai et al., 2015, Gupta et al., 2015). Phytate 

is the cation-complexed form of phytic acid which causes a decrease in micronutrient 

cation bioavailability (Liu et al., 2006) especially in the case of Zn (Abebe et al., 2007). 

Phytic acid (PA) is thought to play the main role in inhibiting Zn bioavailability 

(Karunaratne et al., 2008, Gupta et al., 2015). To predict Zn absorption from edible 

foods containing PA, it has been usual to use their molar ratio in the food as an index 

of Zn bioaccessibility (Roohani et al., 2012).  

 

Potential Zn bioavailability may be estimated from the PA/Zn molar ratio (Wang et al., 

2015a, Gargari et al., 2007). Karunaratne et al. (2008) divided diets into three groups 

based on PA/Zn molar ratio including (i) < 5 high Zn availability, (ii) 5-15 moderate Zn 

availability, and (iii) >15 low Zn availability. Approximately, 55% of the food content 

of Zn is estimated to be absorbed if the PA/Zn molar ratio is less than 5, while it would 

be 35% if the ratio is between 5 to 15 and only 15% if it is higher than 15 (Vafaei and 

Sarraf, 2014). Wang et al. (2015b) list three major strategies for increasing mineral 

concentrations and bioavailability in agricultural products, including (i) plant genetic 

engineering, (ii) biofortification of Zn, and (iii) application of Zn fertilizer. They found 
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that the application of Zn fertilizer causes a decrease in the PA content of winter wheat 

and a decrease in the PA/Zn molar ratio to <15. 

There are also several methods to reduce the inhibitory effect of PA and its 

concentration in foods. It is possible to hydrolyse PA by thermal processing, applying a 

phytase enzyme, soaking seeds and grains, and fermentation during the bread-making 

process. Saunders et al. (2012) reported that during the baking process heat destroys 

more than 50% of the PA in flour. Wu et al. (2010b) reported that the daily intake of 

PA is about 2 g for developing countries and 0.2-0.8 g for industrialized countries. The 

enzyme phytase decreases the negative effect of PA on Zn availability in foods; Tavajjoh 

et al. (2011) reported that about 60% of PA can be hydrolysed by phytase during bread 

making.  

 

The objectives of the current study were to discover: (i) the effects of P and Zn co-

fertilization on P and Zn concentration in maize and cowpea seeds and tomato fruit, (ii) 

the factors affecting PA/Zn molar ratio in those crops and the effects on estimated 

bioavailable Zn.  
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5.2 Materials and methods 

5.2.1 Site description 

The research site was located in a field of the Halabja Technical College of Applied 

Science, Halabja city, Sulaimanyah Polytechnic University, Kurdistan region, Iraq 

(35°12'46"N, 45°57'33"E). The site is at 730 m above sea level and located to the west 

of Halabja city. The soil in the studied area is a calcareous Mollisol as classified according 

to the USDA system of soil taxonomy (USDA, 1988). 

 

5.2.2  Maize, tomato, and cowpea experiments 

A field experiment to study the role of P on Zn uptake by maize, cowpea and tomato 

was carried out during the early cropping season (April–August) of 2016. A completely 

randomized block design experiment (CRBD) was undertaken with five-fold replication. 

The land was prepared by tillage and levelling and then divided into three areas for the 

three crops with 2 m space between each. Composite soil samples were collected from 

the plots before the experiment was initiated on 20th March 2016. Sixteen random soil 

samples (0-30 cm) across each area were taken using a stainless steel trowel and then 

sealed in a plastic bag for transport to the soil laboratory of the Agricultural Technical 

college of Halabja.  Soil samples for each area were mixed together and 1 kg of each 

homogenized soil was dried at room temperature in an aluminium tray, disaggregated, 

sieved to obtain the <2 mm fraction and then stored in a plastic bag. 

 

5.2.2.1 Maize Trial 

Seeds of corn (Zea mays L) were purchased locally in Halabja city and were soaked in 

irrigation water for 24 h before planting on 7th April 2016. The seeds were planted by 

hand in rows 70 cm apart with 30 cm between plants at a depth of 3-5 cm. Each plot 

consisted of 3 rows of length 2 m, spaced 70 cm apart to give an area of 4 m2. The 

space between seeds on the rows was 30 cm (18 seeds per plot), oriented in an east-

west direction. The maize seed germinated 12 days after planting. Irrigation was carried 
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out twice every week during the growing period with well water (clean water) located 

in the field. Weed control was undertaken on two occasions; 4 and 6 weeks after 

planting. An insecticide, Delta 25, (a synthetic pyrethroid ester) was sprayed once to 

protect plants from diseases caused by insects. Nitrogen fertilizer (Urea 46% N) was 

applied as a basal dressing at the recommended rate of 120 kg N ha−1 to plots. A first 

application (60%) of nitrogen (N) was applied to each plot and two weeks after the first 

application the remaining application (60%) of N fertilizer was applied after two and 

four weeks from the germination date. 

 

5.2.2.2 Tomato Trial 

Local genotype tomato seeds were purchased in Halabja city and planted in pots on 1st 

March 2016 to produce seedlings. When the seedlings were 10 cm high they were 

planted in lines and irrigated with water on 8th April 2016. Each plot consisted of 3 rows 

each of 1.5 m long spaced 50 cm apart. The space between plants along the rows was 

30 cm (15 seedlings per plot), oriented in an east-west direction. Irrigation was carried 

out twice weekly during the growing period. Weed control and insecticide application 

were as for the maize plots. An application of 100 kg ha-1 of N was made uniformly to 

all plots at sowing using urea, as recommended by the Agriculture Department of 

Halabja. The urea was broadcast and then incorporated into the soil. A first application 

(50%) of the nitrogen (N) was made to each plot two weeks after planting with the 

remaining 50% applied with irrigation water two and four weeks later. 

 

5.2.2.3 Cowpea Trial  

Local genotype cowpea seed (American) was purchased in Halabja city. Seeds were 

soaked in irrigation water for 24 h before planting on 27th April 2016. Seeds were 

planted at a depth of 3-5 cm, by hand, in rows 50 cm apart with 30 cm between plants.  

Each plot consisted of three rows of length 1.5 m, spaced 50 cm apart (2.25 m2), 

oriented in an east-west direction. Seeds germinated after one week. Irrigation was 



121 

 

carried out twice a week during the growing period. Weed control and insecticide 

application were as described in the maize trial.  The recommended dose of urea was 

applied as a basal dressing at the rate of 20 kg N ha−1 to plots in one dose with irrigation 

water after the cowpea plants had produced four leaves.  

  

5.2.2.4 Treatments 

Twelve treatments consisting of four P levels as Triple Super Phosphate (TSP 20% P) 

and three levels of Zn as Zn-chelate were applied. The P levels were 0, 50, 100 and 

150 kg ha-1 for maize plots and 0, 40, 80, 120 kg ha-1 for tomato and cowpea plots 

applied to the soil by broadcasting in April 2016.  Zinc levels were 0, 800, and 1200 g 

ha-1  for maize plots and 0, 400, and 800 g ha-1  for tomato and cowpea plots applied 

as a foliar spray four times during the growing season:  four, six, eight and ten weeks 

after seed germination. 

 

5.2.3   Managing the trials 

5.2.3.1 Harvesting maize, cowpea and tomato plants  

At harvest, three plants per treatment were harvested from the central row of each 

plot. Maize plant harvested at maturity stage but cowpea and tomato plants harvested 

after two weeks of last Zn foliar application (or after 12 weeks of germination) in single 

harvest. Tomato fruits, maize and cowpea seeds were collected by hand. The shoots of 

three plants in the central row were cut at the soil surface with a stainless steel knife 

and the roots excavated with a stainless steel trowel. All samples were sealed in a 

polyethene bags to transport to the soil laboratory of the Agriculture Technical college 

of Halabja. At the laboratory, the tomato fruit samples and roots were washed with 

distilled water and blotted dry with tissue paper and the fresh weight recorded. The 

tomato fruit samples were sliced with a stainless steel knife. The seeds of maize 

separated by hand and the cowpea seeds separated from their shells by hand. All 

tomato fruit and the tomato, maize and cowpea shoots and roots were oven dried in Al 
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trays at 45 ˚C in a forced air oven (model LDO, 060E) to a constant weight. All plant 

samples then finely ground in a grinder with a stainless steel chamber and blades 

(model IKA A11 basic, Minho Analytic) and sealed in plastic bags.   

 

5.2.3.2 Soil sampling and preparation 

After harvesting plants, soil samples were collected in the central area of each plot 

using a stainless steel trowel and then sealed in plastic bags for transport to the 

laboratory at Halabja Technical College of Applied Science. Approximately 1 kg of each 

soil was dried at room temperature in an aluminium tray, disaggregated, then sieved 

to obtain the <2 mm fraction. Approximately 75 g of each sample was then stored in a 

plastic bag, double labelled, and transported to the University of Nottingham, UK. A 

portion of each sample was finely ground using an agate ball mill (Retsch, Model 

PM400), and then stored in polyethene bags.    

 

5.2.4 Soil analysis 

5.2.4.1 Soil pH value 

Soil pH was determined as described in Section 2.1.1 in Chapter 2.  

5.2.4.2 Loss of Ignition (LOI %) 

LOI % was determined as described in Section 2.1.2 in Chapter 2. 

5.2.4.3 Soil digestion 

Soil samples were digested as described in Section 2.1.3 in Chapter 2. 

5.2.4.4 Determination of available phosphate (Olsen-P) 

The Olsen-P determined as described in Section 2.1.4 in Chapter 2. 

5.2.4.5 Extractable Zn by DTPA 

The DTPA-Zn was determined as described in Section 2.1.5 in Chapter 2. 

5.2.4.6 Determine soluble P and Zn    
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Approximately 2.0 g of air-dried soil (< 2 mm) were transferred into a 50 ml centrifuge 

tube with 20 ml of 0.0058 M calcium nitrate (Ca(NO3)2), and shaken for 48 h followed 

by centrifugation (2500 rpm for 15 min), filtration (0.22 µm) and acidification of 5 ml 

with 0.2 ml of 50% HNO3 for analysis of P, Zn, Ca, Na, K, Mg, and S. A separate aliquot 

was retained for pH determination and measurement of dissolved inorganic carbon 

(DIC), dissolved organic carbon (DOC), and determination of the amount of phosphate 

as described by Murphy and Riley (1962a) in Section 2.2.6 chapter 2. Concentrations 

of soluble P in samples were determined by using Equation 5.1.  

 

𝑆𝑜𝑙𝑢𝑏𝑙𝑒 𝑃 =
(𝐴𝑏𝑠 × 𝑆𝑙𝑜𝑝𝑒)

𝑉𝐸𝑥𝑡.
  … … … … .                       𝐸𝑞. 5.1 

 

In Eq. 3.1 Soluble P is the concentration of phosphate in the soil solution (µg mL-1), Abs 

is the absorbance measured with a spectrophotometer at 880 nm, Slope is the slope of 

standard P solution, and VExt is the volume of the supernatant used in the colour 

development. 

 

5.2.4.7 Phosphate solubility 

The solubility of phosphate determined as described in Section 2.1.7 in Chapter 2.  

Zinc solubility 

The solubility of Zn determined as described in Section 2.1.8 in Chapter 2. 

 

5.2.4.8 WHAM speciation   

WHAM speciation was determined as described in Section 2.1.10 in Chapter 2. 

 

5.2.5 Plant analysis 

5.2.5.1 Plant digestion 

Plant samples were digested as described in Section 2.2.1 in Chapter 2. 
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5.2.5.2 Elemental analysis 

Elemental analysis was undertaken as described in Section 2.2.2 in Chapter 2. 

5.2.5.3 Phytic acid determination  

The phytic acid concentration in seeds and fruit was determined as described in 

Section 2.2.3 in Chapter 2. 

5.2.5.4 Phytic acid to zinc molar ratio (PA/Zn molar ratio) 

 Phytic acid to Zn molar ratio determined as described in Section 2.2.4 in Chapter 2. 

5.2.5.5 Human Zn bioavailability/bioaccessibility in seeds and fruit 

Human Zn bioavailability in seeds and fruit were determined as described in Section 

2.2.5 in Chapter 2 

5.2.5.6 Determination of solid⇌liquid partition coefficient for phosphorus as (Log 

Kd P) 

Solid⇌liquid partition coefficient of P determined by dividing POlsen (mg kg-1) on PSol (mg 

L-1).   

 

5.2.6 Determination of Zn contamination 

To determine the percentage of Zn contamination which comes from soil, dust and 

chemical fertilizer. Equation 5.2 was used 

 

       % 𝑍𝑛 𝑓𝑟𝑜𝑚 𝑠𝑜𝑖𝑙 𝑑𝑢𝑠𝑡 = (
𝑍𝑛𝑆𝑜𝑖𝑙

 𝑉𝑆𝑜𝑖𝑙
) × (

 𝑉𝑃𝑙𝑎𝑛𝑡

 𝑍𝑛𝑃𝑙𝑎𝑛𝑡
) × 100                            Eq. 5.2  

Where  

% Zn is the percentage of Zn contamination in plant parts arising from soil dust, ZnSoil 

and VSoil are the concentration of Zn and vanadium (V) in soil and in Znplant and Vplant 

are concentrations of Zn and V in plants part. The same equation is used to determine 

the proportion of each element contamination from the soil dust.  
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5.2.7 Statistical Analysis 

Analysis of variance (ANOVA) was based on a two-factorial randomised complete block 

design and treatments were analysed by a Least Significant Difference (LSD) test as 

P≤0.05. The various statistical computation was run using SPSS v. 24 for windows. 
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5.3  Results and discussion  

5.3.1 Meteorological data and soil properties of the site  

Table 5.1 presents meteorological data for the growing season (March-August 2016); 

data were obtained from the Agriculture Department of Halabja city. The data indicate 

that the area is semi-arid, has low humidity and precipitation and high temperatures. 

The college site is used by the Agricultural Technical College to produce orchard fruit 

and arable crops and for student training.  

 

Table 5.1: Meteorological data for growing season (March-August, 2016)*. 

Parameters   March April May June July August September  

Temperature (0C) Max 23.4 32.7 40.0 44.8 47.8 47.0 44.2 

 Min 3.20 2.00 2.00 18.7 24.2 25.4 15.2 

 Ave. 13.6 18.3 24.4 31.6 35.7 36.1 29.5 
Humidity % Max 84.0 78.0 71.0 29.0 26.0 25.0 33.0 

 Min 28.5 19.0 17.0 14.0 15.0 14.0 17.0 

 Ave. 45.9 41.2 31.4 21.7 20.3 19.5 22.7 
Precipitation 
(mm) 

 125 72.7 8.40 0.00 0.00 0.00 0.00 

Evaporation Max 4.60 6.30 12.5 14.5 15.2 14.2 12.4 
(mm) Min 0.40 1.30 1.80 9.30 110 10.1 6.30 

 Ave. 2.88 4.33 6.98 11.6 12.8 11.9 9.20 
Soil temperature Max 14.5 20.8 25.6 31.6 33.1 33.1 32.9 

(0C) (30 cm) Min 12.5 13.8 19.3 22.2 31.2 32.1 27.8 

  Ave. 13.6 17.1 22.0 28.4 32.3 32.6 30.7 
     *Data were provided by the Halabja agriculture department. 

 

The soil chemical properties of the experimental site are given in Table 5.2. The 

measured POlsen and ZnDTPA at the sites were below critical values for optimum plant 

growth (<10 mg POlsen and <1.0 mg ZnDTPA) (Imran et al., 2016, Ahmad et al., 2012). 

However, Zn extracted by DTPA was in the range for Iraqi soils. Alloway (2009) reported 

that values of ZnDTPA (mg kg-1) in Iraqi soils lie between 0.1 and 8.70 mg kg-1 with an 

average of 0.30 mg kg-1. The soil at the experimental site represents the typical 

combination of high Ca concentration and pH prevalent in the region due to the 

calcareous nature of the soils. 
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Table 5.2: Average soil chemical properties of the experimental plots. 

Soil properties Maize plots Cowpea plots Tomato plots 

pH 8.09 8.14 8.25 
LOI % 9.88 9.84 10.0 
Total Ca (g kg-1) 27.1 31.8 28.8 

PT            (mg kg-1) 693 723 760 

ZnT          (mg kg-1) 98.7 102 104 

POlsen       (mg kg-1) 5.48 4.18 5.77 

ZnDTPA     (mg kg-1) 0.15 0.27 0.40 

 

 

5.3.2 Soil pH at harvest 

The results in Table 5.3 show the effect of applied P fertilizer rates on soil pH at harvest 

time. Before planting, the average pH values were 8.09, 8.14 and 8.25 for maize, 

cowpea and tomato soils respectively and the application of P appeared to cause a 

significant decrease in soil pH (p<0.05), especially in the case of maize plots (<pH 8.0). 

This result is agreement with Fayaz et al. (2014) who found a significant negative 

relationship (r2=0.83) between single super-phosphate rate and pH in calcareous soil.  

However, the decline in pH may also have been associated with the greater application 

of urea to maize and subsequent nitrification of ammonium. Maize received 120 kg ha-

1 of urea-N compared to 20 and 100 kg ha-1 for the cowpea and tomato plots 

respectively. Li et al. (2006) and Lambert et al. (2007) also reported that the application 

of N fertilizer causes a decrease in pH value.  
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                Table 5.3: The average pH values for maize, cowpea and tomato plots at harvest. 

P 
added 

Zn 
added 

Maize 
plots 

P 
added 

Zn 
added 

Cowpea 
plots 

Tomato 
plots 

(kg ha-1) Average (kg ha-1) Average Average 

0 0 7.9 0 0 8.18 8.17 

0 0.8 7.94 0 0.4 8.11 8.14 

0 1.2 7.91 0 0.8 8.12 8.18 

       
50 0 7.97 40 0 8.09 8.14 

50 0.8 7.94 40 0.4 8.09 8.11 

50 1.2 7.93 40 0.8 8.05 8.11 

       
100 0 7.92 80 0 8.13 8.09 

100 0.8 7.93 80 0.4 8.11 8.1 

100 1.2 7.91 80 0.8 8.13 8.11 

       
150 0 7.94 120 0 8.17 8.08 

150 0.8 7.94 120 0.4 8.15 8.09 

150 1.2 7.93 120 0.8 8.28 8.1 
    

 
 

 

5.3.3 Available P (POlsen and Psol) and solid-liquid partition coefficient  

The phosphate fertilizer application rates (as TSP) increased POlsen and Psol significantly 

(p<0.05), although there was variation between replicates (Fig. 5.1). Garcia et al. 

(1997) and Al-Rohily et al. (2013) studied the effect of applied phosphate fertilizers, as 

TSP and KH2PO4, on available P in calcareous soils; they found that available P increased 

with the rate of applied P fertilizers. Application of inorganic P fertilizer can increase the 

amount of POlsen in the soil immediately following application but available P may 

decrease with contact time due to fixation of P by soil components (Audette et al., 

2016).   

 

From the slopes of POlsen at harvest against P application (Fig. 5.1) it was estimated that 

about 83, 78 and 83% of applied P fertilizer was fixed by soil components in plots 

growing maize, cowpea and tomato respectively across all applied P levels. Abebe et al. 
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(2007) and Al-Rohily et al. (2013) studied the effect of incubation time of P availability 

in calcareous soils and found that about 50% of applied P as KH2PO4 was fixed by soil 

after just one week of incubation. The strong linearity of the trends in Fig. 5.1, and the 

solid-liquid partition coefficients (log KdP) in Table 5.4 suggest that the plot soils all had 

the same ability to adsorb P, a consequence of their common soil properties (Table 5.2). 

The results for POlsen and log KdP suggest that the rate of fixation in the soil was 

independent of the P application rate. Thus, only soil properties (and time) appear to 

determine the fate of applied P fertilizer. It is reasonable to expect that fixation of P 

increases with a contact time between the applied P and soil; Mihoub and Boukhalfa-

Deraoui (2014) showed that P availability decreased as incubation time increased for P 

fertilizer added to a calcareous sandy soil in Algeria. The high proportion of P fixation 

in plots probably reflects the calcareous nature of the soil (high Ca concentration and 

pH). Deraoui et al. (2015) studied the effect of incubation time and soil properties on P 

availability. They found that high concentrations of Ca and pH decreased available P. 

Applied P is thought to react preferentially with Ca2+ ions on the adsorption complexes 

and in the soil solution and then with the Ca2+ present on the surface of calcite (Akinremi 

and Cho, 1991). This series of reactions governs Ca-P minerals formation in calcareous 

soils (Tunesi et al., 1999). Aslam et al. (2000) studied P behaviour in various soil 

samples categorised by their Ca concentrations and showed that P fixation in the soil 

was associated with the level of free CaCO3.   

 

Figure 5.2 shows that PSol was significantly correlated with POlsen in maize, cowpea and 

tomato plots: r=0.92, 0.71 and 0.67, respectively (p< 0.001). Fayaz et al. (2014) also 

reported a high correlation between POlsen and PSol in calcareous soil. 
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Fig. 5.1: The average values of POlsen for maize, cowpea and tomato plots at harvest as a function of 

fertilizer P application. For direct comparison, applied fertilizer values (kg ha-1) were converted to 

units of mg kg-1 assuming 2500 t ha-1 of topsoil. () maize plots, (∆) cowpea plots and (O) tomato 

plots.  

 

 

Fig. 5.2: Correlations between PSol and POlsen in (□) maize, (ο) cowpea and (∆) tomato plots. 
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Table 5.4: Effect of applied phosphate fertilizer on the solid-liquid partition coefficient of applied P 

(Log Kd P) for maize, cowpea and tomato plots.  Values of log Kd P were calculated as log10(POlsen/PSol). 

P added Maize  P added Cowpea Tomato 

(mg kg-1) Log KdP (mg kg-1) Log Kd P 

0 0.97 0 0.84 1.08 
20 1.17 16 1.13 1.23 
40 1.18 32 1.16 1.22 
60 1.21 48 1.22 1.32 

 

 

5.3.4 Soil exchangeable Zn (ZnDTPA) 

Table 5.5 shows the average values of ZnDTPA in maize, cowpea and tomato plots at 

harvest. The results indicated that the foliar application of Zn fertilizer increased ZnDTPA 

in the soil of maize, cowpea and tomato plots. A significant increase (p<0.05) was 

observed in maize plots, but not in cowpea and tomato plots when overall Zn rates were 

compared with control values. The ZnDTPA values increased by 9%, 1% and 5% for 

maize, cowpea and tomato plots respectively. This suggests that some of the foliar-

applied Zn fertilizer was transferred to the soil surface during application. Thomas and 

Omueti (2012) reported that the application of Zn to soil causes an increase in Zn 

solubility. Again compared to control values, the application of P fertilizer also appeared 

to cause an increase in ZnDTPA, especially at low P levels between 0-50 kg P ha-1 for 

maize plots and 0-40 kg P ha-1 for cowpea and tomato plots. This may have been related 

to the acidification of plots soil with increasing TSP application rate; the plot pH values 

decreased from 8.09, 8.14 and 8.25 to 7.93, 8.13 and 8.10 for maize, cowpea and 

tomato plots respectively. Wang et al. (2008) studied the application of phosphate 

fertiliser (single superphosphate, SSP) on availability and uptake of Zn by cabbage plant 

in contaminated soil. They also found that the application of SSP slightly increased Zn 

availability due to a decrease in soil pH from 5.23 to 4.50-4.80. However, the increase 

in the ZnDTPA may be also related to N fertilizer application which, as discussed 

previously, caused a decrease in soil pH values. Hafeez et al. (2013) reported a positive 

correlation between ZnDTPA and N fertilizer in soils.  
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Table 5.5: The average concentrations of ZnDTPA in maize, cowpea and tomato plots. 

P added 
Zn 

added 

Maize  P 
added 

Zn 
added 

Cowpea 
plots 

Tomato 
plots plots 

(kg ha-1)    (mg kg-1) 

0 0 0.15b 0 0 0.33a 0.25a 
0 0.8 0.34 0 0.4 0.32 0.26 
0 1.2 0.28 0 0.8 0.35 0.26 

       
50 0 0.19a 40 0 0.33a 0.26a 
50 0.8 0.36 40 0.4 0.35 0.30 
50 1.2 0.31 40 0.8 0.36 0.32 

       
100 0 0.30a 80 0 0.30a 0.30a 
100 0.8 0.27 80 0.4 0.43 0.29 
100 1.2 0.31 80 0.8 0.42 0.32 

       
150 0 0.27a 120 0 0.33a 0.28a 
150 0.8 0.30 120 0.4 0.36 0.33 
150 1.2 0.32 120 0.8 0.29 0.30 

Different letter indicate significant difference at (P≤0.05) 

 

 

5.3.5 Determining controls over phosphate and zinc solubility in soils 

5.3.5.1 The solubility of calcium phosphate minerals 

Possible solubility control by calcium phosphate minerals was investigated by plotting 

`phosphate potential’ (log H2PO4
--pH) against lime potential (log Ca2++2pH). The 

activity of Ca2+, H2PO4
− and pH used to develop this diagram, were determined using 

measured values of pH and Ca and P concentration in solution with the determination 

of free ion activities using the WHAM (VII) geochemical speciation program. This 

approach can indicate the likelihood of specific phosphate minerals being present in 

soils with different pH values and different histories of P application (Zhang et al., 

2014). 

 

Figures (5.3a, b and c) present the soil solution composition (phosphate and lime 

potential) in relation to common Ca phosphate minerals for soils from the maize, 

cowpea and tomato plots. At harvest, the Ca and phosphate data fell between being 

slightly under-saturated with respect to Octa calcium phosphate (OCP) and super-



133 

 

saturated with respect to β-Tricalcium phosphate (β-TCP) across all the P application 

rates. McDowella and Sharpley (2003) found that in a calcareous soil with a high Ca 

concentration and pH value, phosphate solubility was controlled by β-TCP. Zhang et al. 

(2014) studied the effect of different P application rates on phosphate mineral solubility 

and found that in native and heavily fertilized calcareous soils the solubility of P 

appeared to be controlled by a series of calcium phosphate minerals ranging from HA 

to β-TCP. 

 

The results in (Fig. 5.3a, b and c) also suggest that the solubility of phosphate minerals 

in cowpea plots may be slightly higher than in the maize and tomato plots. This may 

have been due to a lower pH value in the cowpea plots and due to nitrification in the 

legume rhizosphere following N fixation. The application of higher rates of P fertilizer 

also appeared to cause a slight increase in the solubility of phosphate and at the highest 

rates of P application (120 or 150 kg ha-1) the soil data fell very close to the OCP 

solubility line for all crops.  
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Fig. 5.3: Solubility diagram comparing soil phosphate with a range of crystalline Ca-P minerals: 

monocalcium phosphate, MCP; dicalcium phosphate dihydrate, DCPD; dicalcium phosphate, DCP; 

Octacalcium phosphate, OCP; and β -tricalcium phosphate, β–TCP. Equilibrium lines for mineral 

phases were calculated based on the Ksp values reported by  Lindsay (1979). The soil was from plots 

used to grow (A) maize, (B) cowpea and  (C) tomato; soil sampling was at harvest. 
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5.3.5.2 Zn solubility  

A solubility diagram for Zn minerals was developed by plotting the free ion activity of 

Zn (log Zn2+) against soil pH. The activity of Zn2+, pH and partial pressure (CO2) used 

to develop this diagram, were determined using measured values of pH and Zn 

concentration in solution with chemical speciation resolved using WHAM-7. This 

approach can indicate the likelihood of Zn minerals being present in soils at different 

pH values (Lindsay, 1979, Nazif et al., 2015, Urgun and Rimmer, 2000). 

 

Figures (5.4a, b and c) present the soil solution (Zn2+) in soil suspensions from the 

maize, cowpea and tomato plots in comparison with common Zn minerals. The Zn data 

clearly indicate undersaturation with respect to Smithsonite (ZnCO3) across all maize, 

cowpea and tomato plots. Sachdev et al. (1992) studied the measurement of Zn2+ 

activity in four soil samples, ranging in pH from 5.6 to 8.0, using soil suspension in 

EDTA solution. They reported that, in alkaline soils, the Zn was supersaturated with 

respect to the hypothetical ‘Soil-Zn’ compound as defined by Lindsay (1979), not shown 

in Fig. 5.4. 

 

The results in (Fig. 5.4a, b and c) also suggest that the application of P fertilizer 

appeared to cause an increase in Zn solubility, notwithstanding the expected interaction 

between phosphate and Zn. However, the system remained undersaturated with 

respect to Smithsonite across all applied P rates and for maize, cowpea and tomato 

plots. Fayaz et al. (2014) undertook a laboratory incubation (28 days) to study the 

effect of P fertilizer (single super phosphate) on micronutrient availability in alkaline-

calcareous soils from Pakistan. They showed that the application of single super 

phosphate decreased the pH of soil and thereby had a significant effect on the solubility 

of micronutrient metals.   
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Figure 5.4 suggests that Zn solubility in these soils is not controlled by the solubility 

product (Ksp) of a pure single compound; a similar result reported by Martinez and Motto 

(2000). In reality, the pattern observed is probably the net result of adsorption of Zn2+ 

on humus, Fe oxides and CaCO3 as suggested by Nazif et al. (2015) and the assumption 

of solubility control by a pure compound is inappropriate. 
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Fig. 5.4: Solubility diagram comparing test soils with a range of Zn minerals: amorphous, 

hydrozincite (Zn5(CO3)2(OH)5), zincite (ZnO), and smithsonite (ZnCO3). Equilibrium lines for mineral 

phases were calculated based on Ksp values reported by Nazif et al., (2015), Lindsay, (1979) and 

Urgun and Rimmer, (2000). For (A) maize, (B) cowpea and  (C) tomato plots at harvesting. 
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control. Yang et al. (2012) studied inorganic P fractionation and translocation in low P 

soils and found that application of 32P-Pi increased Ca2-P while the transformation of P 

into Ca8-P, Ca10-P, re-adsorbed-P Al-P and Fe-P fractions decreased significantly when 

compared with soil to which no P fertilizer was applied. They suggested there was a 

transformation of water-soluble P to more slowly available and unavailable P fractions 

in deficient soils – more so than in ‘sufficient’ soils. The results of P fractionation 

indicated a negligible Fe-P fraction; values were below the detection limits of 0.05 mg 

kg-1. Adhami et al. (2006) studied the inorganic P fraction in calcareous soils and 

reported that Fe-P only accounted for 5% of the sum of P fractions but was strongly 

correlated with the form of Fe oxide present in the calcareous soils of Iran.   

 

Abolfazli et al. (2012) and Jun et al. (2010) reported that Ca-P form was the dominant 

form of P in calcareous soils and accounted for about 69-71% of the total inorganic P, 

including DCP (Ca2-P), OCP (Ca8-P) and HA (Ca10-P). The results in Fig. 5.5 support the 

above conclusion. In the current study, the Ca-P content accounted for the greatest 

proportion of total P (65-78%) for control plots and (67-72%) for fertilized plots, 

suggesting a non-significant decrease in the P fractional distribution. The proportions 

of plant-unavailable P fractions (Occluded-P and Ca10-P) were approximately 84, 76 and 

71% in control soils and 76, 72 and 71% in fertilized maize, cowpea and tomato plots 

respectively. These results suggest that the proportion of ‘plant-unavailable’ P 

decreased slightly after application of P fertilizer especially in the case of maize and 

cowpea plots. 
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Fig. 5.5: Fractionation (%) of P in soils: Ca2-P= Dicalcium phosphate; Ca8-P= P associated with OCP; 

Re-adsorbed-P; Al–P = associated Al oxides; Occluded P; Ca10-P= HP; Organic-P.  

 

Table 5.6: Phosphorus fractions in maize, cowpea and tomato plots. 
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5.3.7 The concentration of P and Zn in crops  

5.3.7.1 The concentration of P in roots, shoots, grain, seeds and fruit 

The results in (Fig. 5.6 a, b and c) show that the P application rates to soil increased P 

concentration in all crop parts significantly (p<0.05), except for maize shoots. As P 

application rate increased from 0 to 150 kg ha-1, the percentage of P increased by 6, 4 

and 5% in maize roots, shoots and grain respectively. Similarly, as P fertilizer 

application rate increased from 0 to 120 kg ha-1, the percentage of P increased by 5, 

26 and 11% and 5, 15 and 12% in cowpea and tomato roots, shoots, seed and fruit 

respectively. Apart from the influence of plant controls on the uptake, the comparatively 

small increase in P concentration in the crop may have been partly due to the fact that 

more than 80% of applied P was fixed by soils due to their calcareous nature (Fig. 5.5. 

and preceding discussion). According to Imran et al. (2016) application of 60 kg P ha-1 

as DAP combined with 16 kg Zn ha-1 as ZnSO4.7H2O, increased P concentration by 5.8% 

in the maize grain of a Neelam genotype and by 7.8% by sole P application (60 kg ha-

1) grown in the calcareous soil of Pakistan. In the current study, the maize response to 

applied P rates was much lower – possibly due to differences in genotype and P fertilizer 

type. Again, the low response of maize, cowpea and tomato plants to applied P rates 

might simply be due to the high rate of applied P transformation to unavailable P forms.    

 

The results in Fig. 5.6 indicate that tomato plants had the highest response to applied 

P rates and maize plants had the lowest. Holloway et al. (2001) and Zhang et al. (2017) 

reported that plants differ in their response to P applied depending on moisture, cultivar 

and growth dilution. It is clear that the field experiment is not under the same level of 

control as a greenhouse experiment and is more affected by environmental factors. 

The results of the current study indicated that the optimum P application rate was (100, 

80 and 40) kg ha-1 providing the maximum increase in the percentage of P (5, 5 and 

15%) for maize grain, cowpea seed and tomato fruit respectively.   
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The evidence provided from the P fractionation scheme is supported by single estimates 

of plant-available P (POlsen and PSol). At harvest about 17, 22 and 17% of the applied P 

fertilizer remained available, as estimated from POlsen. Mohasses (2015) reported that 

the application of TSP alone to calcareous soils not useful due to the abundance of 

calcium ions; phosphate ions simply react with active calcium in the soil resulting in 

relatively insoluble apatite formation. Zhu et al. (2018) reported that a short time after 

application, about 80% of the applied P is rendered unavailable for plant uptake due to 

adsorption and precipitation of applied P by Ca2+ ions in calcareous soils.   
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Fig. 5.6: The concentration of phosphorus (mg kg-1 dry matter) in (□), root, (ο) shoot and (∆) grain, 

seed or fruit of (A) maize, (B) cowpea and (C) tomato plants at harvest. 

 

5.3.7.2 The concentration of Zn in plant shoots, grain, seed and fruit  

At harvest, the foliar application of Zn fertilizer increased Zn concentration in plant 

shoots significantly (p<0.05) as shown in Fig. 5.7a, b and c. The proportion of Zn 

concentration differed between plants and at all Zn rates. The concentration of Zn in 

increased by 69%, 45% and 54% for maize, cowpea and tomato shoots at 1.2 and 0.8 

kg Zn ha-1 rates respectively when compared with control plants. However, Zn 

concentrations increased by only 4% at 0.8 and 1.2 kg Zn ha-1 rates in maize grain, by 

6 and 9% for cowpea seed and by 3 and 4% for tomato fruit at 0.4 and 0.8 kg Zn ha-1 

rates. The increase in shoot Zn concentration must have arisen due to the direct foliar 

application of Zn fertilizer but clearly, there was a considerable inhibition to subsequent 

transfer to edible crop compartments. In contrast, Wang et al. (2012) studied the foliar 

application of Zn to maize and wheat plants, they found that foliar application of Zn 

fertilizer (4 kg Zn ha-1 as ZnSO4.7H2O) increased Zn concentrations in maize and wheat 

grain by 27% and 28% respectively. This may be because they used a larger application 

amount of Zn fertilizer, and without P fertilizer application.  
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The results in (Fig. 5.7) indicate that Zn concentration in maize grain, cowpea seed and 

tomato fruit was not improved by the foliar Zn application rates used. This may also 

have been due to an inhibitory effect from the application of P fertilizer – especially as 

much of the foliar Zn application ended up in the soil. The concentration of Zn decreased 

by 8, 4 and 3% in maize grain, cowpea seed and tomato fruit respectively as P 

application rate was increased from 0 to 150 kg P ha-1 for maize plots and 120 kg ha-1 

for cowpea and tomato plots. Yadav et al. (1985) found that Zn concentration in 

different cowpea parts decreased as the P application rate was increased in a glasshouse 

pot experiment. Singh et al. (1988) studied the antagonistic reaction mechanism 

between P and Zn in beans; they found that Zn concentration in plant tops decreased 

significantly with the application of P fertilizer and they recorded the greatest reduction 

with 40 kg P ha-1 rate. Reduction in Zn concentrations in wheat grain and maize grain 

was reported (Zhang et al., 2012a, Imran et al., 2016). Zhang et al. (2017) studied the 

overuse of P fertilizer on Zn bioavailability in winter wheat and found that Zn 

concentration decreased by 58% when P application was increased from 0 to 400 kg 

ha-1. Thus, the minor effect of P on Zn in maize, cowpea and tomato edible parts in the 

present study may be related to an inhibitory effect of applied P fertilizer within the 

plants, because Zn fertilizer was applied as a foliar dressing, or it may have arisen from 

interaction in the soil as the applied Zn was detected in the soil at harvest.  

 

Thus, results indicate that, although the Zn foliar application increased Zn concentration 

in crop leaves, even the maximum application of 1.2 kg Zn ha-1 for maize and 0.8 kg 

Zn ha-1 for cowpea and tomato plants did not improve Zn concentration in grain, seed 

and fruit of crops. Future work should examine the effect of increasing the amount of 

foliar-applied Zn; it may yet prove to be a satisfactory method for increasing the 

concentration of Zn in edible crop parts. Because the soils of Kurdistan region are 

calcareous, there must be only limited soil Zn uptake by crops (see Fig. 5.7 control 

soils) due to strong Zn absorption on CaCO3 producing low solubility (see Fig. 5.4) and 
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this may be aggravated by the relatively high levels of P fertilizer used in the area. 

Abdoli et al. (2016) reported that in calcareous soils, application of Zn fertilizer to the 

soil is a non-viable method because of rapid adsorption of Zn. 
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Fig. 5.7: Concentration of Zn (mg kg-1 dry matter) in the shoot, grain, seed and fruit of maize, 

cowpea and tomato plants at harvest and at different P and Zn application rates; (0, 50, 100 and 

150) kg P ha-1 and (( ) 0, (∆) 0.8 and (O) 1.2 ) kg Zn ha-1 for maize and  (0, 40, 80 and 120) kg P ha-

1 and (() 0, (∆) 0.4 and (O) 0.8) kg Zn ha-1 for cowpea and tomato.  

 

5.3.8 The interaction between P and Zn in shoots, seeds, and fruit 

Table 5.7 shows that the highest P concentration occurred in the treatment P150_Zn1.2 

and P120_Zn0.8 in maize and cowpea shoots while for tomato shoots the highest P 

concentration was in the P120_Zn0 treatment. In maize grain, cowpea seed and tomato 

fruit the highest P concentration were in treatments P100_Zn0, P80_Zn0.8 and 

P40_Zn0.4.  

 

Cowpea and tomato shoots had the highest Zn concentration in the P0_Zn0.8 treatment 

but in maize shoots, this was in the P150_Zn1.2 plots. In maize grain, cowpea seed 

and tomato fruit had the highest Zn concentration at P0_Zn1.2, P40_Zn80 and 

P120_Zn0.8 treatments respectively.  

  

In cowpea and tomato shoots, treatments without P application had the highest Zn 

concentration while P application alone caused a decrease in the Zn concentration. 
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and wheat grain, respectively, grown in calcareous soils. A decrease in Zn concentration 

due to the application of P fertilizer may result from increased plants shoot growth, 

which causes dilution of the plant Zn concentration (Gianquinto et al., 2000). 

Phosphorus also restricts the translocation of Zn from shoot to the top (Singh et al., 

1988) at a high level of P Zn becomes chelated to the cell wall in the plant leaves (Yang 

et al., 2011). Further study is required to investigate the individual processes that 

control Zn uptake and translocation in crops and how these are affected by high levels 

of P application.   

 

Table 5.7: The concentration of P and Zn in (A) maize, (B) cowpea and (C) tomato roots, shoots, 

seeds and fruit. 

A  Maize Root   Shoot   Seed   
Added 

P 
Added 

Zn  
P Zn P Zn P Zn 

(kg ha-1 ) (mg kg-1) 

0 0 881 15.8 2690 28.4 3540 40.9 
0 0.8 857 14.1 2510 65.6 3870 43.2 
0 1.2 889 14.3 2200 70.8 3810 44.6 

        
50 0 882 18.8 2750 23.8 3830 39.5 
50 0.8 847 14.1 2220 61.4 3720 40.2 
50 1.2 877 18.1 2000 82.3 3600 40.8 

        
100 0 815 19.4 1920 20.9 4120 37.4 
100 0.8 910 18.4 2010 62.1 3440 39.6 
100 1.2 846 14.3 2270 83.1 3470 40.6 

        
150 0 905 17.2 1850 26.3 3830 41.9 
150 0.8 977 16.5 2070 71.8 3930 43.7 
150 1.2 890 16.5 2700 84.6 3410 39.4 
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B  Cowpea Root   Shoot   Seed   
Added 

P 
Added 

Zn 
P Zn P Zn P Zn 

(kg ha-1) (mg kg-1) 

0 0 2520 21.9 4670 35.7 6060 44.9 
0 0.4 1930 23.6 3340 52.6 6710 51.1 
0 0.8 2580 20.1 4330 71.9 6030 48 

        
40 0 1610 15.9 3580 34.2 5930 47.6 
40 0.4 2090 19.3 4590 49.1 6210 48.9 
40 0.8 2370 24.1 4130 69.5 6930 53.2 

        
80 0 2350 24.1 4200 36.9 6090 45.7 
80 0.4 2340 24.6 4220 58.6 6640 49.8 
80 0.8 2240 19.6 3790 62.1 6960 51.1 

        
120 0 2590 23.9 3370 36.2 6710 45.4 
120 0.4 2490 26.4 4060 46.3 6120 45.8 
120 0.8 2290 21.1 4500 57 6750 49.6 

 

 

 

 

C  Tomato  Root   Shoot   Fruit   
Added 

P 
Added 

Zn 
P Zn P Zn P Zn 

(kg ha-1) (mg/kg) 

0 0 1800 29.9 2210 33.6 4250 20.6 

0 0.4 1670 27.8 1870 53.9 4110 21.3 

0 0.8 1770 27 1940 91.1 4220 21.5 

        
40 0 1800 37.4 2400 35.7 4750 21.5 

40 0.4 1690 28.3 2120 58.2 5260 22.1 

40 0.8 1730 31.8 2160 60.9 3830 21.5 

        
80 0 1940 28.4 2060 32.3 4820 20.6 

80 0.4 1930 31.4 2580 56.3 4270 21.3 

80 0.8 1940 32.7 2230 75.4 4060 21.8 

        
120 0 2010 34.2 2540 37.2 4150 21.1 

120 0.4 1480 31.5 2430 54.8 4250 21.8 

120 0.8 1580 31.9 2080 83.4 4510 22.6 
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5.3.9 Proportion (%) of plant element concentration arising from soil dust 

The objective of this calculation was to distinguish between systemic uptake of 

elements by roots from the soil and the fraction that arises from extraneous soil 

dust. Dust includes small (micrometre and nanometre diameter) solid particles 

transferred by wind and water (rain and irrigation splash) from the soil to plant 

leaves and stems (Farmer, 1993). Considering the high ratio of soil-to-plant 

concentrations of trace metals even a small level of plant contamination with soil 

may substantially increase the apparent concentration of elements in plants.   

 

To test for possible contamination of plants by soil dust Fig. 5.8 shows a correlation 

between vanadium (V) and iron (Fe) which may be indicative of soil dust. High 

positive correlations (r2) between Fe and V were found for roots (0.98, 0.99 and 

0.98) and shoots (0.98, 0.96 and 0.97) of maize, cowpea and tomato respectively 

(Fig. 5.9a and b). This indicates possible contamination of plant parts by soil dust, 

which may substantially affect the concentrations of macro and micronutrients 

reported for the crops. Equation 5.2 (Section 5.2.5, Chapter 2) was used to 

determine the contamination proportion of each element. Table 5.3.7 presents the 

percentage of metal concentration arising from soil dust in maize, cowpea and 

tomato roots, shoots and edible parts.   

 

The crop Zn concentrations (mg kg-1) were between 14.1-19.4, 15.9-26.4 and 

27.0-37.4 for plants roots, 20.9-84.6, 34.2-71.9 and 32.3-91.1 for shoots and 

37.4-44.6, 45.4-53.2 and 20.6-22.6 mg kg-1 for edible parts of maize, cowpea 

and tomato respectively. The results in Table 5.7 showed that about 23.5, 5.35 

and 16.4% of Zn in roots and 1.22, 2.52 and 2.54% of Zn in shoots arises from 

soil dust. For tomato fruit, maize grain and cowpea seed, the contributions of soil 

dust to Zn concentration were negligible.  
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The contributions from soil dust to each element was calculated (Table 5.7). As 

for Zn, lowest contamination was found in the edible parts of the plants and the 

greatest was in their roots. The greatest contributions from soil dust were for 

elements which form major structural components in soils (Al, Mn, Al) but which 

undergo only limited uptake by plant roots and elements generally associated with 

metal oxides (e.g. As, Cr). 

 

 

 

 

Fig. 5.8: Correlations between V and Fe elements in maize, cowpea and tomato (A) shoots and (B) 

roots. 
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Table 5.8: The estimated proportion (%) of macro and micro-element concentration in maize, 

cowpea and tomato roots, shoots, grain, seed and fruit arising from soil dust.  

   Maize Cowpea Tomato 

Element   Root Shoot Grain Root Shoot Seed Root Shoot Fruit 

Na 

(%) 

35.1 29.8 0.00 1.45 31.2 0.13 43.6 11.8 0.21 

Mg 33.8 3.09 0.00 5.23 3.43 0.01 20.7 3.31 0.16 

P 3.17 0.18 0.00 0.37 0.22 0.00 2.06 0.42 0.00 

K 2.19 0.34 0.00 1.12 0.56 0.00 2.67 0.53 0.01 

Ca 25.9 1.61 0.00 7.80 1.11 0.03 5.45 0.83 0.32 

Al 97.9 107 45.1 137 104 0.00 120 113 125 

Cr 79.7 49.2 6.28 100 70.3 457 89.7 62.6 19.8 

Mn 79.6 4.49 0.00 47.5 3.31 0.04 68.2 6.48 1.18 

Fe 77.3 67.5 0.00 107 67.3 1.16 90.2 71.1 22.8 

Co 34.5 55.6 0.00 53.6 36.4 0.14 65.9 43.2 2.42 

Ni 52.0 51.0 0.00 51.0 40.8 0.03 71.1 54.6 7.36 

Cu 19.0 1.92 0.00 8.49 3.06 0.00 12.6 4.31 0.08 

Zn 23.5 1.22 0.00 5.35 2.52 0.00 16.4 2.54 0.09 

As 88.7 51.7 36.2 114 64.3 35.6 79.6 71.1 29.3 

Se 13.2 2.67 0.00 5.69 6.30 0.01 13.4 2.71 0.10 

Mo 10.6 1.08 0.00 2.45 0.36 0.00 6.87 1.92 0.06 

Cd 16.8 1.80 0.00 6.17 10.9 0.05 7.07 1.15 0.04 

Ba 90.3 22.4 0.40 46.1 15.4 0.00 56.9 9.57 1.35 
 

 

 

5.3.10 Effect of applied P and Zn fertilizers on PA and PA/Zn molar 

ratio 

The bioavailability to humans of Zn in grains and cereal crops is negatively correlated 

with the concentration of phytic acid (PA). This is due to the antinutritive property of 

PA, which inhibits the absorption of Zn and decreases its bioavailability (Gupta et al., 

2015). It is well documented that dietary Zn absorption is affected by the quantities of 

PA and Zn in the diet (Miller et al., 2015) because PA chelates Zn ions forming insoluble 

complexes in the gastrointestinal tract that cannot be absorbed (Gibson et al., 2010). 

 

 Miller et al. (2015) studied the relation between Zn absorption and dietary PA intake 

in infants and young children based on modelling combined data from various studies. 

They found that when Zn intake was controlled, the absorption of Zn decreased by 0.04 
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mg d-1 when the concentration of PA intake increased by 500 mg d-1 but this varied 

with height, age and weight. 

 

Thus PA and the PA/Zn molar ratio are thought to be a reliable guide to Zn bioavailability 

(Li et al., 2017). Figure (5.9a and b) shows the effect of different rates of P and Zn 

fertilizers on PA concentration and PA/Zn molar ratio in maize grain, cowpea seed and 

tomato fruit. Phytic acid content (g 100g-1) ranged between 0.66-1.01, 1.30-1.49, and 

0.52-0.67 and the PA/Zn molar ratio ranged between 16.2-22.9, 26.9-31.0 and 24.9-

32.3 for maize grain, cowpea seed and tomato fruit respectively.   

 

Phytic acid content and the PA/Zn molar ratio decreased by 5 and 7% at an application 

rate of 1.2 kg Zn ha-1 in maize grain, by 1 and 7% in cowpea seed and by 9 and 8.5% 

at 0.8 kg Zn ha-1 in tomato fruit respectively when overall Zn and PA levels were 

compared with control (Fig. 5.9a). These apparently decreased values were significant 

(p<0.05) only in maize grain and tomato fruit but not in cowpea seed. On average, 

tomato fruit showed the greatest decrease in PA and PA/Zn ratio; cowpea seed had the 

lowest. Abdoli et al. (2016) studied the effect of soil and foliar Zn application on bread 

and durum wheat in calcareous soils and found that PA and PA/Zn molar ratio decreased 

as Zn rate increased. It is possible that Zn application does not only increase Zn 

concentration in crops but also reduces P and PA concentration in crops. Decreasing PA 

and PA/Zn molar ratio may also arise from growth dilution in crops. Various studies 

have shown that PA and PA/Zn molar may be significantly decreased with Zn fertilization 

(Imran et al., 2016, Bharti et al., 2013, Erdal et al., 2002). Erdal et al. (2014) and Yang 

et al. (2011) found that PA concentration and PA/Zn ratio decreased by 29 and 50% in 

lentil seed and 13 and 29% in wheat grain in hydroponic culture by application of 14 kg 

Zn ha-1 and 3.0 µM L-1 as ZnSO4.7H2O to soil and nutrient solution respectively, without 

P application. The lower decrease in % PA and PA/Zn molar ratio in the current study 
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may be due to lower Zn applications to plants which were intended to reflect local 

farming practice.     

 

The results in Fig. 5.9 also indicate that fertilizing the crops with P increased PA contents 

and PA/Zn molar ratio significantly (p<0.05). Phytic acid content and PA/Zn molar ratio 

in maize grain, cowpea seed and tomato fruit increased by 15, 21 and 19% and 23, 6 

and 8% respectively comparing the average overall P application levels with controls 

but there was a fluctuation between the P application rates. About 60% to 80% of total 

P in crops is in the form of PA and, in particular, most of the P in grain is present as PA 

(Zhang et al., 2012b). The results of this study are in agreement with the finding of 

(Imran et al., 2016). They studied the effect of different rates of P fertilizer, applied to 

calcareous soils, on PA and PA/Zn molar ratio in maize grain and found that PA and 

PA/Zn molar increased by 22 and 34% following application of 60 kg P ha-1 as DAP in 

DK-6142 maize genotype grains grown in calcareous soils in Pakistan.  
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Fig. 5.9: Effect of P and Zn fertilizer application on (A) PA and (B) PA to Zn molar ratio in maize grain, 

cowpea seed, and tomato fruit; (0, 50, 100 and 150) kg P ha-1 and (() 0, (O) 0.8, and (∆) 1.2) kg Zn 

ha-1 for maize grain and (0, 40, 80 and 120) kg P ha-1 () control, (O) 0.4, and (∆) 0.8) Zn ha-1 for 

cowpea grain and tomato fruit.  

 

5.3.11 Estimated Zn bioavailability to humans 

Zinc absorption in the human intestine is a complex process. ‘Trivariate models’ have 

been developed to estimate total Zn absorption depending on the relative 

concentrations of Zn and PA in the diet (Hussain et al., 2012b, Miller et al., 2007). 

These models may account for about 80% of the variation in the amount of Zn absorbed 

(Abebe et al., 2007, Liu et al., 2017).  

A standard per-capita level of consumption by adults was set at 300 g d-1 (FAO 

Database, 2011) and the estimated bioavailable Zn was calculated for maize grain, 

cowpea seed and tomato fruit as a single daily diet. Three different model parameter 

values for AMAX, KR and KP (see Section 2.5.4; Eq. 2.8) have been reported by Imran et 

al. (2016), Miller et al. (2007) and Brown et al. (2010) and these alternative values 

were used to calculate estimated bioavailable Zn. 

0

5

10

15

20

25

30

35

-20 0 20 40 60 80 100 120 140 160

P
A

/Z
n

 m
o

la
r 

ra
ti

o

Applied P fertilizer (kg ha-1)

Maize Cowpea Tomato

B



154 

 

   

Using the parameter values from Imran et al. (2016), Miller et la., (2007) and Brown 

et al., (2010), respectively, estimated bioavailable Zn in (mg d-1 for 300 g consumption) 

ranged between 2.33-2.70, 2.18-2.51 and 1.45-2.34 for maize grain, 2.11-2.27, 1.89-

2.15 and 1.76-2.05 for cowpea seed and 1.72-2.00, 1.44-1.82 and 1.34-1.68 for 

tomato fruit (Fig. 5.10a, b and c).  

 

Foliar Zn fertilization increased estimated bioavailable Zn by 11, 4 and 6% in maize 

grain, cowpea seed and tomato fruit respectively when all Zn rates were compared with 

controls. A significant increase (p<0.05) was observed for maize grain and tomato fruit 

while in cowpea seed the level of improved Zn bioavailability was not significant. On 

average, the highest increase in the estimated bioavailable Zn was observed in maize 

grain and this followed by tomato fruit and cowpea seed. This may be because the 

maize plants were fertilized with higher Zn rates than cowpea and tomato crops. Zhao 

et al. (2014) studied the effect of foliar Zn application on wheat grain Zn content in Zn-

deficient calcareous soil and found that grain Zn content and Zn bioavailability increased 

by 61 and 36% with foliar applications of 1.5 kg ZnSO4.7H2O ha-1 in a laboratory 

experiment. Imran et al. (2016) found that estimated bioavailable Zn increased by 34 

and 24% in Neelam and DK-6142 maize grain genotypes by soil application of 16 kg Zn 

ha-1 as ZnSO4.7H2O in calcareous soils in Pakistan. Compared to these studies, lower 

increases in the estimated bioavailable Zn were achieved in the present study. Again, 

the results suggest that to increase the estimated bioavailable Zn in crops grown in the 

calcareous soils of Kurdistan, foliar application of Zn fertilizer is an acceptable method 

but application rates should be increased over current local norms.  

 

Fertilizing the crop plants with P decreased the estimated bioavailable Zn in maize grain 

and tomato fruit significantly. The estimated bioavailable Zn decreased by 12, 2 and 

5% in maize, cowpea and tomato fruit when overall applied P levels were compared 
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with controls but there was variation between application rates and crops. Vafaei and 

Sarraf (2014) studied the effect of P and Zn application on increasing the quality of 

winter wheat and found that application of 200 kg P ha-1 as DAP caused a significant 

decrease in estimated bioavailable Zn in the winter wheat. Ryan et al. (2008) also found 

that Zn bioavailability decreased due to the increase in crop PA content through PA/Zn 

molar ratio, consistent with previous results (Zhang et al., 2017, Imran et al., 2016). 

Thus the results from the current study indicate that the application of P fertilizer had 

a small effect on estimated bioavailable Zn in all crops grown in the calcareous Kurdistan 

soils, possibly due to rapid fractionation of P fertilizer into relatively unavailable P 

fractions in the soil. Overall, the result suggests that increasing estimated bioavailable 

Zn should focus on foliar Zn fertilizer rates.   
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Fig. 5.10: Effect of P and Zn fertilizers application rates on estimated bioavailable Zn in maize grain, 

cowpea seed, and tomato fruit; (0, 50, 100 and 150) kg P ha-1; (() 0, ( O) 0.8, and (∆) 1.2) kg Zn ha-

1 for maize grain and (0, 40, 80 and 120) kg P ha-1 and (() control, (O) 0.4, and (∆) 0.8) Zn ha-1 for 

cowpea grain and tomato fruit.  Using three different sets of parameter values for KR and KP from 

(A) Imran et al. (2016), (B) Brown et al. (2010) and (C) Miller et al. (2007). 
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5.3.12 Effect of PA on the proportion of bioavailable Zn 

The results in (Fig. 5.11a, b and c) show the extent to which the proportion (%) of 

estimated Zn bioavailability in crops decreased with increasing concentration of PA 

intake for all the available crop data.  

 

The percentage of estimated bioavailable Zn in maize grain decreased from 25, 23 and 

21% to 16, 15 and 12% when the concentration of PA (mg d-1) increased from 1730 to 

3520. In cowpea seed, the decrease was from 18, 18 and 16% to 13, 12 and 11% when 

the concentration of PA intake (mg d-1) increased from 2490 to 4970. In tomato fruit 

the decrease was from 31, 28 and 26% to 20, 19 and 18%  when the concentration of 

PA intake (mg d-1) increased from 1340 to 2620 when the Imran et al. (2016), Miller et 

al. (2007) and Brown et al. (2010) parameters were used respectively. The results also 

indicate that highest bioavailable Zn was observed in tomato fruit followed by maize 

grain and cowpea seed due to differences in their PA concentrations.  
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Fig. 5.11: Effect of the concentration of PA intake (mg d-1) on the percentage of estimated Zn 

bioavailability in 300 g of (O) maize grain, () cowpea seed and (∆) tomato fruit; using three 

different parameters of KR and KP from (A) Imran et al. (2016), (B) Brown et al. (2010) and (C) Miller 

et al. (2007). 
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5.4 Conclusions  

 

Chapter 5 presents the results of a field trial examining the effects of soil P and foliar Zn 

applications to cowpea, tomato and maize grown in calcareous soils in Kurdistan. An 

overall impression from the data is that Zn is deficient, as expected, but agronomic 

practices have offset P deficiency by heavy applications of phosphate fertilizer.  This has 

had potential consequences for human nutrition by increasing the phytic acid: Zn ratio in 

the edible parts of crops. 

 

At harvest, calcium phosphate solubility data suggested that soils were slightly under-

saturated with respect to Octa calcium phosphate (OCP) and super-saturated with respect 

to β-Tricalcium phosphate (β-TCP) but data fell close to the OCP line. Zinc solubility showed 

clear undersaturation with respect to Smithsonite (ZnCO3) by approximately two orders of 

magnitude in (Zn2+) free ion activity across all P applied rates in maize, cowpea and tomato 

plots.   

 

The application of P increased POlsen in all plots, but a large proportion (average = 81%) of 

applied P was fixed by the calcareous soils. An attempt to fractionate P showed that applied 

P fertilizer had been rapidly redistributed within pre-existing soil P fractions in 

approximately the same proportion of each fraction. An isotopic study would be required 

to verify this in future work.   

 

Foliar application of Zn successfully increased Zn concentration in all three crops; Zn 

content in the edible portions of the crops was systemic in origin, rather than soil dust 

contamination. The Zn concentration increased by 66%, 45% and 54% for maize, cowpea 

and tomato shoots and 4% in maize grain, 9% for cowpea seed 4% for tomato fruit. 

Applied P had no significant effect on P concentration in crop parts, either due to 

physiological control or the relatively high P status of the soils as a consequence of 
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prolonged P fertilizer application. The percentage of P increased by 6, 4 and 5% in maize 

roots, shoots and grain respectively. Similarly, the percentage of P increased by 5, 26 and 

11% and 5, 15 and 12% in cowpea and tomato roots, shoots, seed and fruit respectively. 

Combined application of P and Zn showed no interactive effects.  

 

Phosphate application had a depressing effect on Zn concentration in crop parts. Foliar 

application of Zn fertilizer had a very small depressing effect on PA content but a much 

greater effect on PA/Zn molar ratio in maize grain, cowpea seed and tomato fruit. Phytic 

acid content and the PA/Zn molar ratio decreased by 5 and 7% in maize grain, by 1 and 

7% in cowpea seed and by 9 and 8.5% in tomato fruit.  

 

By contrast, PA and PA/Zn increased with P application rates. Phytic acid content and 

PA/Zn molar ratio in maize grain, cowpea seed and tomato fruit increased by 19, 4 and 

19% and 23, 3 and 12% respectively. As a consequence, foliar application of Zn fertilizer 

increased the estimated bioavailable Zn by 11, 4 and 6% in maize grain, cowpea seed and 

tomato fruit respectively when all Zn rates were compared with controls. Zn in maize grain, 

cowpea seed and tomato fruit decreased with P application rates by 11, 4 and 6% in 

maize, cowpea and tomato fruit when overall applied P levels were compared with controls 

there was variation between application rates and crops. 

 

Foliar application of Zn in calcareous soils seems beneficial in the long run to decrease 

grain PA/Zn molar ratio and thereby increase the quality of maize grain, cowpea seed and 

tomato fruit. A more focussed investigation of P requirement is also required as currently 

the calcareous soils may be maintained at an unnecessarily high phosphate status with 

consequences for trace nutrient metal availability to crops and human populations. 
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6 PHOSPHORUS AND ZINC BIOAVAILABILITY IN WHEAT 

GROWN IN THE CALCAREOUS SOILS OF THE 

KURDISTANREGION 

 

6.1 Introduction 

In calcareous soils, the bioavailability of Zn limits crop production due to the presence 

of CaCO3 as an adsorbent for Zn2+ ions, high pH values which encourage Zn2+ 

adsorption on Fe oxides and humus, and the application of P fertilizer which may co-

precipitate with Zn2+ (Duffner et al., 2012, Wang et al., 2017, Mousavi and Galavi, 

2012, Wu et al., 2017). It is not clear whether Zn-P interactions occur both in the soil 

and in the plant (Fageria, 2001, Mousavi and Galavi, 2012).  

 

To explain the interactions between P and Zn, (Fageria, 2001, Mousavi and Galavi, 

2012) reported three mechanistic hypotheses including: (i) interference of P at the level 

of plant metabolism including effects on uptake, utilization and translocation of Zn, (ii) 

difference of P/Zn ratio due to changes in dry matter production with P application and 

(iii) soil P and Zn interactions. Furthermore, these interactions with P cause a decrease 

in the bioavailability of Zn within wheat grains, both through decreasing the total 

concentration of Zn and increasing the PA/Zn molar ratio (Magallanes-Lopez et al., 

2017, Khoshgoftarmanesh et al., 2017).   

 

Wheat is the main cereal crop produced in Kurdistan (Ziadi et al., 2013). Wang et al. 

(2017) reported that in many developing countries it provides about 50% of daily calorie 

intake. To prevent Zn deficiency in humans, the concentration of Zn in wheat grain 

should reach a level of around 40 mg kg-1 (Chen et al., 2017b, Bouis et al., 2011). 

However, the total Zn contents of the wheat grain, flour, and bread are not the major 

factor controlling dietary assimilation of Zn. The presence of ‘anti-nutrients’ compounds 
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such as phytic acid (PA), is one of the main problems affecting the nutritional quality of 

crops (Poblaciones and Rengel, 2016) and the proportion of trace metals, such as Zn, 

that is readily absorbed (Magallanes-Lopez et al., 2017). To determine Zn bioavailability 

in foods, it is necessary to measure the molar ratio of PA to Zn. A decrease in this molar 

ratio increases Zn bioavailability.   

 

Wheat variety, growing conditions, and location are all factors that may cause 

differences in the bioavailability of Zn (Gabaza et al., 2018). The wheat growing area 

in the Kurdistan Region amounts to about 570,000 ha; approximately 500,000 t is 

harvested every year and wheat production is mostly rain-fed (Mazid, 2015). Therefore, 

the aims of this survey were: 

  (i) To determine the bioavailability of P and Zn in wheat-producing soils, wheat 

grain and local types of bread; 

(ii) To evaluate PA concentration, the PA/Zn molar ratio and the estimated human 

Zn bioavailability in wheat varieties, flours and bread consumed in Sulaimanyah 

province;  

(iii) To evaluate the nutrient status of wheat grain grown in Kurdistan calcareous 

soils.        
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6.2 Methods and materials  

6.2.1 Soil and wheat survey in Sulaimanyah province 

A total of 120 wheat grown field, soil, and wheat grain samples were collected from 

main wheat production areas in Sulaimanyah province/ Kurdistan region, Iraq in May-

June 2017 in ten locations include Halabja, Sirwan, Khormal, Sharazoor, Said Sadiq, 

Barznja, Piramagrun, Chamchamal, Darbandikhan and Kalar (Fig 6.1). The number of 

samples was dependent on the size of a location area (i.e. more samples were collected 

in a large size area). Areas selected for soil and wheat grain sampling were chosen on 

the basis of agriculture activity for wheat production, soil types, wheat variety and 

geographical variety. Adana and Aras are the two main wheat varieties grown in the 

Kurdistan region with other varies such as Rashidi, Barcelona, and Wafia grown in a few 

locations (Table 6.1).  

  

Table 6.1: Wheat varieties collected at ten different locations in Sulaimanyah province. 

Location  Code  
No. of 

samples 
Adana Aras Rashidi Barcelona Wafia 

Halabja HAL 13 8 5 -  - - 
Sirwan SIR 8 6 2 - - - 
Khormal KHO 7 3 2 - 1 1 
Sharazoor SHA 15 6 6 - 1 2 
Said Sadiq SSQ 22 7 13 - 2 - 
Barznja BAR 8 1 7 - - - 
Piramagrun PIR 12 5 5 - 1 1 
Chamchamal CHA 10 4 4 2 - - 
Darbandikhan DAR 10 3 6 - 1 - 
Kalar KAL 15 11 1 2 - - 
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Fig. 6.1: Surveyed wheat and corresponding soil samples locations in Sulaimanyah province, 

Kurdistan region, Iraq. 

 

For each site, wheat grain samples were collected from five different sampling points in 

the field after selecting about 100 m2 in each wheat farm (shown in Fig. 6.2). The 

samples from five points were mixed to produce a composite sample, sealed in plastic 

bags for transport to a laboratory at the Halabja Technical College of Applied Science. 

120 samples in W-transect with each sample covering 15-20 heads of wheat. Grain was 

separated from straw, mixed, and a representative sample taken. Approximately 10 g 

of each sample was then stored in a plastic bag labelled and transported to the 

Nottingham University, UK. A portion of each sample was finely ground using a 

centrifugal mill (Retsch, Model ZM200), and then stored in a polyethene bag for further 

analysis. 

 

 



165 

 

6.2.1.1 Soil sampling and preparation  

Soil samples were collected from same areas as wheat grain sampling as shown in Fig. 

6.2 of at a depth of 0-15 cm, using a stainless steel trowel and then sealed in plastic 

bags for transport to a laboratory at the Halabja Technical College of Applied Science. 

About 1 kg of each soil was dried at room temperature in an aluminium tray, 

disaggregated, then sieved to obtain the <2 mm fraction. Approximately 50 g of each 

sample was then stored in plastic bags, labelled and transported to Nottingham 

University, UK. A portion of each sample was finely ground using a gate ball mill 

(Retsch, Model PM400), and then stored in a polyethene bag for further analysis.   

 

       Fig. 6.2: Wheat and corresponding soils sampling desgin. 

                

6.2.1.2 Flour and bread sampling   

Using simple systematic random sampling, 50 samples of various types of bread, 

including Lawasha, Mashini, Samoon, Hawrami and Tiry, were collected from different 

bakeries in Sulaimanyah, Halabja, Khormal, Said Sadiq, Chamchamal and Kalar as 

shown in Table 6.2.  For each bread, sample corresponding flour samples were also 

collected. All bread samples were completely dried at room temperature for 3 days and 

then powdered using a stainless steel electric mixer. Approximately 5 g of flour and 
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bread samples were stored in separate plastic bags, labelled and transported to the 

University of Nottingham, UK for further analysis.  

 

Table 6.2: Bread type with corresponding flours collected at seven different locations in 

Sulaimanyah province. 

Location Code 
No. of 

samples 
Lawasha Mashini Samoon Hawrami Tiry 

Sulaimanyah  SUL 7 2 2 2 - 1 
Halabja HAL 10 2 2 2 2 2 
Khormal KHO 5 3 - 2 - - 
Said Sadiq SSQ 8 2 2 2 1 1 
Piramagrun PIR 6 2 2 2 - - 
Chamchamal CHA 5 2 1 2 - - 
Kalar KAL 6 4 - 2  - - 
Home made HMD 3 1 - - 1 1 

 

 

6.2.2 Soil analysis 

6.2.2.1 Soil pH  

The pH of soils was determined according to Section 2.1.1 in Chapter 2. 

6.2.2.2 Loss of Ignition (LOI %) 

The LOI% for soils were determined according to Section 2.1.2 in Chapter 2. 

6.2.2.3 Soil digestion  

Soil samples were digested according to Section 2.1.3 in Chapter 2. 

6.2.2.4 Olsen-P 

The Olsen-P was determined for soils according to Section 2.1.4 in Chapter 2. 

6.2.2.5 DTPA-Zn 

The DTPA-Zn for soils were determined according to Section 2.1.5 in Chapter 2. 

6.2.2.6 Soluble P and Zn 

The soluble P and Zn were determined according to Section 2.1.6 in Chapter 2. 

6.2.2.7 WHAM speciation 

The WHAM speciation was determined according to Section 2.1.10 in Chapter 2. 
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6.2.3 Wheat grain, flour, and bread analysis 

The elements in soil, wheat grain, flour and bread samples were determined according 

to Section 2.2.2 in Chapter 2. 

6.2.3.1 Wheat grain, flour, and bread digestion 

The wheat grain, flour, and bread samples were digested according to Section 2.2.1 in 

Chapter 2. 

6.2.3.2 Elemental analysis 

Elements were analyzed according to Section 2.2.2 in Chapter 2. 

6.2.3.3 Phytic acid  

The PA in wheat grain, flour, and bread samples were determined according to Section 

2.2.3 in Chapter 2. 

6.2.3.4 Phytic acid to zinc molar ratio   

The PA to Zn molar ratio for wheat grain, flour, and bread samples was determined 

according to Section 2.2.4 in Chapter 2. 

6.2.3.5 Estimated human Zn bioavailability 

The estimated human Zn bioavailability for wheat grain, flour, and bread samples was 

determined according to Section 2.2.5 in Chapter 2. 

 

6.2.4 Statistical analysis   

The data were analyzed using SPSS 24.0 for Windows. A one-way analysis of variance 

(ANOVA) followed by the least significant difference (LSD) (p < 0.05) was performed to 

test the significance of treatments. The relationships between variables were determined 

via Pearson’s correlation analysis (p≤0.05). 
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6.3 Results and discussion 

6.3.1 Hierarchical clustering analysis for surveyed soils 

A dendrogram of soil properties (Fig. 6.3) showed that seven coherent groups could be 

identified with similarity levels greater than 65%. From left to right in Fig. 6.3, Group I 

(pH and Ca concentration), reflects the calcareous nature of soils (pH around 8) while 

Group II indicates Na+ and K+ in exchangeable forms or in primary minerals. Group III 

(LOI and Cu) might arise from Cu adsorption on humus particles although this would 

suggest that the total Cu concentration in the soil depends on the soil humus content 

retaining the Cu which seems unlikely. Group IV represents the presence of an oxide 

mineralogy (Al, Fe, As and Mn). Group V, includes Cd, U and Pb, possibly indicating a 

common source of soil contamination such as phosphate fertilizers although Cd and U 

often reflect a calcareous mineralogy too. Jia et al. (2010) reported that heavy metals 

may be added to soils through agricultural fertilizers, especially phosphate, and this is 

the most likely source of the Cd and U. Ahmed et al. (2014b) studied factors affecting 

U fractionation and distribution in the soil profile of arable and woodland soils; they 

reported that U was strongly associated with soil Ca (r=0.94) and P (r=0.86) contents 

and that U probably arose from the long-term application of phosphate fertilizer. A 

correlation between Cd and P would not necessarily be expected given the offtake of 

the P and retention of the Cd that would be expected over decades of fertilizer 

application. Nevertheless, Group VI (POlsen and total P) does suggest a relationship 

arising from fertilizer application. The final identifiable group (VII) (Zn and Mo) is 

difficult to explain and may reflect primary mineralogy in the parent materials of the 

region.      
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Fig. 6.3: Dendrogram for hierarchical cluster analysis of soil characteristics, macro and 

microelement contents in surveyed soils (n=120), collected at ten locations in Sulaimanyah 

province, Kurdistan region, Iraq.    

 

6.3.2 Soil characteristics 

Table 6.3 shows the chemical characteristics of the surveyed soils in the surface layer of 

0-15 cm, a significant difference was found between individual sample locations (p<0.05). 

The soil pH values ranged from 7.46 to 8.67. Calcium concentrations ranged from 6.75 to 

155 g kg-1 (a 23-fold variation). The LOI ranged from 3.15% to 20.9%, (a 7-fold variation). 
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Table 6.3: Maximum, median and minimum values of PT, ZnT and Ca, POlsen, ZnDTPA, PSol, ZnSol, soil pH 

and LOI for all the studied soils (n=120): Data are arranged in order of decreasing average Ca 

concentration for each location 

            Location         

Soil variable   SHA KHO BAR HAL SSQ SIR DAR PIR KAL CHA 

No. of samples  15 7 8 13 22 8 10 12 15 10 

            
 Maximum 1220 2350 2930 3740 2550 1130 800 1100 740 680 
PT (mg kg-1) median 754 746 779 667 803 817 625 638 554 580 

 Minimum 403 653 698 416 645 690 482 411 426 492 

            
 Maximum 106  150 135 81.9 143 91.3 78.1 196 92.2 105 
ZnT (mg kg-1) median 85.1 84.5 96.2 71.5 86.1 74.8 63.9 67.3 60.8 66.4 

 Minimum 71.0 73.1 73.6 42.6 69.9 70.0 53.3 59.6 43.1 54.4 

            
 Maximum 101 53.7 10.2 142 119 90.7 109 155 136 134 
Ca (g kg-1) median 21.3 30.7 19.1 42.4 59.0 78.6 81.4 88.3 98.9 100 

 Minimum 6.75 10.7 97.1 17.8 23.8 36.4 31.1 27.1 26.0 54.3 

            
 Maximum 8.22 11.1 8.97 24.6 21.2 28.1 11.5 9.60 10.8 6.65 
POlsen (mg kg-1) median 5.60 5.83 4.96 8.98 10.0 10.8 6.46 6.16 3.61 4.89 

 Minimum 3.03 4.66 2.24 5.28 6.03 6.46 4.94 4.29 2.13 2.25 

            
 Maximum 0.75 0.48 5.23 0.77 0.37 0.70 3.75 2.80 0.63 0.81 
ZnDTPA (mg kg-1) median 0.28 0.24 0.40 0.39 0.00 0.31 1.95 0.33 0.31 0.46 

 Minimum 0.14 0.20 0.22 0.24 0.69 0.25 0.70 0.18 0.14 0.37 

            
 Maximum 9.83 0.83 9.91 3.14 3.98 1.21 2.08 2.41 2.80 0.93 
PSol (mg L-1) median 1.41 0.10 0.19 2.28 0.11 0.38 1.09 0.11 0.35 0.36 

 Minimum 0.07 0.07 0.08 0.28 0.08 0.07 0.86 0.08 0.17 0.14 

            
 Maximum 2.75 3.70 2.11 1.73 4.80 2.29 7.80 9.46 5.30 2.94 
Zn Sol (µg L-1) median 1.08 1.16 0.55 1.36 1.21 1.03 1.62 1.08 1.42 1.22 

 Minimum 0.65 0.55 0.21 0.57 0.34 0.49 0.80 0.40 0.57 0.65 

            
 Maximum 8.19 8.18 8.04 8.09 8.10 8.21 8.67 8.14 8.43 8.33 
pH median 8.10 8.03 7.95 7.94 7.98 8.04 8.15 8.01 8.18 8.06 

 Minimum 7.60 7.93 7.58 7.83 7.75 7.88 7.46 7.83 7.83 7.77 

            
 Maximum 13.8 11.9 14.1 10.9 10.9 12.0 8.6 20.9 6.66 8.55 
LOI% median 11.0 10.2 10.4 9.54 9.22 9.93 5.10 9.59 4.75 5.10 

 Minimum 7.28 9.13 6.72 6.12 7.76 9.06 3.79 6.58 3.15 3.79 

 SD= standard deviation      
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At harvest, PT concentration (mg kg-1) ranged from 1240±845 to 562±82.5 for BAR and 

KAL locations respectively (Fig. 6.4). Zhu et al. (2018) reported that the concentrations 

of P and Zn in all soil types in the world ranged between 50-3000 mg kg-1. Thus, the 

concentration of PT in surveyed soils were in the global range.  In the majority of 

surveyed soils, POlsen was insufficient for optimum wheat growth. As shown in Table 6.1, 

in about 87% of surveyed soils, POlsen was lower than the accepted critical level of 10 

mg kg-1 (Ahmed, 2013). The variation of PT and POlsen concentrations between locations 

probably arise from several factors but principally from differences in parent material 

and P fertilizer application. It was apparent that farmers in the region routinely apply 

different amounts of P fertilizer when interviewed at the time of the survey; the ranges 

of PT and POlsen determined were 400-3740 and 2.13-28.1 mg kg-1 respectively. Chen 

et al. (2017a) also reported that, in calcareous soils, parent material and applied 

phosphate fertilizers are main sources for total P content. Al Harbi et al. (2013) reported 

that the application of 450 kg ha-1 of P fertilizer as diammonium phosphate increased 

available P from 5.85 to 18.3 mg kg-1. Wang et al. (2015a) studied the effect of long-

term application of phosphate fertilization on P sorption and accumulation in calcareous 

soils of 15-year old orchards in China. They found that PT increased from 540 to 904 

mg kg-1 and POlsen increased from 3.40 to 30.7 mg kg-1; similarly, PSol (CaCl2-P 

extraction) increased from less than 0.1 to 0.66 mg L-1. At the same time, about 47% 

of the surveyed soils contained values of Psol, which were higher than the required 

amount for optimum plant growth of 0.5 mg L-1 in the soil solution (Imran et al., 2016; 

Table 6.1). This is also probably a result of extensive applications of phosphate 

fertilizers by farmers, typically 100-200 kg P2O5 ha-1 in every growing season. Ali et al. 

(2014a) reported that PSol increased linearly with the application of SSP from 0 to 150 

kg ha-1 in alkaline-calcareous soils. The reservoirs of available P (POlsen) constituted a 

very small proportion of PT, varying from 0.22 to 3.78%. Furthermore, PSol was about 

3.20 to 35% of POlsen, indicating that a relatively high proportion of available P was 

immediately available to plants. 
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Fig. 6.4: The distribution of PT in the studied soils (n=120) collected from wheat farms at ten 

locations in Sulaimanyah province, Kurdistan region, Iraq. 

 

The concentration of ZnT (mg kg-1) ranged from 60.4±11.9 to 102±19.3 for BAR and 

KAL locations respectively (Fig. 6.5), a significant difference was found between 

locations (p<0.05). Alloway (2008b) reported that the total concentration of Zn in all 

soil types in the world ranged between 10-300 mg kg-1. Compared to this, the 

concentration of ZnT in surveyed soils were in the global range. In the majority of 

surveyed soils, ZnDTPA was insufficient for optimum plant growth; with about 78% of 

soils Zn having lower a concentration than the accepted critical level of 0.5 mg kg-1 

(Poblaciones and Rengel, 2016). The apparent Zn deficiencies in the surveyed fields 

can be attributed to the high soil Ca concentrations and high pH value. Maqsood et al. 

(2014) found that about 75% of Punjab calcareous soils are Zn deficient due to strong 

adsorption on CaCO3 at high pH. Reyhanitabar and Gilkes (2010) studied the kinetics 

of ZnDTPA extraction in calcareous soils and found that Zn desorption was negatively (r=-

0.67) correlated with soil pH. The variation in ZnDTPA between locations may be due to 

geochemical differences between locations. The low availability of Zn in soils may also 

be related to high levels of applied P fertilizer applied in every growing season. Ali et 

al. (2014a) studied the effect of applied P fertilizer on micronutrient availability in 
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alkaline-calcareous soils and found that the concentration of Zn regularly decreased 

with increasing application of SSP fertilizer. However, in the soils surveyed in the 

current study, indices of available Zn (ZnDTPA and ZnSol) were not negatively correlated 

to available P (POlsen and PSol). In about 98% of the surveyed samples, ZnSol was under 

the critical value for optimum plant growth of 4-270 µg L-1 in soil solution (Alloway, 

2009), indicating high Zn retention due to high CaCO3 content, high pH and the absence 

of Zn fertilizer application. Hussain et al. (2011) studied Zn release characteristics in 

calcareous soils and found a negative correlation between plant-available Zn and CaCO3 

content. The reservoirs of available Zn (ZnDTPA) constituted a very small proportion of 

ZnT, varying from 0.18 to 5.58 %. Furthermore, whereas the ZnSol was only 0.14 to 

0.18% of ZnDTPA indicating that a relatively small proportion of the available Zn was 

immediately soluble. 

 

Fig. 6.5: The distribution of ZnT in the studied soils (n=120) collected from wheat farms at ten 

locations in Sulaimanyah province, Kurdistan region, Iraq. 

 

A correlation showed that PT, POlsen and ZnT were negatively (r= -0.57, -0.30 and -0.38, 

p<0.001) correlated with pH (Fig. 6.6a, b and d) while POlsen and ZnT were positively 

correlated to PT (r=0.50, p<0.001) and LOI% (r=0.43, p<0.001) (Fig. 6.6c and e) 

respectively. Among other soil characteristics, no significant correlations were found.    
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Fig. 6.6: Correlations between (A) POlsen and pH, (B) PT and pH, (C) POlsen and PT, (D) ZnT and pH, and 

(E) ZnT and LOI in soils (n =120), collected in wheat fields at ten locations in Sulaimanyah province, 

Kurdistan region, Iraq. 

 

 

 

 

 

6.3.3 Solid⇌liquid partition coefficient (Log Kd) 

In this survey, Kd values were calculated (Cads/Csoln), where Cads (mg kg-1) and Csoln (mg 

L-1) refer to the concentrations of solid and solution phase P and Zn, which together 

define the partitioning of P and Zn between solid and solution phases. The results in 

Table 6.4 indicate that all locations have very similar values of Log kd P when PT was 

considered but values differed when POlsen was considered. This is consideration of the 
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significant difference in POlsen values between locations. The result of Log Kd P also 

indicates low adsorption of P in the surveyed soils. This is may be due to greater 

solubility of P due to the application of P fertilizer manually.  

 

Log Kd Zn is different between locations when ZnT and ZnDTPA are considered   Table 

6.4. Jalali and Moradi (2013) studied sorption of heavy metal in polluted and unpolluted 

calcareous soils and found high sorption capacity for Zn in the soils.  

The high Log Kd Zn values may be due to the presence of low amounts of ZnSol in the 

soil solution. Shaheen et al. (2013) reported that values of Kd increased with decreasing 

initial concentration of metal in the soil solution. In the surveyed soils, low 

concentrations of Zn were found due to the absence of Zn fertilizer application and the 

calcareous nature of soils. This reflects strong adsorption on CaCO3 which has a high 

specificity for Zn. Calcium carbonate may also cause precipitation of ZnCO3. 

Papadopoulos and Rowell (1989) and Clemente et al. (2006) studied the reaction of Zn 

in calcareous soils and found that the CaCO3 surface increased Zn adsorption and led 

to precipitation of ZnCO3 respectively.   

 

Soil pH and organic matter content are two of several soil properties that control metal 

and sorption distribution of soil solid and solution phases (Bradl, 2004). Correlation 

suggested that values of log Kd for P and Zn were not affected by soil pH and Ca 

concentration, possibly due to the narrow range of pH values (7.46-8.67) and relatively 

high Ca concentrations in all the surveyed soils.  However, Log Kd (ZnT/ZnSol) was 

significantly and positively related to soil LOI content (r = 0.41, p <0.001) (Fig. 6.7) 

although the relationship was weak. Shaheen et al. (2013) reported that increasing soil 

organic matter and ion exchange cause increase the adsorption of soluble Zn.    
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Table 6.4: The logarithm of the solid-liquid partition coefficient (Log Kd) for P and Zn adsorption in 

surveyed soils (n=120) cultivated with wheat grain at ten locations in Sulaimanyah province, 

Kurdistan region, Iraq. 

  Log kd P Log Kd Zn 

 PT/PSol POlsen/PSol ZnT/ZnSol ZnDTPA/ZnSol 

Location Average 
Standard 
deviation Average 

Standard 
deviation Average 

Standard 
deviation Average 

Standard 
deviation 

SHA 3.02 0.78 1.11 0.69 4.87 0.23 2.43 0.25 
KHO 3.74 0.47 1.44 0.38 4.84 0.31 2.33 0.30 
BAR 3.51 0.62 1.53 0.57 5.21 0.30 2.94 0.40 
HAL 2.56 0.29 0.40 0.28 4.76 0.21 2.50 0.19 
SSQ 3.60 0.55 1.65 0.47 4.88 0.29 2.47 0.26 
SIR 3.49 0.51 1.36 0.44 4.89 0.30 2.52 0.28 
DAR 2.71 0.11 0.53 0.16 4.57 0.24 3.00 0.30 
PIR 3.59 0.34 1.62 0.35 4.80 0.31 2.57 0.34 
KAL 3.05 0.35 0.97 0.29 4.59 0.27 2.32 0.29 
CHA 3.25 0.26 1.28 0.26 4.74 0.26 2.60 0.24 

 

 

 

Fig. 6.7: Correlation between solid-liquid partition coefficient (ZnT/ZnSol) and loss on ignition (LOI) 

in surveyed soils. 

 

 

6.3.4 Phosphate and zinc solubility in surveyed soils  

6.3.4.1 Phosphate solubility 

A solubility diagram for calcium phosphate equilibria was developed by plotting 
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activities of Ca2+, H2PO4
− and pH values used were determined using measured values 

of pH and Ca and P concentration in solution with speciation using the WHAM-7 

program. This approach can indicate the likelihood of specific phosphate minerals being 

present in soils at different pH values (Zhang et al., 2014). 

 

Figure 6.8 presents the soil solution composition (phosphate potential and lime 

potential) in relation to common Ca phosphate minerals in the studied soils. The Ca and 

phosphate data fell between saturated with respect to dicalcium phosphate dihydrate 

(DCPD) and undersaturated with respect to β-Tricalcium phosphate (β-TCP) or 

supersaturated with respect to hydroxyapatite (HA) across all the surveyed soils.  

Zhang et al. (2014) studied phosphate mineral solubility in native and cultivated 

calcareous soils and found that the range phosphate minerals including DCPD, DCP, 

TCP, OCP and HP apparently regulated the solubility of phosphate in the fertilized and 

native calcareous soils.  

 

The results in Fig. 6.8 indicate that soils in several locations appear to have a common 

phosphate mineralogy. Thus soils from PIR are intermediate between the HA and TCP 

solubility lines, CHA soils appear to contain TCP, soil from KAL are intermediate between 

TCP and OCP, DAR soils appear to have OCP present and HAL and SHA soils are 

intermediate between OCP and DCP. Furthermore, soils that have more available 

phosphate (POlsen) appear to have DCPD and DCP present whereas soils that have less 

available P are undersaturated with respect to OCP, TCP and HA indicating that POlsen at 

least qualitatively reflects the type of Ca phosphate mineral present. Thus soils in SHA 

(OCP/DCP) had an average POlsen of 10.1 mg kg-1 while in PIR (HA/TCP) average POlsen 

was 6.62 mg kg-1.   

 

The high phosphate solubility in the surveyed soils may be due to heavy and continuous 

applications of phosphate fertilizers by farmers in every growing season. Al-Tameemi 
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et al. (2015) studied the solubility of Ca-phosphate minerals in some calcareous soils 

of south Iraq influenced by phosphate fertilizer application. They found that increasing 

P rates increased P solubility and Ca-phosphates minerals present were mono-calcium 

phosphates, octa-calcium phosphate and hydroxyapatite according to their saturation 

index values. The results of the current study indicate that DCP, OCP and β-TCP 

minerals are stable forms of P mineral in all studied soils. The results also suggest that 

the solubility of phosphate minerals appeared to decrease with increasing soil pH value 

and Ca concentration. Soils in the SHA and HAL locations, supersaturated with respect 

to OCP (OCP/DCP), contained 26.6 and 60.6 g kg-1 Ca and pH values of 9.97 and 9.95 

respectively whereas in PIR, KAL and CHA locations (HA/TCP/OCP) contained 87.5, 92.9 

and 96.8 g kg-1 Ca and pH values of 8.01, 8.17 and 8.10 respectively.    

 

Fig. 6.8: Solubility diagram for phosphate minerals in the surveyed soils in relation to crystalline 

Ca–P minerals: dicalcium phosphate dihydrate, DCPD; dicalcium phosphate, DCP; Octacalcium 
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phosphate, OCP; β-tricalcium phosphate, β-TCP; and hydroxyapatite; HA. Equilibrium lines for 

mineral phases were calculated based on the Ksp values reported by (Lindsay, 1979). 

 

6.3.4.2 Zinc solubility   

A solubility diagram for Zn minerals was developed by plotting the activity of Zn2+ ions 

(log Zn2+) against soil pH. The activity of Zn2+, pH and partial pressure (CO2) used to 

develop this diagram, were determined using measured values of pH and Zn 

concentration in solution with speciation estimated using WHAM-7. This approach can 

indicate the likelihood of Zn minerals being present in soils at different pH values 

(Lindsay, 1979, Nazif et al., 2015, Urgun and Rimmer, 2000).   

 

Figure 6.9 presents the soil solution Zn2+ activities in relation to common Zn minerals 

in the studied soils. The solubility of Zn decreased with increasing soil pH as expected. 

The Zn data were undersaturated with respect to Smithsonite and Hydrozincite across 

all the surveyed soils. However, the data were remarkably close to the empirical ‘Soil-

Zn’ solubility relation as suggested by Lindsay (1979). Martinez and Motto (2000) 

studied the solubility of Zn added to mineral soils and found that, in calcareous soils, 

Zn solubility was not determined by the formation of a single Zn metal compound. In 

reality, notwithstanding the similarity to the ‘Soil-Zn’ solubility relation of Lindsay, the 

data probably indicates adsorption of Zn2+ on the surfaces of CaCO3, Fe oxides and on 

humus as suggested by Nazif et al. (2015).   
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Fig. 6.9: The solubility of Zn in the studied soils in relation to possible Zn minerals: amorphous 

(amorphous, ZnCO3), hydrozincite, zincite, soil-Zn, and Smithsonite. Equilibrium lines for mineral 

phases were calculated based on the Ksp values reported by (Nazif et al. 2015). 
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6.3.5 Phosphorus and Zn contents in wheat grain, flour, and bread 

Figure 6.10 shows movement of P and Zn from wheat grain to flour and then to bread in 

(mg 300g-1). A significant reduction of P and Zn concentrations recorded between wheat 

grain and flour due to milling process but slightly they are increased from flour to bread 

may be due to applying yeast and emission of CO2 during baking process. Overall, the 

concentration of P and Zn in final product (bread) for 300 g daily intake are below 

recommended level of 500 mg P d-1 and 4mg Zn d-1 in 300 g bread.  

      

 

Fig. 6.10: The concentration of PT and ZnT in (mg 300g-1) in wheat, flour and bread in the studied 

samples (120 wheat, 50 flour and bread samples). 

 

6.3.5.1 Phosphorus and Zn distribution in wheat grain 

At harvest, the average values of P and Zn concentrations in wheat grain showed 

significant variation (p<0.05) between locations. The average concentrations of P (mg 

kg-1) ranged from 2890±694 to 3630±490 for PIR and BAR locations as shown in (Fig. 

6.11) respectively. About 40% of wheat grain samples contained higher amounts than 

the recommended value of 3570 mg kg-1 of P (Databases, 2018), reflecting the high 

solubility of P in some of the soils probably due to the application of P fertilizer in each 

growing season by farmers. Alam and Azam Shah (2002) conducted a greenhouse 

experiment to study the influence phosphate fertilization on P concentration in wheat; 

they found that application of 40 kg kg-1 of P as SSP increased P concentration in wheat 

grain from 1978 to 2942 mg kg-1.  

 

Regression analysis indicated that the P concentration in wheat grain was negatively 

related to soil pH (r=-0.37, p<0.001) while, positively related (r=0.45, p<0.002) to 
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POlsen in soils as shown in (Fig. 6.12a and b) respectively.  Boukhalfa-Deraoui et al. 

(2015 ) found a significant correlation (R2= 0.787) between P fertilizer application as 

MAP and P uptake by durum wheat in the arid conditions in an alkaline sandy soil of 

southern Algeria. Thus, the high concentration of P in wheat grain samples may reflect 

the extensive application of P fertilizer to the fields surveyed in the current study.  

 

 

 

Fig. 6.10: The concentrations of phosphorus in wheat grain samples (n=120) collected at 

ten different locations in Sulaimanyah province, Iraq. 
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Fig. 6.11: Correlations between P concentration in wheat grain samples with (A) soil pH and (B) 

available P in soils across all the surveyed wheat grain samples (n=120) collected at different 

locations in Sulaimanyah province, Iraq. 

 

The average Zn concentration in wheat grain (mg kg-1) ranged from 26.3±7.37 to 

35.0±6.11 for CHA and HAL locations respectively as shown (Fig. 6.13). Zinc 

concentrations in bread wheat ranged from 20 to 40 mg kg-1 in a study of 243 wheat 

genotypes cultivated in normal agricultural soils (Nikolic et al., 2016). Cakmak (2009) 
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mg kg-1, suggest Zn in wheat grain grown in Kurdistan is in the lower range of Zn 

concentrations reported globally.     

 

 

Fig. 6.12: The concentrations of zinc in wheat grain samples (n=120) collected at ten different 

locations in Sulaimanyah province, Iraq. 

 

Approximately 88% of the surveyed wheat grain samples contained Zn concentrations 

below the value recommended for human nutrition of 41.6 mg kg-1 by the USDA 

(Databases, 2018). According to Cakmak (2008) for populations with a predominantly 

cereal-based diet, the Zn concentration in wheat grain should be as high as 40-60 mg 

kg-1 to provide an adequate level in the diet. Again, it is clear that the wheat grain 

grown in the calcareous soils of Kurdistan falls in the lower range of values 

recommended for adequate human nutrition. This situation arises because of the low 

availability of Zn in the Kurdistan soils and because farmers do not normally apply 

micronutrients to wheat farms in the Kurdistan region. The latter observation is 

presented based on farmer interviews undertaken during the soil and wheat grain 

surveys. Nikolic et al. (2016) studied the soil availability and wheat grain status of Zn 

in Serbia and found that wheat grain Zn concentration was negatively correlated with 

the application of phosphate fertilizer in calcareous soils. Li et al. (2010) studied the 
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effect of long-term fertilization on soil and wheat grain micronutrients in an Aquic 

Inceptisol and found that P application significantly decreased wheat grain Zn 

concentration. However, in the surveyed wheat grain samples, the concentration of Zn 

was not negatively correlated with POlsen or with the concentration of P in wheat grains 

(Fig. 6.14a and b). This may be because farmers apply N (as Urea) along with P 

fertilizers ( as TSP and DAP) each growing season which could decrease the effect of P 

on Zn concentration in wheat grains due to the synergistic effect of applied N on Zn 

uptake by wheat plants. Akram et al. (2017) reported that nitrogenous protein has a 

major role in Zn uptake from soil to root, mobilization within the plant and 

accumulation. Svecnjaka et al. (2013) studied the effect of N fertilizer application on 

trace element uptake by wheat grain in a field experiment; they found that application 

of 194 kg N ha-1 as (Urea 46% N) increased Zn concentration from 34.9 to 38.9 mg kg-

1 in wheat grain. Thus, the application of N fertilizer alongside P fertilizer to wheat grown 

in the calcareous soils of the Kurdistan region may reduce the antagonistic effect of P 

on Zn uptake.  
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Fig. 6.13: The correlation between (A) POlsen and (B) P in wheat grain with Zn concentrations in the 

wheat grains and (n=120). 

 

The principal reason for low concentrations of Zn in wheat grain is probably the presence 

of high amounts of calcium carbonate in the soils and high pH values. These are the 

conditions under which Zn fixation occurs, rendering it unavailable for plant uptake 

(Cakmak and Kutman, 2017, Li et al., 2010). It is well documented that wheat 

cultivated in calcareous soils contains relatively low concentrations of Zn due to low Zn 

availability. Thus the application of a Zn biofortification plan could make a substantial 

contribution to raising the Zn content wheat in Kurdistan.  

 

A critical Zn level of 20 to 24 mg kg-1 has been suggested (Nikolic et al., 2016) for rain-

fed wheat grain grown on alkaline calcareous soils in Pakistan as the lowest Zn 

concentration in grain needed to deliver 95% of the highest grain yield (Karami et al., 

2009). In the present survey, only 12% of surveyed samples had Zn concentrations 

below 24 mg kg-1 dry matter, suggesting that Zn deficiency to the crop may actually be 

a minor consideration for wheat production in the Kurdistan region, compared to human 

dietary considerations. Correlations between concentrations of Zn in wheat grain 

samples with individual soil parameters were not significant. 
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6.3.5.2 Phosphorus and zinc concentrations in flour and bread 

Table 6.5 shows the average P and Zn concentrations, and standard deviations, for five 

types of bread consumed in the Kurdistan region and their corresponding flours. The 

flours and bread were divided into five types: Hawrami, Tiry, Lawasha, Mashini and 

Samoon. All flour samples and most bread were factory-produced but three of the bread 

samples were homemade products. Hawrami, Tiry, Lawasha and Mashini bread all are 

thin flatbreads, whereas Samoon is a thick loaf. Samoon is usually used in fast food 

outlets in the Kurdistan region, while other types of bread are usually used domestically 

for lunch and dinner.  

 

The data includes average values for the bread. Significant differences (p<0.05) were 

found between locations and between bread types. The concentrations of P exceed the 

value of P concentration in wheat flour for bread of 970 mg kg-1 reported by the USDA 

(Databases, 2018). This again reflects the high solubility of P in Kurdistan arable soils. 

The difference in P concentration between bread types may also be due to the type of 

flour used for making individual bread types.   

 

The average Zn concentration across all flours, bread types and locations in (mg kg-1) 

was 9.76 for flours and 10.8 for bread. Results of the current survey also showed that 

the Zn content in about 76% of flours was lower than the recommended value of 14.7 

mg kg-1 suggested by the USDA (Databases) to meet human nutritional requirements. 

Gargari et al. (2007) and Khaniki (2005) reported 14.0±0.32 to 14.3±3.56 and 

12.2±1.91mg Zn kg-1 for different bread types consumed in Iran which are higher than 

many of the bread types analysed in the current Kurdistan survey. In fact, the Zn 

concentration in many of the Kurdistan samples is lower than the maximum limit 

allowed for baked products and bread in Iran (Khaniki, 2005). Tiry bread had the 

highest concentration of Zn in the five groups of bread, followed by Hawrami, Lawasha, 

Samoon and Mashini.  
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The results showed a slight increase in the concentration of Zn in bread samples during 

the bread making process. This may be related to loss of water and CO2 during the 

bread making process. Flour contains 7% water as standard and loss of CO2 occurs 

during the fermentation process from the dough. Furthermore, some Zn may be added 

in yeast during the fermentation process.  

 

Regression analysis showed strong correlations (r=0.81, p≤0.001, and r=0.75, 

p≤0.001) between P and Zn concentrations in flours and bread as shown in (Fig. 6.15a 

and b) respectively. Phosphorus and Zn concentrations in bread increased with 

increasing concentrations in the corresponding flour, which helps to validate the study. 

 

Table 6.5: The concentration of P and Zn in flour and corresponding bread samples collected at 

seven different locations in Sulaimanyah province. Data are arranged in descending order of the 

average P concentration in flours. 

P (mg kg-1) HAL KHO SSQ SUL PIR CHA KAL HMD Average 
Standard 
deviation 

Hawrami Flour 2020 - 1290 - - - - 2310 1870 530 

 Bread 1790 - 1240 - - - - 1860 1630 340 

            
Tiry Flour 2020 - 1290 1450 - - - 1540 1570 320 

 Bread 1620 - 1380 1500 - - - 1920 1610 230 

            
Lawasha Flour 1050 1510 1150 1090 1240 1100 1190 2820 1400 600 

 Bread 1080 1550 1130 1070 1180 1190 1240 2760 1400 570 

            
Mashini Flour 1300 - 998 1300 1090 1130 - - 1160 130 

 Bread 1210 - 1010 1360 1360 1430 - - 1270 170 

            
Samoon Flour 1160 1120 1070 1280 984 807 933 - 1050 160 
  Bread 1260 1330 1260 1370 1080 998 1070 - 1200 140 
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Zn (mg kg-

1) 
  HAL KHO SSQ SUL PIR CHA KAL HMD Average 

Standard 
deviation 

Hawrami Flour 16.6 - 9.63 - - - - 25.4 17.2 7.92 
  Bread 14.7 - 11.9 - - - - 14.7 13.8 1.63 

            
Tiry Flour 16.6 - 9.63 12 - - - 8.34 11.6 3.64 

  Bread 14.9 - 12.8 13.9 - - - 18 14.9 2.25 

            
Lawasha Flour 7.34 12.4 8.31 7.72 9.27 8.43 8.85 30 11.5 7.63 

  Bread 7.45 13.2 9.37 8.43 8.82 10.4 10.4 30.5 12.3 7.55 

            
Mashini Flour 9.48 - 5.34 9.73 8.27 7.77 - - 8.12 1.75 

  Bread 8.5 - 6.54 10.6 10.3 8.5 - - 8.9 1.65 

            
Samoon Flour 7.73 7.2 7.07 9.44 6.9 5.45 5.48 - 7.04 1.37 

  Bread 8.94 10.5 10.2 9.96 9.09 7.9 7.96 - 9.23 1.05 
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Fig. 6.14: Correlations between P (A) and Zn (B) concentration in flour and corresponding bread 

samples collected at locations in Sulaimanyah province. 

 

6.3.6 Hierarchical clustering analysis in wheat grains  

In order to investigate correlations between wheat grain elements and some selected 

soil parameters, hierarchical clustering analysis was used and presented as a 

dendrogram for 120 wheat grain samples (Fig. 6.16). There were three main groups 

with high similarity (about 75%). Group, I included S, Cu and Zn which may simply 

reflect metabolic processes in the wheat plants, rather than a geochemical association. 

Nan et al. (2002) found a strong positive correlation between Zn and Cu in spring wheat 

grown on contaminated soils which were ascribed to the metabolic processes of the 

wheat grain. Group II, included Ca, As, Al, Fe, Co, Pb, Ni, U and Mn which probably 

reflects contamination of wheat grains by soils. A high correlation was found between 

Fe with V and Fe with Al in the wheat grains, which strongly supports the contamination 

of wheat grains by soils (Fig 6.17). The pH value had a weak effect on heavy metals 

accumulation in wheat grains, while as being highly correlated with Ca be due to the 

co-occurrence with Ca in calcareous soils. Jia et al. (2010) found that most of the Cr, 

Ni, Cu, Zn, As, Cd and Pb in wheat grains reflected the composition of the soil in which 

it was grown. Group III, including the major nutrients Mg, P and K, probably indicates 

the effect of NPK fertilizer application on the composition of wheat grain. Cadmium was 
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also closely related to this group, possibly indicating contamination from P fertilizer 

application, as has been well documented.   

 

Fig. 6.15: Dendrogram analysis of the hierarchical cluster analysis of soil characteristics with 

the elemental composition of wheat grain samples (n=120). 
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Fig. 6.16: Correlation between Fe and Al, and Fe and V, across all studied wheat grain samples. 

 

6.3.7 PA concentration and PA/Zn molar ratio  

6.3.7.1 PA concentration and PA/ Zn molar ratios in wheat grain  

Figure 6.18 presents PA content in wheat grain samples; significant differences 

(p<0.05) were found between locations. Average values of PA contents in wheat grains, 

in units of g 100 g-1, showed a large variation between locations (2-fold variation). In 

the present survey, the average PA content in the whole wheat grains ranged from 

0.54±0.16 for HAL to 0.93±0.11 for SSQ locations respectively as shown in (Fig. 6.15). 

About 63.1±12.2% of P in the wheat grain was present as PA. The results of the PA 

content is compared with other countries in Table 6.6. The results show that the PA 

content in the current survey is within the range of other countries. Moreover, the 

results mostly indicate that PA content in wheat grain grown in the calcareous soils of 

Kurdistan positively with PA content in wheat grain from another part of the world as 

shown in Table 6.6.   
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The regression analysis indicates that PA in wheat grains was positively correlated 

(R2=0.18, p<0.001) with POlsen in the surveyed soils (Fig. 6.19). This result indicates 

that the application of P fertilizer increased PA content in wheat grains.    

 

 

Fig. 6.17: Distribution of phytic acid (PA) in wheat grain samples (n=120), collected at ten different 

locations in Sulaimanyah province, Kurdistan region, Iraq. 

 

Table 6.6. Comparison of Phytic acid content in wheat grain from several countries. 

Phytic Wheat  Country References  
(g 100g-1) No.     

0.42-1.12 120 Kurdistan region Current study 
0.46-0.95 46 Mexico Magallanes-Lopez et al., (2017)  

1.46-1.69 15 Serbia Brankovic et al., (2015)  

0.71-1.11 65 Pakistan Hussain et al., (2012)  

0.52-0.98  186 China Liu et al., (2006)  

0.60-1.00 100 Canary Islands Febles et al., (2002)  
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Fig. 6.18: Correlation between PA content in wheat grains and available P in corresponded soil 

(n=120). 

 

The regional average PA/Zn molar ratio for whole wheat grains ranged between 15.7±5.06 

and 30.6±6.18 for HAL and BAR locations respectively (a 2-fold variation) as shown in 

(Fig. 6.20), with a significant difference was found between locations (p<0.05).   Hussain 

et al. (2012a) and Tavajjoh et al. (2011) reported that PA/Zn molar ratios ranged from 

23.9 to 41.4 and 26.5 to 26.9 in 65 and 17 bread wheat and bread wheat genotypes grown 

in the calcareous soils of Pakistan and Iran respectively. Compared to those reported for 

wheat grain grown in the calcareous soils, results of the present survey show that PA/Zn 

molar ratio is within a comparable range.   
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Fig. 6.19: Distribution of phytic acid to zinc molar ratio (PA/Zn) in wheat grain samples (n=120), 

collected at ten different locations in Sulaimanyah province, Kurdistan region, Iraq. 

 

The main reasons for PA and PA/Zn molar ratio differences appear to be location, soil 

type, variety, climatic conditions, phosphate fertilizer application and the presence or 

absence of Zn fertilization. Magallanes-Lopez et al. (2017) studied PA content and 

PA/Zn molar ratio in a worldwide collection of commercial durum wheat and found that 

environmental factors caused a difference in wheat grain PA concentration between 

0.46 and 0.95 g 100g-1. Erdal et al. (2002) studied PA in twenty wheat cultivars grown 

with and without Zn application in the calcareous soils of Turkey and wheat grown in 

55 different locations in Central Anatolia. They reported that the application of 23 kg 

Zn ha-1 to soils, reduced the PA contents of wheat grains from 1.07 to 0.91 g 100g-1 

and PA/Zn molar ratio from 126 to 55. These were due to a reduction of P concentration 

in wheat grains from 3900 to 3500 mg kg-1 and increasing Zn concentration from 14 to 

23 mg kg-1. In the calcareous soils of Kurdistan, P deficiency occurs due to high calcium 

content. Therefore, farmers apply phosphate fertilizer to improve yield which causes an 

increase in PA content in wheat grain and in the PA/Zn ratio.       

     

0

10

20

30

40

50

60

SHA KHO BAR HAL SSQ SIR DAR PIR KAL CHA

P
A

/Z
n

 m
o

la
r 

ra
ti

o

Location



196 

 

The PA/Zn molar ratio has been used as an indicator of Zn bioaccessibility by the 

International Zinc Nutrition Consultative Group (IZiNCG, 2004). The PA/Zn molar ratio 

is of course affected by the concentrations of both PA and Zn in wheat grains. 

Considering the PA/Zn molar ratios observed in the current survey, and in previous 

studies on calcareous soils, it is apparent that ratios are not acceptable when durum 

wheat is the staple food and principal source of dietary Zn. The relatively high PA/Zn 

molar ratio in the current survey (average of 24.3±8.59) suggests that wheat 

biofortification with Zn and decreasing the application of P fertilizer are urgent priorities 

in the Kurdistan region. Developing cereal cultivars with low PA contents and a high 

affinity for Zn would also be useful strategies.  

 

 

6.3.7.2 PA concentration and PA/Zn molar ratio in flour and bread 

Table 6.7 presents the PA concentrations and PA/Zn molar ratios of flour and 

corresponding bread samples consumed in Sulaimanyah province. Hawrami and Tiry 

bread had, on average, higher PA contents, followed by Lawasha, Mashini and Samoon, 

whereas the PA/Zn molar ratio in Lawasha bread was on average higher followed by 

Mashini, Tiry, Hawrami and Samoon bread. No significant differences were found 

(p<0.05) between flours while in bread there were significant differences. Phytic acid 

in flour and bread samples ranged between 0.16-0.31 and 0.08-0.16 g 100-1 

respectively and the PA/Zn molar ratio ranged between 15.9-22.9 and 8.95-14.3 

respectively. A slightly similar range for PA and PA/Zn molar ratio for flour and bread 

consumed in Iran was reported by Roohani et al. (2012) and Gargari et al. (2007) for 

bread with 0.252-0.485 g 100g-1 and 18-29 for flatbread and 0.211-0.315 g 100g-1 and 

14.9-23.8 for all flour types and 0.094-0.133 g 100g-1 and 7.76-10.1 for all types of 

Iranian consumed bread respectively. The preparation method for breadmaking in the 

two societies are similar.  

 



197 

 

Regarding the average values of PA/Zn ratio, the flour and bread samples showed low-

to-moderate Zn bioavailability, meanwhile, the molar ratio for all surveyed samples was 

in the range 24.4 and 12.1 for flour and bread samples respectively. According to 

Jambrec et al. (2016) only 55% of the Zn content of diets is estimated to be absorbed 

if the PA/Zn ratio of diets is less than 5, but only 35% of Zn would be absorbed if the 

ratio is between (5-15) and less than 15% would be absorbed if the ratio is more than 

15. Therefore, Zn bioavailability in Kurdistanian flour is low (less than 15%) whereas, 

Zn bioavailability in bread is moderate (35%) due to low PA concentrations.     

   

Lower PA and PA/Zn molar ratios in bread than flours can be caused by fermentation 

during breadmaking the fermentation process decreases PA content and hence the 

PA/Zn molar ratio. This is probably due to the action of endogenous phytase in flour as 

well as microbial phytase which together cause hydrolysis of PA (Magala et al., 2015, 

Ahmed et al., 2014a, Frontela et al., 2011). Regarding bread type, the smallest 

reductions of PA and PA/Zn molar ratio (15.8 and 17.4%) were observed in Lawasha 

bread and the highest reductions of 50 and 61% were observed in Samoon bread 

reflecting differences in fermentation time and activation of yeast phytase during this 

process. Samoon bread needs overnight fermentation while other flatbreads can be 

made after just 1 h of fermentation. Pozrl et al. (2009) and Qazi et al. (2003) studied 

the effect of flour type and the breadmaking procedure on the loss of PA. They found 

that PA in white flour decreased from 0.37±0.004 to 0.10±0.001 and whole-wheat 

bread from 0.662 to 0.280 g 100g-1 when the fermentation process was increased from 

1 h to 6 h and 15 to 45 mins respectively. Frontela et al. (2011) found that the baking 

process decreased PA content from 58.6 to 9.4 mg 100g-1 in white bread and from 7.2 

to 4.4 mg 100g-1 in muffins. The use of yeast also affects the decrease in PA content. 

Chhabra and Sidh (1988) studied the fate of PA during breadmaking and found that 

increasing yeast addition to dough from 1.5% to 3% increased PA loss from 46.2 to 

51.7% in white bread.  
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Table 6.7: Phytic acid and phytic acid to Zn molar ratio in 50 flour and corresponding bread samples 

collected in Sulaimanyah province, Kurdistan region, Iraq. 

PA (g 100 g-1) HAL KHO SSQ SUL PIR CHA KAL HMD Average 
Standard 
deviation  

Hawrami Flour 0.32 - 0.14 - - - - 0.48 0.31 0.17 

 Bread 0.2 - 0.05 - - - - 0.29 0.18 0.12 
            

Tiry Flour 0.32 - 0.14 0.45 - - - 0.27 0.30 0.13 

 Bread 0.1 - 0.1 0.2 - - - 0.3 0.18 0.10 
            

Lawasha Flour 0.13 0.26 0.15 0.11 0.16 0.12 0.17 0.61 0.21 0.17 

 Bread 0.11 0.28 0.14 0.14 0.17 0.08 0.11 0.3 0.17 0.08 
            

Mashini Flour 0.15 - 0.13 0.2 0.23 0.14 - - 0.17 0.04 

 Bread 0.1 - 0.09 0.13 0.08 0.16 - - 0.11 0.03 
            

Samoon Flour 0.16 0.15 0.16 0.18 0.15 0.12 0.17 - 0.16 0.02 
  Bread 0.07 0.1 0.09 0.1 0.07 0.07 0.08 - 0.08 0.01 

 

 

PA/Zn molar ratio HAL KHO SSQ SUL PIR CHA KAL HMD Average 
Standard 
deviation  

Hawrami Flour 14.4 - 14.4 - - - - 18.8 15.9 2.54 
  Bread 4.15 - 4.15 - - - - 19.2 9.17 8.69 

            
Tiry Flour 14.4 - 14.4 26.9 - - - 32.2 22.0 9.01 

  Bread 5.66 - 5.66 13.6 - - - 15.6 10.1 5.23 

            
Lawasha Flour 17.5 19.1 17.4 14.7 17.6 13.9 19.3 20.1 17.5 2.18 

  Bread 15.1 20.8 14.6 16 18.7 7.93 11.3 9.68 14.3 4.41 

            
Mashini Flour 16.5 - 23.3 20.1 27.7 17.8 - - 21.1 4.51 

  Bread 12.1 - 14.2 12.1 7.99 18.4 - - 13.0 3.79 

            
Samoon Flour 20.3 20 23.1 20.8 22.5 22.5 31.1 - 22.9 3.81 

  Bread 7.83 9.62 8.89 9.51 7.45 9.37 10 - 8.95 0.96 
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6.3.8 Estimated Zn bioavailability 

Considering dietary Zn intake from wheat, it is not just the concentration of Zn in grain 

that is important, but the proportion that is available for absorption. Magallanes-Lopez 

et al., (2017) reported that the PA in wheat grain is considered to be an anti-nutrient 

because it chelates Zn during digestion and prevents its systemic absorption.  Zinc 

bioavailability decreases due to this chelation reaction between PA and soluble Zn 

(Khaniki, 2005; Lonnerdal, 2000).  

 

6.3.8.1 Estimated Zn bioavailability in wheat grain  

Estimated Zn bioavailability of wheat grain in (mg d-1) ranged from 1.84±0.08 for BAR 

to 2.65±0.05 for HAL locations respectively, when the Imran et al., (2016) parameters 

were used. The equivalent values were 1.52±0.08-2.29±0.05 for the Miller et al., 

(2007) values and 1.65±0.08-2.46±0.05 for equation values proposed by Brawn et al., 

(2010), as shown in Fig. 6.21; a significant difference (p<0.05) was found between 

locations. The results indicate that in all the wheat grain samples, bioavailable Zn is 

lower than the optimum level of 3 mg for daily consumption of 300 g of wheat (Hussain 

et al., 2013) for communities dependent on wheat grain for Zn intake. Maqsood et al. 

(2014) determined estimated Zn bioavailability in 58 wheat cultivars grown in the 

wheat-cotton zone in calcareous soils in Punjab, Pakistan using a trivariate model. They 

reported that estimated bioavailable Zn ranged from 0.8 to 2.4 mg 300 g-1 with an 

average value of 1.5. Hussain et al. (2012a) also analysed 65 wheat grains grown in 

calcareous soils of Pakistan and found that estimated Zn bioavailability ranged from 

1.52 to 2.25 mg 300g-1. Compared to these reports, the result of the Kurdistan survey 

shows that the estimated bioavailable Zn in wheat grain is in the range of Zn 

bioavailability reported globally for wheat grown in the calcareous soils.    

   

On average, about 23.3±3.48, 19.6±2.99 and 21.2±2.91% of grain Zn was actually 

bioavailable depending on Imran et al. (2016), Miller et al. (2010) and Brown et al. 
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(2007) parameters respectively. Low bioavailability of Zn in the wheat was probably 

due to high PA/Zn molar ratio caused by a high concentration of P in wheat grains and 

low Zn concentrations. A field experiment conducted by Hussain et al. (2013) showed 

that application of 18 kg Zn ha-1 as ZnSO4.7H2O, increased estimated Zn bioavailability 

by 47% in 300 g wheat flour. Li et al. (2015) conducted a two-year field experiment to 

investigate the effects of P and Zn fertilization on Zn bioavailability in wheat grain. They 

found that estimated Zn bioavailability in whole grain was more in the Zn-alone 

treatments than in combined P+Zn treatments.   

 

Fig. 6.21 shows correlations between estimated bioavailable Zn and measured PA 

concentration for all the surveyed wheat grains. As expected from the trivariate models 

used, the correlations were negative (r=-0.46, -0.47 and -0.42, p<0.001) (Fig. 6.22). 

According to the data, the estimated bioavailable Zn decreased by 19.7%, 15.7% and 

15.2% when the concentration of PA intake increased from 885.6 to 3526 mg 300g-1 in 

wheat grains (the full range of measured PA data). Khoshgoftarmanesh et al. (2017) 

reported that the amount of dietary Zn intake mainly depends on PA and decreases 

with increasing PA concentration. Miller et al. (2015) studied the effect of PA on Zn 

absorption in children using stable-isotope studies and found that the absorption of Zn 

decreased by 0.04 mg d-1 for every increment of 500 mg d-1 intake of PA.   

 

Present survey indicates that estimated Zn bioavailability, estimated from the trivariate 

models, in wheat grain grown in different locations of Kurdistan, is sub-optimum for 

human health.   
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Fig.6.20: Estimated Zn bioavailability in mg d-1 for consumption of 300 g wheat grain.  Samples were 

collected from ten different locations in Sulaimanyah province; Zn bioavailability was estimated 

using trivariate models with three different values for KMAX, KP and KR reported by (∆) Imran et al., 

(2016), (ο) Brown et al., (2010) and (◊) Miller et al., (2007).  

 

 

Fig. 6.21: Correlations between estimated Zn bioavailability (%) and PA intake from consumption 

of 300 g day-1 of wheat grain. Samples were collected from ten different locations in Sulaimanyah 

province; human Zn bioavailability was calculated using trivariate models with different AMAX, KR 
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and KP values reported by (∆; R2= 0.6647) Imran et al. (2016), (O; R2=0.8288) Brown et al. (2010) 

and (◊; R2=0.823) Miller et al. (2007). 

 

6.3.8.2 Estimated Zn bioavailability in flour and bread  

Average estimated Zn bioavailability in flours and bread (mg d-1) showed significant 

(p<0.05) variation among bread types but not between locations. The lowest estimated 

Zn bioavailability was observed in Samoon flour bread and the highest was in Hawrami 

(Table 6.8). As discussed previously the difference in estimated Zn bioavailability 

between bread types is probably due to the use of different flour extraction rates and 

times of fermentation.   

 

As seen previously for PA concentrations, the estimated Zn bioavailability was higher in 

bread than in corresponding flour. Estimated bioavailable Zn in bread increased by 

4.19-29.3, 3.75-31.4 and 3.07-31.6% over flour, when Imran et al. (2016), Miller et 

al. (2007) and Brown et al. (2010) parameters were employed respectively. As 

discussed previously, this is due to the degradation of PA during the bread making 

process. The regression analysis showed strong negative correlations (r=-0.66, 

p<0.001 and r=-0.29, p<0.003) between estimated Zn bioavailability in flours and 

bread with the concentration of PA intake as shown in (Fig. 6.23a and b). The 

percentage of estimated bioavailable Zn, decreased by 29% and 10% when PA 

increased from 232 to 1900 and 116 to 1000 mg d-1 for flour and bread respectively. 

The highest increase in the estimated Zn bioavailability between flour and bread was 

observed in Tiry and Samoon bread, while the lowest was in Mashini bread. The results 

in this survey indicate that Zn bioavailability in consumed bread is acceptable with 

bioaccessibility of about 43±6 and 47±4.6% of Zn indicating moderate Zn 

bioavailability.   
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The regression analysis showed that the estimated bioavailable Zn in bread was 

positively (r=0.60, p<0.001) correlated to estimated bioavailable Zn in flours (Fig. 

6.24). Among all bread types, the highest correlation was found in Samoon and lowest 

in Hawrami. Also, regression analysis showed that PA concentrations were strongly 

(r=0.86, p<0.001) correlated to inorganic P in flour samples while in bread samples,this 

correlation was not significant (r= 0.16, p<0.12) (Fig. 6.25), probably due to changes 

in Pi and PA concentrations in the bread during the baking process.  

 

Table 6.8: Estimated Zn bioavailability contents for flour and corresponding bread samples 

collected from seven different locations in Sulaimanyah province. The estimated values of Zn 

bioavailability were calculated using trivariate models with different AMAX, KR and KP. 

Imran et al. (2016) HAL KHO SSQ SUL PIR CHA KAL HMD Average 
Standard 
deviation  

Hawrami Flour 1.78 - 1.49 - - -  - 2.22 1.83 0.3 

 bread 1.91 - 2.06 - - -  - 1.76 1.91 0.74 

            
Tiry Flour 1.54 - 1.49 1.64 - -  - 1.11 1.45 0.2 

 bread 2.13 - 2.09 1.89 - - - 2.07 2.05 0.09 

            
Lawasha Flour 1.19 1.51 1.30 1.28 1.38 1.37 1.33 2.27 1.45 0.32 

 bread 1.25 1.63 1.46 1.33 1.32 1.73 1.65 2.93 1.66 0.51 

            
Mashini Flour 1.44 - 0.90 1.39 1.16 1.24 - - 1.23 0.19 

 bread 1.41 - 1.38 1.50 0.67 1.30 - - 1.25 0.3 

            
Samoon Flour 1.44 1.15 1.10 1.37 1.10 0.92 0.86 - 1.13 0.2 
  bread 1.56 1.71 1.69 1.64 1.58 1.39 1.38 - 1.56 0.12 
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Miller et al. (2007) HAL KHO SSQ SUL PIR CHA KAL HMD Average 
Standard 
deviation  

Hawrami Flour 1.54 - 1.22 1.41 - - - 1.99 1.54 0.28 

 bread 1.62 - 1.67 - - - - 1.5 1.6 0.07 

            
Tiry Flour 1.54 - 1.03 - - - - 0.91 1.16 0.27 

 bread 1.66 - 1.72 1.59 - - - 1.79 1.69 0.07 

            
Lawasha Flour 0.96 1.27 1.06 1.03 1.13 1.11 1.09 2.07 1.22 0.33 

 bread 1 1.37 1.19 1.33 1.08 1.41 1.35 2.7 1.43 0.5 

            
Mashini Flour 1.17 - 0.72 1.14 0.95 1 -  - 1 0.16 

 bread 1.14 - 0.91 1.34 1.3 1.06 -  - 1.15 0.16 

            
Samoon Flour 0.97 0.93 0.89 1.13 0.88 0.73 0.69 -  0.89 0.14 
  bread 1.25 1.39 1.35 1.33 1.28 1.11 1.11 -  1.26 0.1 

 

 

 

Brown et al. (2010) 
 

HAL KHO SSQ SUL PIR CHA KAL HMD Average 
Standard 
deviation  

Hawrami Flour  1.49 - 1.25 - - - - 1.99 1.58 0.31 

 bread  1.62 - 1.78 - - - - 1.5 1.63 0.11 

             
Tiry Flour  1.49 - 1.25 1.35 - - - 0.91 1.25 0.21 

 bread  1.68 - 1.8 1.6 - - - 1.79 1.72 0.08 

             
Lawasha Flour  1 1.26 1.09 1.08 1.16 1.15 1.11 2.07 1.24 0.32 

 bread  1.05 1.35 1.23 1.36 1.1 1.48 1.39 2.7 1.46 0.49 

             
Mashini Flour  1.2 - 0.75 1.16 0.95 1.03 -  - 1.02 0.16 

 bread  1.19 - 0.95 1.38 1.34 1.09 -  - 1.19 0.16 

             
Samoon Flour  0.99 0.96 0.91 1.14 0.91 0.76 0.71 -  0.91 0.13 

  bread  1.33 1.45 1.41 1.39 1.35 1.18 1.17 -  1.33 0.1 
P-value= 0.001 for both pieces of bread type.  
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Fig. 6.22: Estimated Zn bioavailability and measured PA intakes from 300g day-1 of flour or bread. 

Samples were collected from seven different locations in Sulaimanyah province; estimated human 

Zn bioavailability was calculated using trivariate models with different AMAX, KR and KP values 

reported by (O) Imran et al. (2016), (∆) Brown et al. (2010) and (◊) Miller et al. (2007). 
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Fig. 6.23: Correlation between estimated Zn bioavailability from consumption of 300g day-1 of 

bread or corresponding flours. Values were estimated from trivariate models with different AMAX, 

KR and KP values reported by (O) Imran et al. (2016), (∆) Brown et al. (2010) and (◊) Miller et al. 

(2007). 

 

 

Fig. 6.24: Correlation between phytic acid and the concentration of P in four (O) and bread (∆) 

samples collected from seven different locations in Sulaimanyah province. 
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6.4 Conclusions 

Concentrations of P and Zn in calcareous soil samples from Kurdistan differed significantly 

between sample locations.  There was only limited evidence of pH control over ‘available’ 

indices of Zn and P but this may be because of the restricted range of soil pH values in the 

samples.  In the majority of soil samples 87% of POlsen, 78% of ZnDTPA and 98% of ZnSol 

were less than the critical levels for optimum plant growth while in about 47% of the soil 

samples, PSol exceeded the critical level. Log Kd values between 1.76-3.51 for Zn, 

expressed as ZnDTPA/ZnSol, were approximately two orders of magnitude greater than 

similar values between 0.12-2.13 (POlsen/PSol) for P.  This appears to reflect the strong 

adsorption of low concentrations of Zn in these soils in contrast to the effects of large 

annual phosphate fertilizer additions which create a supply of available P despite the 

calcareous conditions.  

 

The solubility of phosphate across the range of soils investigated was controlled by DCPD, 

OCP, TCP or HA minerals depending on the location of the soils.  There was evidence of 

consistent local Ca phosphate mineralogy in the soils. For specific areas, trends in 

phosphate and lime potentials clearly followed specific pure Ca phosphate minerals or fell 

on a similar slope between individual pure minerals. The soils were markedly 

undersaturated with respect to Smithsonite (ZnCO3) in all cases. A more conservative 

solubility pattern was seen for Zn with almost all the soils following the empirical ‘Soil Zn’ 

solubility trend proposed by Lindsay.  The difference between Zn and P probably reflects 

diverse P management regimes across the region in contrast to the absence of any Zn 

management. 

 

In the majority of samples about 88%, the concentration of Zn in wheat grain was lower 

than the recommend value, as expected from the low availability of Zn in the regional 

soils. By contrast the P concentrations were higher than the recommended level in about 

half of the samples. The composition of the wheat grain, flour and bread could reasonably 
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be explained as a consequence of high annual applications of P fertilizer, the low availability 

of Zn in Kurdistan calcareous soils and the absence of any tradition of Zn fertilization. Thus 

the available P in soils and P concentration in wheat grain samples.  

 

The PA in (g 100g-1) and PA/Zn molar ratio on average were 0.54-0.93 and 15.7-30.6 in 

wheat grain, 0.08-0.31 and 8.96-22.9 in flour and 0.08-0.18 and 8.96-14.5 in bread 

samples, which were in the range reported globally. However, the bioavailability of Zn in 

wheat grain to human populations was low of about 23.3±3.48% due to high PA 

concentrations and PA/Zn molar ratios.  By contrast, in flour and bread samples were 

‘moderate’ about 43±6 and 47±4.6% due to a significant reduction of PA in the refined 

flour and in bread resulting from flour manufacturing and bread-making processes 

respectively.  

 

Results of this survey suggest that foliar application of Zn in wheat farms has a significant 

positive effect on cereal-based food quality grown in the calcareous soils of Kurdistan 

region. 

 

Similar to several countries around the world, fertilizer use in Kurdistan region is high 

especially NPK fertilizers without micronutrient application. The absence of methodical 

information on fertilizers and how they might improve yield have made the farmers trust 

on personal decision and assistance from fertilizer traders and friends to make decision in 

fertilizer applications. In general, farmers have been individual in fertilizer application with 

incomplete approval of better fertilizer application technologies. Therefore, policies and 

programs needed to (i) realize the risk of fertilizer use specifically in the case of P fertilizer, 

(ii) promote the use of micronutrients particularly Zn fertilizer, (iii) improve yield by 

practicing experiments to determines micronutrient effects on yield and quality of 

agricultural products and (iv) encourage farmers education so as to improve 

environmentally soil fertility. Enhanced understanding of micronutrient fertilizer use and 
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agricultural product quality can help to increase the amount of bioavailable micronutrients, 

particularly Zn, in the final edible products in the region.  
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7 SUMMARY, CONCLUSION AND FUTURE WORK 

SUMMARY  

Phosphorus and Zn bioavailability in soils and crops, their PA/Zn molar ratio in the crop 

edible parts, and estimated human Zn bioavailability have been investigated in the 

current project using soils and crops from the Iraqi Kurdistan region. There was already 

limited information about the bioavailability of P in the arable soils of the region, but an 

understanding of Zn status was limited with virtually no published information or 

available data. Surveys of soil and wheat grain from arable vegetable and wheat farms 

were undertaken and the status of P and Zn and factors controlling their bioavailability 

to crops and estimated human Zn intake from crops were investigated. The interaction 

between P and Zn, the effect of Zn biofortification on crops, and estimated human Zn 

bioavailability were examined in a field trial on calcareous soils which were 

representative of the region. Laboratory experiments were also conducted to determine 

factors controlling P and Zn solubility and available pools. The capacity of the calcareous 

soil to adsorb applied P and Zn, the stability of these nutrients over time and evidence 

for time-dependent fixation were also investigated. The main findings of the project are 

reviewed in the results sections.     

 

7.1 Phosphorus status in soils and crops   

The calcareous soils of Iraqi Kurdistan had PT concentrations in the globally acceptable 

range, with some variability depending on locations and agricultural activity due to 

parent materials, weathering processes, and application of phosphate fertilizers. The PT 

concentration (mg kg-1) in vegetable farm soils ranged from 622 to 1210, while in the 

wheat grain farm soils ranged from 645 to 2090. The total P content in the soils does 

not predict the availability of P and plant P concentrations were not correlated with PT 

in the soils. The available forms of P uptake by plants are the reservoir of available P in 

the solid phase (POlsen) and the concentration in the solution phase of a soil suspension 
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in a dilute neutral salt solution (Psol). In the calcareous soils, these two forms are low 

due to precipitation and adsorption processes caused by the high calcium carbonate 

content and high pH value of Kurdistan soils. In the surveyed soils, POlsen and Psol 

constitutes about 8% and 0.01% of PT in the arable vegetable soils and 1% and 0.1% 

of PT in the wheat grain farm soils respectively. The P availability was lower in the wheat 

grain farm soils due to higher CaCO3 content, higher pH value and low organic matter 

compared to the vegetable farm soils. Approximately, 83% and 53% of soils collected 

from the wheat grain farms had POlsen and Psol values below the recommended levels of 

10 mg kg-1 and 0.5 mg L-1 for optimum plant growth. High negative correlations were 

observed between soil inorganic carbon and pH with available P in the soils. The result 

of solid-liquid partition coefficient of P (as Log Kd P formulated by POlsen/PSol) showed 

low adsorption of P in the calcareous soils of Kurdistan probably due to the presence of 

low amounts of available P in the soils. Furthermore, the results of the solubility 

measurements showed that in most soils in the region, the solubility of P is controlled 

by OCP and TCP minerals and solubility increased with increase in POlsen. Soluble P was 

also positively correlated with POlsen. The results of the adsorption experiment showed 

that a significant amount of applied P adsorbed by the calcareous soils of Kurdistan 

after 84 days of incubation. The availability of P (POlsen and Psol) decreased with 

increasing (contact) time of incubation. A single (soil specific) Langmuir-Freundlich 

model described available P adsorption (POlsen adsorbed) very well; the data followed a 

single trend for all contact times. By contrast, the total adsorbed P progressively 

increased with contact time, causing a systematic decrease in PSol due to P fixation and 

creating a range of apparent (time-dependent) adsorption isotherms.  

 

Phosphorus concentration in wheat grains grown in the calcareous soils of Kurdistan 

ranged between 2200 and 4120 mg kg-1 with an average of 3290 mg kg-1. A large 

variation of P concentration in wheat grains was observed, related to location and 

potentially differences in the application of phosphate fertilizers. Furthermore, the P 
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concentrations across flours, bread types and locations (mg kg-1) ranged between 800 

and 2800 with an average of 1290 for flours and 970-2760 with an average of 1330 for 

bread. Approximately, 40% of collected wheat grain samples had higher P levels than 

the recommended concentration of 3570 mg kg-1. This is probably due to excessive 

application of phosphate fertilizers by farmers attempting to improve yield production.  

 

In a field trial undertaken in Kurdistan the concentration of P in roots, shoots, grain, 

seeds and fruits of maize, cowpea and tomato increased with application of P fertilizer 

application rates as TSP (20% P). Different concentrations of P was measured in maize, 

cowpea, tomatoes roots, shoots, seeds and fruits. The concentration of P was increased 

by 5.4%, 4.1% and 13.3% in maize grain and cowpea seed and tomato fruit, 

respectively.   

 

7.2 Zinc status in the soil and crop plants 

The total Zn concentrations in the calcareous soils (ZnT) of the Kurdistan region were 

within the range reported globally. The concentration of Zn was different between farms 

and locations, presumably mainly due to variation in parent material and weathering 

processes, in the absence of any Zn fertilizer programme. The ZnT concentration in the 

vegetable farms ranged between 44-209 mg kg-1 and in wheat farms ranged between 

48.5-121 mg kg-1, indicating higher ZnT in vegetable farms than wheat farms. This 

difference may be due to the application of organic fertilizers and irrigation with sewage 

wastewater in vegetable farms. A high correlation was found between ZnT and LOI%. 

Nevertheless, ZnT in the soils was not related to plant uptake. The available forms of 

Zn to plants were determined as ZnDTPA and Znsol. In the vegetable farm soils, 19 out of 

21 soil samples had ZnDTPA values above the recommended value of 0.5 mg kg-1, while, 

Znsol was below the recommended range of 4-270 µg L-1 in all soil samples. However, 

in the wheat grain farms, about 78% and 98% of soils had ZnDTPA and Znsol below the 

recommended values of 0.5 mg kg-1 and range of 4-270 µg L-1. The low values in the 
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cereal farm soils can be ascribed to the presence of large carbonate concentrations, 

high pH value and the absence of Zn fertilization in cereals (wheat). Approximately, 3% 

and 1% of ZnT was in the form of ZnDTPA and Znsol in vegetable farm soils, while about 

0.1% and 0.01% of ZnT was in the form of ZnDTPA and Znsol in wheat grain farms 

respectively. The solid-liquid partition coefficient of Zn (as Log Kd Zn) showed high 

adsorption of Zn particularly in the case of both the vegetable farm soils (log10 Kd = 

3.25-4.10) and wheat grain farms (2.03-3.30). The value of Log Kd Zn decreased with 

increase in the soil organic carbon but was not correlated with CaCO3 content and pH 

which might be due to the relatively high CaCO3 contents in soils and narrow range of 

pH values. The results of solubility measurements showed that in most soils in the 

region, the solubility of Zn was controlled by smithsonite or, more commonly, 

adsorption reactions with Zn2+ ion activities which were undersaturated with respect to 

smithsonite.  Solubility increased with increase in ZnDTPA. Znsol was significantly 

correlated with ZnDTPA, while both ZnDTPA and Znsol were negatively correlated with soil 

pH value. The results of an adsorption experiment showed that more than 95% of 

applied 70Zn was adsorbed by the calcareous soils after one day and adsorption reached 

99.5% after 84 days of incubation. The Freundlich isotherm model described ZnDTPA 

adsorption adequately. A single (soil-dependent) adsorption trend was observed 

between ZnDTPA and ZnSol, in contrast to (total) adsorbed Zn against ZnSol which showed 

a marked time-dependence indicating prolonged adsorption in response to Zn fixation. 

The availability of Zn (ZnDTPA and Znsol) decreased with increasing time of incubation 

and increased with application rates. The apparent ZnE value increased with increasing 

Zn rates and time of incubation –again indicating time-dependent fixation of the added 

70Zn as it progressively mixed with less labile soil Zn fractions. Values of %ZnE ranged 

between 70 and 91% of DTPA-extracted 70Zn and 13.8 and 8.86% of total applied Zn 

at day 84.   
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The Zn concentrations measured in a survey of wheat grain grown in the calcareous 

soils of Kurdistan were very low. There was wide variation in grain Zn concentration 

among the surveyed fields and locations which ranged between 12.3-63.2 mg kg-1. 

Furthermore, the total Zn concentration (mg kg-1) across flours, bread types and 

locations ranged between 30-5.45 with an average of 9.76 for flours and 30.5-5.48 with 

an average of 10.8 for bread. Approximately, 88% of collected wheat grain samples 

had Zn concentrations below the recommended value of 41.6 mg kg-1. This is probably 

due to the low availability of Zn and absence of Zn fertilization in the region. However, 

the Zn concentration in shoots, seeds and fruit of maize, cowpea and tomatoes 

increased with biofortification of Zn-EDTA fertilizer (5% Zn) and with increasing the 

applied rates. For example, the biofortification of 1.2 kg ha-1 of Zn fertilizer to maize 

and 0.8 kg ha-1 to cowpea and tomatoes are grown in the field caused small increases 

in the Zn concentration of maize, cowpea and tomatoes when compared with control; 

the Zn concentration was increased by 9%, 6.9%, and 4.5% in maize and cowpea seeds 

and tomatoes fruit, respectively. However, the effect of Zn biofortification was greater 

in shoots than in seeds and fruits which may be due to the interaction of Zn with P in 

the crop plants. The Zn concentration in shoots was increased by 67%, 44% and 55% 

for maize, cowpea and tomato as compared to the control, respectively. 

 

7.3 Phosphorus interactions with Zn  

The results in chapter 5 indicated that the concentration of Zn in crop plants increased 

with increasing Zn rates but decreased with increasing P rates in shoots, grain, seed 

and fruit of maize, cowpea and tomatoes. The application of P fertilizer reduced Zn 

concentration in plant tissue due to enhancing P uptake by plant and shoot growth 

which diluted the Zn concentration. Furthermore, the combined application of P and Zn 

to crops decreased Zn concentration in crops due to an apparent antagonistic effect. In 

general, seeds and fruit P concentrations decreased with an increased rate of applied 

Zn. The lowest Zn concentrations in shoots and seeds were recorded along with the 
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highest P concentrations in maize. The results suggest that P-Zn interactions occurred 

inside crops because Zn fertilizer was applied to the shoot system as a foliar application. 

However, no interaction between P and Zn in wheat grain samples was observed which 

may be because farmers apply N fertilizer with P fertilizer each growing season which 

may reduce the effect of P on Zn uptake due to a synergistic effect of N on Zn uptake. 

 

7.4 Phytic acid content and PA to Zn molar ratio 

Phytic acid is considered to be an anti-nutrient because PA chelates Zn during digestion 

and prevents its systemic absorption. The PA concentrations and PA to Zn molar ratios 

were determined in crops, wheat grains, flour and bread. The values of PA and PA to 

Zn molar ratio concentrations in wheat grains ranged between 0.31-1.12 g 100g-1 and 

9.47-53 respectively, indicating that 7.3% of the wheat grain total weight was PA and 

about 63.1±12.2% of P was present as PA. Regression analysis showed that the PA 

contents of wheat grain samples were positively correlated with POlsen in soils. The 

results suggest that the concentration of PA and ratio of PA to Zn were high due to the 

application of P fertilizer but differed between locations. Moreover, about 88% of wheat 

grains contained PA to Zn molar ratios higher than 15, indicating low bioavailability of 

Zn. A crop breeding program combined with enhanced agronomic management 

methods is needed to enhance both Zn uptake and bioavailability in wheat grain.  

Values of PA concentration and PA to Zn molar ratio in flours and bread were lower than 

in whole wheat grain flours. This is probably due to the removal of part of the PA during 

flour milling processes of flour and also fermentation during the bread making process. 

The reduction of PA during fermentation is the result of the action of endogenous 

phytase in flour as well as microbial (yeast) phytase. The values of PA concentration 

and PA to Zn molar ratio in flours and bread were 0.08-0.63 and 0.05-0.30 g 100g-1 

and 9.72-42.6 and 4.15-22.2, respectively, indicating that 1.1 and 0.7% of flour and 

bread total weight were PA and about 42 and 28% of P was present as PA, respectively.   
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Considering the different bread types produced in Kurdistan, Samoon had the lowest 

PA concentration 0.08 g 100g-1 and Hawrami had highest PA content 0.30 g 100g-1 this 

is due to the time of fermentation during the breadmaking process. A high correlation 

was found between PA concentration in flour and the corresponding bread but the bread 

making process caused a reduction in both PA concentration and PA to Zn molar ratio. 

Large reductions in PA and PA/Zn molar ratio levels of 32% and 41% were observed in 

bread during the bread making process. Samoon showed the greatest reduction and 

but Hawrami had the smallest reduction due to differences in the time of fermentation 

during the bread making process.  

 

The application of Zn fertilizer as Zn-EDTA on maize, cowpea and tomato crops 

decreased PA and PA to Zn molar ratio due to increased Zn concentration in their grain, 

seed and fruit. Zinc applications of 1.2 kg ha-1 to maize decreased PA and PA/Zn molar 

ratio in maize grain by 5 and 7%. And also, biofortification of 0.8 kg ha-1 to cowpea and 

tomato crops decreased PA and PA to Zn molar ratio by and 1 and 7% in cowpea seed 

and 9, and 8.5% and in tomato fruit respectively as compared to control. The PA and 

PA to Zn ratio varied between crops grains, seed and fruit. However, the application of 

phosphate fertilizer at a rate of 150 kg ha-1 for maize crops increased PA and PA to Zn 

molar ratio by 15, 4% in maize grain. While application of 120 kg ha-1 for cowpea and 

tomato increased PA and PA/Zn molar ration by 19 and 23% in cowpea seed and by 3 

and 12% in tomato fruit as compared to controls. The greatest response to Zn 

biofortification was found with tomatoes and the lowest with cowpea. However, the 

highest response for phosphate fertilizer was found with maize and the lowest with 

cowpea.   
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7.5 Estimated human Zn bioavailability 

The estimated human Zn bioavailability in crops grown in the calcareous soils of the 

Kurdistan region was low, particularly in wheat grain. Variation in estimated human Zn 

bioavailability was observed in wheat grain samples (300 g) collected from different 

locations. Some locations had estimated human Zn bioavailability higher than reported 

by previous studies, while in other locations measured values were lower.  

Consideration of the PA concentration and average daily Zn intake suggest that only 

21.5±2.9% of grain Zn was bioavailable so that the effective Zn intake from wheat is 

only 1.84-2.63 mg d-1 for the local population. Overall results suggest that the available 

dietary Zn was below the recommended levels (11 mg d-1). This is partly due to low 

uptake by wheat but also due to the presence of large concentrations of PA in wheat 

grains aggravated by high phosphate fertilizer applications by farmers. A high negative 

correlation was found between estimated human Zn bioavailability in wheat grain and 

POlsen in corresponding soils. 

 

The bioaccessibility of Zn in flour and bread samples was higher than in whole wheat 

grain flour. This is due to the removal of a significant amount of PA throughout the flour 

manufacturing and bread making processes. A high dependency was observed between 

locations and bread types. Regarding bread types, the Zn intake results suggest that 

only 43±6% and 47±5% were bioavailable so that the effective Zn intake was only 

0.79-2.27 and 1.09-2.93 mg d-1 for flour and bread respectively, for the local 

population. The results suggest that dietary Zn was below the daily recommended levels 

of 3 mg d-1 from bread, but was in the range of bioavailable Zn in bread suggested by 

previous studies. The bread making process increases the bioavailable Zn due to the 

reduction of PA and PA/Zn molar ratio because during the fermentation process; the 

phytase enzyme hydrolyses PA. 
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The biofortification of Zn fertilizer (Zn-EDTA) increased bioavailable Zn in maize, 

cowpea and tomato crops and increased the bioavailable Zn. Biofortification of maize, 

cowpea and tomato crops with 1.2 and 0.8 kg Zn ha-1 increased bioavailable Zn by 

10.8%, 3.35% and 5.80% for maize grain, cowpea seed and tomato fruit. However, 

the application of P fertilizer decreased the bioavailable Zn by 12%, 1.36% and 4.83% 

in maize grain, cowpea seed and tomato fruit, respectively, when compared to controls. 

Only in maize grain was the effect of applied P fertilizer on bioavailable Zn significant. 

This was due to the increase of the concentration of PA and PA to Zn molar ratio in 

crops grain, seed and fruit.   

 

7.6 Future work and wider considerations 

The major research themes that could be considered essential to improve our 

understanding of soil phosphorus and zinc availability, plant uptake and estimated 

human zinc bioavailability in Iraqi Kurdistan are listed below. 

 Further identification of phosphorus and zinc fractionation and speciation in the 

arable calcareous soils of Kurdistan and quantification of the time dependence of Zn 

and P liability following application of fertilizer.  It may be possible to resolve a simple 

kinetic model based on the apparent ‘half-life’ of labile Zn and P which could improve 

fertilizer efficiency in the region. 

 A more detailed investigation of the solubility of phosphate and zinc under 

fluctuating (controlled) CO2 partial pressures to simulate variable rhizosphere 

conditions under fluctuating water regimes. Given the calcareous nature of the soils, 

it is likely that CO2 partial pressure may have a profound effect on local Zn and P 

solubility. It may be possible to translate the results from such studies into practical 

recommendations regarding organic manures and irrigation approach intended to 

maximise re-mobilization of adsorbed/fixed Zn and P. 

 Investigation of the effect of biofortification of zinc fertilizers on bioavailable Zn in 

wheat grain grown in the region.  There is a need to improve the Zn nutrition of the 
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edible parts of cereal and vegetable crops – especially with respect to human health 

rather than plant health considerations.  There is a pressing need for better 

information on timing and amounts of Zn foliar applications. 

 Determine Zn deficiency in the Kurdistan region population by dietary questioners 

and biomarker samples (blood) survey. It is vital that more information is made 

available on the status of Zn in the population of the region.  Alongside improved Zn 

biofortification of crops, other options may include dietary diversity information 

disseminated through existing extension channels. 
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