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ABSTRACT 
 

The primary aims of this project were to: i) provide a survey of selenium 

and iodine concentrations in the terrestrial environment and locally grown 

crops of Iraqi-Kurdistan; ii) gain greater understanding of the factors 

controlling bioavailability of these elements in the calcareous soils of the 

region; iii) investigate the feasibility of biofortification of selenium and 

iodine and test the use of isotopically enriched tracers for this purpose; iv) 

assess iodine and selenium dietary intake and nutritional status of the local 

population using dietary questionnaires and a survey of a human biomarker.  

A survey was conducted covering locally grown crops, matched soil samples 

and irrigation water including 300 plant, 100 soil and 20 water samples. 

The potential availability of Se and I for plant uptake was examined by 

quantifying the soluble and adsorbed fractions of both micronutrients and 

their species. The influences of soil factors on plant Se and I uptake were 

examined. Results indicated that total soil Se (SeTot = 309 µg kg-1) was 

lower than the global average (400 µg kg-1). Approximately 2.5% of soil Se 

was present in the soluble and adsorbed fractions with an equal proportion 

of selenate and selenite in the soluble fraction and mainly selenite in the 

adsorbed fraction. The organically-bound Se extractability ranged from 20-

89% of SeTot, depending on soil pH. Plant Se content was variable between 

crop species and different areas within Kurdistan with mean concentration 

of 113,112, 69 and 49 µg kg-1
dw for leafy vegetables, tubers, fruit vegetables 

and wheat grain respectively. Higher plant Se concentrations were observed 

in plants grown in soils with pH>8. The mean concentration of total soil 

iodine was 4140 µg kg-1. Almost 10% of this value was present in the 

soluble and adsorbed fractions.  Mean plant iodine concentrations were 439, 

368, 140, and 12 µg kg-1
dw for leafy vegetables, fruit vegetables, tubers and 

grains respectively. The combined concentrations of soluble and adsorbed 

iodine were correlated with plant iodine content. The mean concentrations 

of irrigation water Se and I were 0.495 and 11.9 µg L-1 respectively. The 

amount (%) of soil CaCO3 was strongly correlated with iodine concentration 

in groundwater used for irrigation and irrigation water iodine concentration 

was again strongly correlated with plant iodine concentrations.  
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The feasibility of Se biofortification in calcareous soils using local vegetable 

genotypes from Kurdistan was examined using 10 g ha-1 77Se as a 

biofortification treatment (and isotopic tracer). Five commonly used 

vegetables, including celery, chard, lettuce, radish and spring-onion were 

planted in soils spiked with the 77Se application and grown for 8 weeks 

under controlled growth room conditions. Results indicated that, at the end 

of the growth period approximately 35% of applied 77Se had been 

transferred to a recalcitrant form in the soil which resisted extraction with 

10% TMAH. Only 5% of 77Se was present within the soluble and adsorbed 

soil fractions combined, at harvest. The amount of 77Se taken up by plant 

biomass varied according to crop species; 25% for radish and 7-8% for 

other vegetables from the total 77Se applied. Plant 77Se concentrations 

varied despite growing in identical soils and, unexpectedly, plants contained 

more Se originating from the soil rather than the fertilizer. The ratio of 

Sesoil/Sefertilizer also varied between varieties reflecting different growth 

patterns and uptake rates against a backdrop of decreasing fertilizer Se 

availability during the growing season.  

Biofortification of iodine using a range of vegetable crops grown in 

calcareous soil was investigated, using soil and vegetable genotypes from 

Kurdistan, and employing 129I as a tracer. Vegetables were irrigated daily 

with water containing 5.56 and 6.89 µg L-1 129IO3
- and 129I- respectively for 

8 weeks. Total and fractionated iodine (127I and 129I) was conducted on 

moist soil (c. field capacity) and air dried soil at the end of the growing 

season. Plant analysis was also undertaken for 127I and 129I, using ICP-MS. 

Results showed that plant iodine concentrations originating from native soil 

iodine were variable even when grown in identical soils. Generally, iodine 

concentrations in roots was greater than in shoots for both 127I and 129I. 

Vegetables irrigated with 129I- (iodide) had considerably lower iodine 

concentrations (6.2-12 µg kg-1
dw) than those irrigated with 129IO3

- (iodate) 

(53.3-479 µg kg-1
dw). The majority of plant iodine originated from soil iodine 

rather than fertilizer iodine and varied depending on 129I species applied 

(iodate or iodide) and the vegetable plant type grown. For vegetable shoots 

treated with 129I- (iodide) only 3% of the iodine of the three test plants 

originated from the 129I treatment.  By contrast, for 129IO3
- (iodate) 
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applications 11, 22 and 58% of iodine in the shoots of celery, lettuce and 

chard were from the 129I additions respectively. The recovery rate of 129I 

from soil extracted with 10% TMAH ranged from 63-95% of total iodine 

applied and varied depending on vegetable variety. The 129I recoveries from 

pots irrigated by 129IO3
- were less than from 129I- irrigated soils suggesting 

greater loss of iodine from the iodate irrigated system.    

To assess the Se and I status of the population in a region of Kurdistan, the 

food composition data and dietary intake of Se and I was determined for 

410 volunteers using a semi- quantitative food questionnaire, including 

commonly used food items. To directly investigate level of nutritional status 

of Se and I, urine samples were also collected from each participants as a 

biomarker. Daily dietary intake and source apportionment of Se and I from 

each food item was determined using questionnaire survey. The daily intake 

of I from food excluding salt was 119 µg d-1. Vegetables and fruits supplied 

48%, protein sources 25%, cereal and grains 9%, dairy products 8% and 

water 2% of daily I intake. The majority (>90%) of salt samples collected 

were iodised with a mean I concentration of 40 mg kg-1 and daily intake of 

salt was estimated as 13.5g d-1. Accounting for salt intake, average daily 

iodine intakes increased to 668 µg d-1, with salt supplying 82% of daily I 

intake. The median urinary iodine (corrected for creatinine) was 379 µg g-

1
CRT and 424 µg L-1 osmolality corrected.  More than 90% of school age 

children and over 55% all participants had excessive I intake according to 

WHO classification. The salt I concentration consumed by each family was 

highly correlated with mean urinary iodine of family members. Urinary Na 

and I were also correlated. The iodine intake estimated according to salt 

intake (calculated based on urinary Na) was strongly correlated with iodine 

intake calculated according to urinary iodine. The daily salt intake estimated 

by urinary Na was 15.3 g d-1 considerably higher than WHO recommended. 

Mean total daily intake of Se according to the questionnaire responses was 

72.9 µg d-1 with 21% of participants having a daily intake lower than 

recommended RDA. The mean urinary Se fell in the range of 21.2-24.8 µg L-

1 depending on justification methods. The predicted Se intake from urinary 

Se gave a values of 59 and 42 µg d-1 according to the method used which 

may imply Se deficiency.   
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To conclude, Kurdistan soils Se content was found insufficient. Despite that, 

Due to high pH effect in some areas plant Se content seems to be having 

considerably higher Se content rather than areas with lower pH. Later 

studies revealed that daily Se intake may not enough to address the Se 

requirement of population. Biofortification of Se possible but to prevent 

decreasing availability would be recommend to apply in med season or foliar 

application. Typically soil and plant of Kurdistan found in a minimum of 

normal range of iodine and comparable with other areas. Irrigation water 

was found as a main source of plant iodine uptake. The daily iodine intake 

from food excluding salt is not enough to meet the recommended iodine 

level but considering high consumption of iodized salt in that region it can 

be classified as an excessive iodine intake which could cause high intake 

iodine consumption disorders such as hyperthyroidism and in turn health 

issues caused by elevated Na intake such as cardiovascular disease. In 

current iodine nutritional status of the region plant biofortification would not 

be recommended.  
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1 INTRODUCTION 

1.1 Selenium geochemistry 

Selenium was first identified in 1817 by the Swedish chemist Jöns Jacob 

Berzelius and was named after Selene the Greek moon goddess(Pauling, 

1970). Incorporation of Selenium into terrestrial environment can be 

affected by natural processes such as geological weathering, volcanic 

activity or anthropogenic activities such as fossil fuel combustion and 

agricultural practices. Approximately 96% of the rock in the surface section 

of the Earth’s crust (igneous or sedimentary sandstones and limestones) 

typically contains between 0.05 and 0.09 mg Se kg-1 (Johnson et al., 2010). 

Organic-rich deposits such as US coal can contain elevated Se 

concentrations (up to 10.7 mg kg-1), whilst some sedimentary rocks such 

as phosphates and black shales have been reported as having up to 300 

and >600 mg Se kg-1, respectively (Fordyce, 2005). Vegetation grown on 

seleniferous soils can contain >5 mg Se kg-1 (Poblaciones et al., 2013) which 

is classified as toxic for human and animals. Volcanic ash and gases can 

contain elevated concentrations of Se resulting in high Se levels in 

surrounding volcanic soils; Se concentrations up to  20 mg Se kg-1 have 

been reported (Oldfield, 1999). The combustion of fossil fuels such as coal 

and petroleum also has been reported as a source of Se; coal combustion 

has been recorded to produce Se 1.5-2.5 times greater than natural 

weathering processes (Andren et al., 1975).  
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1.2 Selenium in soils 

In many regions of the world human Se status generally reflects the Se 

concentration in soils (Fairweather-Tait et al., 2011, Lyons et al., 2005). 

Soil Se can vary substantially with some soils being regarded as seleniferous 

and others as ‘Se-deficient’ in the sense that the food crops produced from 

cultivating them provide less Se than the dietary requirements (Bitterli et 

al., 2010, Hawkesford and Zhao, 2007).  

The concentration of Se in most soils lies within the range of 0.01 to 2 mg 

kg-1 (Kabata-Pendias, 2004) with a mean of 0.4 mg kg-1; soils with high 

concentrations (>10 mg kg-1) are regarded as seleniferous (Fordyce, 2005).  

The geological parent material is recognised as the main source of Se in 

soils although it is likely that prolonged marine inputs are important in some 

areas.  The crustal abundance of Se is low in some areas resulting in very 

low soil concentrations (De Temmerman et al., 2014).  For example in parts 

of China, Finland and New Zealand soil Se levels in soil are <0.05 mg kg-1 

and can result in deficiency diseases (Navarro-Alarcon and Cabrera-Vique, 

2008).  By contrast, Se is found at concentrations much higher than the 

crustal average in black organic-rich shales such as those in the United 

States, Wales and Ireland (Davies and Houghton, 1983) and Oldfield (1999) 

reported concentrations of soil Se up to 1250 mg kg-1 in some seleniferous 

soils in Ireland. Coal, and to a lesser extent  petroleum, also have higher 

Se concentrations. Volcanic sulphur deposits can lead to high Se 

concentrations in soils of affected regions (De Temmerman et al., 2014). In 

quaternary parent material, total Se concentrations have been reported to 

range from 0.2–0.5 mg kg-1 in sandy and sandy loam soils and from 0.3–
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0.7 mg kg-1 in loam and polder clay soils (Gissel-Nielsen, 1984, De 

Temmerman et al., 2014). 

1.3 Selenium forms and behaviour in soils 

The chemical form of Se in soil depends mainly on pH and redox potential 

(Mikkeisen et al., 1987). Selenium is found in both organic and inorganic 

forms, including insoluble selenides (Se2-), elemental Se (Se0) and the 

adsorbed ions selenite (SeO3
2-) and selenate (SeO4

2-). Elemental Se is 

formed when conditions become strongly anoxic, as in sediments of water 

bodies, and selenides are found in highly reducing and basic conditions 

(Neal and Sposito, 1989). In oxidizing environments such as aerobic soils, 

selenite and selenate are the dominant inorganic forms (Roussel-Debet et 

al., 2005). In addition to humic and fulvic bound Se more volatile organic 

forms of methylated Se compounds including dimethyl-selenide, 

selenoamino acids, and selenoproteins may exist.  

Selenium solubility and consequently its mobility, bioavailability and uptake 

from soils by plants is highly pH-dependent (Bitterli et al., 2010).  Selenate 

is favoured in alkaline (pH 7.5–8.5) situations and is more soluble and 

available for uptake in the plants than selenite (Navarro-Alarcon and 

Cabrera-Vique, 2008, De Temmerman et al., 2014). Plants only partially 

discriminate between sulphate and selenate which can be taken up in place 

of sulphate ions (Terry et al., 2000). Selenite is stable in acidic to neutral 

(pH 4.5–6.5), less oxic conditions and is strongly adsorbed by Fe/Al hydrous 

oxides so is only poorly available to plants (Navarro-Alarcon and Cabrera-

Vique, 2008). In aerated soils, soluble Se concentration is usually controlled 

by adsorption to mineral and organic surfaces, whereas in reducing 
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environments, the role of precipitation seems to be more important. 

Sorption of Se to iron oxides is stronger than to clay minerals, and organic 

matter also binds Se much more strongly than clay minerals. Organic 

matter is a significant factor for the retention of Se in the topsoil (Geering 

et al., 1968, Elrashidi et al., 1987) although the binding mechanism is 

poorly understood. As the most soluble Se species in soils, selenate is very 

susceptible to leaching and is readily bioavailable to plants. The mobility of 

selenite is lower because of its much higher affinity to adsorb to iron oxides 

and/or hydroxides, clay minerals and form of organic compounds. Thus, 

bioavailability of soil Se depends on the geochemical environment, 

pedoclimatic variables (temperature and rain intensity) and is related to 

fluctuations of soil moisture, pH, redox, and organic matter content 

(Spadoni et al., 2007). 

1.4 Selenium in plants 

Plants are the primary source of Se in most human diets (Funes-Collado et 

al., 2013), either directly or following consumption by animals (Barclay et 

al., 1995). Selenium uptake by plants is a function of factors including 

concentration and physicochemical forms in the soil (and hence parent 

rock), pH and redox potential,  soil moisture and salinity, soil sulphate 

concentration, plant species, soil-management practices, climatic 

conditions and inputs from wet and dry deposition (Aro et al., 1995, Barclay 

et al., 1995, Ventura et al., 2009). 

Most plants do not accumulate large amounts of Se; concentrations rarely 

exceed 100 mg kg-1
dw. Plants which are rich in sulphur, for example 

members of the Liliaceae family (onions and garlic) and members of the 
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Cruciferae family (cabbage and broccoli), typically have higher Se (Brown 

and Shrift, 1982). Plant species such as chives, Indian mustard, canola, 

species of the Brassica genus (Brussel sprouts, cauliflower, collards, 

kohlrabi, mustards and kale) and some mushrooms, accumulate relatively 

large concentrations of Se and have been described as Se accumulators 

(Dumont et al., 2006, Kapolna and Fodor, 2007). They have the ability to 

take up large amounts of Se (up to 1000 mg kg-1) without showing any 

negative effects (Manjusha et al., 2007, Navarro-Alarcon and Cabrera-

Vique, 2008, Dumont et al., 2006). Plants rich in starch and sugars have 

lower amounts of selenium. In plants that have high levels of protein, such 

as cereals, Se is able to substitute for S in the amino acids cysteine and 

cystine making these crops an important dietary source of Se (Ventura et 

al., 2009). 

Fruits generally contain low concentrations of Se because of their low 

protein content and high water content. Ventura et al. (2006) reported the 

Se content for fruit and vegetables from Portugal as 1.7 to 24.9 µg kg-1.  

1.5 Selenium in humans and animals 

Selenium is considered an essential trace element for humans and animals 

(Munier-Lamy et al., 2007).  In the 1970s, it was established that Se has a 

role as a cofactor in glutathione peroxidase (GPx) family of enzymes which 

protect against oxidative stress (Zeng and Combs, 2008, Navarro-Alarcon 

and Cabrera-Vique, 2008). This element is incorporated into the primary 

structure of selenoproteins as the amino acid selenocysteine (SeCys) 

(Funes-Collado et al., 2013). Selenium is also believed to play a role in the 

defence against infection, modulation of growth and development, and 
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studies have suggested that some organic forms of selenium could have a 

reductive effect on cancer risk at supra-nutritional levels (Combs et al., 

2001, Rayman, 2005). In addition, it has roles in thyroid hormone 

homeostasis, immunity, and fertility (Reilly, 2006). Several studies have 

suggested that Se protects animals against toxicity associated with high 

exposure and/or intake of heavy metals such as mercury, lead, cadmium 

and silver (Navarro-Alarcon and Cabrera-Vique, 2008). 

In farm animals Se deficiency is an important problem. The most common 

disease associated with Se deficiency is white muscle disease, a nutritional 

muscular dystrophy. Actively growing animals show symptoms of 

weakness, have difficulties feeding, and cardiac problems that very often 

result in death (Navarro-Alarcon and Cabrera-Vique, 2008). 

The two diseases most commonly associated with severe selenium 

deficiency in humans are Keshan and Kaschin-Beck disease. Both occur in 

rural areas of China and Russia where there is a dependence on locally 

grown foods that have extremely low selenium contents (Tan et al., 2002, 

Abrahams, 2002). Dietary intake was as low as 7 µg day-1 where the diet 

consisted mainly of locally-produced cereals (Combs, 2001). 

1.6 Selenium dietary intake  

Hamilton (2004) reported that there are three Se levels for biological 

activity: (1) trace concentration required for normal growth and 

development; (2) moderate concentrations that can be stored and 

homeostatic functions maintained; and (3) elevated concentrations 

resulting in toxic effects. Combs et al. (2001) indicated that an adequate 

adult diet should have at least 40 µg day-1 of Se to support the maximum 
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expression of Se enzymes. Other research has reported that a dietary intake 

of 300 µg day-1 Se could reduce cancer risks (Navarro-Alarcon and Cabrera-

Vique, 2008). The US Office of Dietary Supplements suggests a daily 

recommended Se-intake of 70 µg day-1 (Bitterli et al., 2010). Generally a 

diet comprising foods containing less than 100 µg Se kg-1 results in 

deficiency, while regular consumption of food containing more than 1000 

µg Se kg-1 results in toxicity (Whanger, 2002). 

The European Directive 2008/100/CE recommends a daily allowance (RDA) 

of Se of 55 µg day-1, and a maximum Se consumption without risk to health 

of 300 µg day-1 in adults. According to the literature, the NOAEL (non-

observed adverse effects level) is considered to be about 800 µg Se day-1 

while the LOAEL (lowest observed adverse effects level) is 1500 µg Se day-

1 and symptoms of toxicity are observed with an intake of 6300 µg Se day-

1 (Funes-Collado et al., 2013, Whanger et al., 1996). The Institute of 

Medicine Academy of Sciences USA (2001) determined the minimum Se 

requirement to be 55 µg day-1 (0.7 μmol/day) based on the required amount 

to maximize synthesis of the selenoprotein glutathione peroxidase (GPx), 

and a Tolerable Upper Intake Level (UL) for adults of 400 μg day-1 (5.1 

μmol/day) based on observation of selenosis at this level.   

1.7 Selenium deficiency and toxicity 

Serious health outcomes have been reported in low Se regions of China and 

Eastern Siberia, where Se deficiency results in endemic Keshan disease in 

the Keshan region of China (Gissel-Nielsen, 1984, Fordyce, 2005). This 

pathology is an endemic juvenile cardiomiopathy with myocardial 

insufficiency that primarily affects children aged 2 to 10 years old, and to 
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some extent women of child-bearing age (Hartikainen, 2005). This disease 

coincides with low soil Se levels in Keshan (mean Se content 125 μg kg-1). 

Consequently, a very low Se intake from a diet of locally produced foods 

was observed, in some cases intakes were lower than 10 μg Se day-1. 

Selenium deficiency in other regions of China has been linked to a type of 

osteoarthritis called Kashin–Beck disease (Li et al., 2008).  

Despite globally widespread Se deficiency, selenosis (Se toxicity) is a 

problem in some areas.  Selenosis is characterized by hair loss, fingernail 

changes including brittleness, gastrointestinal disturbances, skin rash, 

“garlic” breath, and abnormal functioning of the nervous system. Other 

related toxic effects are a disruption of endocrine function, synthesis of 

thyroid hormones and growth hormones (Goldhaber, 2003). Other 

researcher suggests that high Se levels catalyse hydrosulphide oxidation 

which exerts an inhibitory effect on protein synthesis and an enhanced risk 

of cancer (Navarro-Alarcon and Cabrera-Vique, 2008). These toxic 

symptoms are typically associated with Se intakes of 3200 to 6700 μg d-1 

although milder symptoms such as fingernail changes have been reported 

for Se intakes of 1260 μg Se d-1. Other researchers have reported selenosis 

with Se intakes of ≥850 μg Se d-1 (Sunde, 2000). Consequently, the US 

Environmental Protection Agency (USEPA) set a reference dose of 5 μg Se 

kg-1 d-1 and defined an intake of 1262 μg Se d-1 (resulting in a whole blood 

Se level of 1350 μg Se L-1) as the concentration at which clinical selenosis 

appeared (Navarro-Alarcon and Cabrera-Vique, 2008).  
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1.8 Iodine geochemistry  

 

The iodine concentration of the Earth’s crust is typically 0.25 mg kg-1 - 0.3 

mg kg-1 (Fuge, 1988, Muramatsu and Hans Wedepohl, 1998). Marine 

sediments and continental rocks are the major reservoirs of I in the 

terrestrial environment, containing more I than igneous and metamorphic 

rocks (Muramatsu and Hans Wedepohl, 1998). Unlike most of the soil 

elements which are derived from weathering of parent material rocks, the 

oceans with I concentrations of 60 mg L-1 (Wong, 1991) are the major 

source of environmental iodine. 

Iodine transfer from the oceans to the atmosphere and subsequently to the 

terrestrial environment, involves both biological (Saiz-Lopez et al., 2012) 

and photochemical reactions (Yokouchi et al., 2012). It has been reported 

that the  majority of marine-origin atmospheric I is generated by organisms 

such as macroalgae, brown algae, red algae, diatoms, phytoplankton and 

bacteria (Carpenter, 2003, Palmer et al., 2005). This atmospherically 

transported I is subsequently transferred to the terrestrial environment by 

wet and dry deposition (Englund et al., 2010, Truesdale and Jones, 1996).  

In the terrestrial environment I will react with soils and plants or enter river 

systems.  Typically, surface waters contain <20 µg L-1 I with many values 

reported in the range of 0.5-5 µg L-1 (Fuge and Johnson, 1986). Moran et 

al. (2002) found the median of iodine concentration for  North American 

river waters 5.5 µg L-1  with most values <20 mg L-1 and some up to 212 

mg L-1.  Surface waters from Afghanistan and Argentina have been quoted 

to be in the range of 5.4-22.7 µg L-1 and 16-95 µg L-1 respectively (Watts 
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and Mitchell, 2008, Watts et al., 2010).   Overall, ground waters are more 

enriched in I than surface waters (Whitehead, 1984).   

 

1.9 Iodine in soils  

 

Johnson (2003) reported a wide range of soil I concentrations, <0.1-150 

mg kg-1, with an average value of 5.1 mg kg-1. Yuita et al. (2005) reported 

that I-rich oxisols are influenced by ocean deposition in Japan with 

concentrations ranging from 42 to 71 mg kg-1; they also report average 

values of 12.5 mg kg-1 for rice paddy soils and 2.8 mg kg-1 for other top 

soils. The British Geological Survey database (Fordyce, 2003) reported a 

wide range of soil iodine concentration for United Kingdom top soils ranging 

from 0.5-36.9 mg kg-1 with a mean of 8.8 mg kg-. The same database 

reports the mean value of other topsoils to be 2.2 mg kg-1 in Germany, 3.8 

mg kg-1 in Russia and gives a range of 3.65-12.59 for regions of India. 

Smyth and Johnson (2011) recorded I concentrations of up to 600 mg kg-1 

in soils from Northern Ireland.  

 Most soils contain higher I than the rock or parent material from which 

they originate due to deposition of ocean-derived I via wet and dry 

precipitation (Hu et al., 2009). Soil I content typically reflects the amount 

of rainfall they receive (Aldahan et al., 2009, Fuge, 1996) which is 

influenced by topography and distance from the coast. A significant variation 

in soil I content has been reported even within areas of marine influence. 

Johnson (2003) suggesting that the ability of a soil to retain added I is also 

important. Soil organic matter has an important role in I retention 

(Shimamoto et al., 2011) with  I binding believed to occur via covalent bond 
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formation with humic macromolecules (Reiller et al., 2006). Iron and Al 

oxides content also affect I retention (Fuge, 2013). Generally soils 

containing greater organic content and therefore of low pH, with high 

aluminium and/or iron oxide content result in high I fixation (Shetaya et al., 

2012).  

The most common species of soil iodine are iodide (I-) and iodate (IO3
-) and 

elemental iodine (I2) methyl iodide (CH3I) may be released under certain 

conditions (Yang et al., 2007, Yoshida et al., 2007). Speciation is controlled 

by pH and redox. Under reducing and acidic conditions (low Eh) iodide is 

the dominant species. Iodate tends to be present in high oxidation 

situations (high Eh) at higher pH (Fuge, 2013, Johnson, 2003). Sorption of 

I to soils has been shown to involve transformation to organo-iodine for 

both IO3
- and I- (Muramatsu et al., 2004, Shetaya et al., 2012, Shimamoto 

et al., 2011). 

1.10  Iodine in plants  

 

The plant uptake of iodine via roots from the soil liquid phase is a process 

by which iodine enters the food chain or converts to volatile forms and is 

delived to the atmosphere (Ashworth, 2009). Iodine has not been classified  

as an essential element for plant growth and has been reported to be toxic 

to plants at high concentration (Zhu et al., 2003) with the I- ion suggested 

to be more toxic than the IO3
- ion (Sheppard and Evenden, 1995). Plant 

iodine content  is generally low; most of the values for samples derived 

from soils without added iodine were reported to be less than 1 mg kg-1 

(Fuge and Johnson, 2015).  
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In many of the soils containing high iodine levels, transfer factors to plants 

are low due to strongly retained iodine (Uchida and Tagami, 2011); this 

variation soil iodine behaviour and differing degrees of plant uptake likely 

reflects the potential of soil for iodine fixation (Sheppard et al., 2010).  

Despite this low transfer ratios, some studies have demonstrated that 

plants growing in elevated soils iodine generally contain high iodine levels 

(Sheppard and Motycka, 1997). Moreover, it has been found that 

fortification of soils using iodides or iodates, or iodine-rich organic fertilisers 

such as brown algae increased iodine uptake (Weng et al., 2014). The 

relative uptake of iodide and iodate has been considered in several studies. 

For example in some plants such as rice, lettuce and ryegrass in hydroponic 

system, iodide reported to uptake considerably higher than iodate; whilst 

in soil, greater uptake occurred for iodate form (Voogt et al., 2010, Zhu et 

al., 2004).  

Whitehead (1984) suggested the aerial parts of plants as an important 

pathway  for iodine uptake through the stomata and absorption from leaf 

surfaces  form  rain drops, dust and atmospheric gaseous (Fuge, 2013). 

Similarly Korobova (2010)realized that mosses and lichens with no root 

system contained iodine similar to plants with root system.  

Several studies have demonstrated iodine volatilization from plants (Weng 

et al., 2013b). Saini et al. (1995) reported that several higher plants are 

able to produce CH3I. They attributed this to a detoxification mechanism of 

plants by volatilization of CH3I to reduce likely toxicity of that (Redeker and 

Cicerone, 2004). 
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1.11  Iodine in humans and dietary intake 

 

Humans derive their required various elements and compounds via 

consumed food and inhalation. In the case of iodine, food is generally 

accepted as a major source. Plant material forms the majority of iodine 

supply in a normal diet. However, to some extent  non-food sources have 

been studied (Weng et al., 2014). Risher (2009) and Voutchkova et al. 

(2014) suggested that in some specific areas iodine –enriched water supply 

a considerable proportion of iodine intake. However, in parts of China the 

excessive iodine intake has been recorded due to elevated water iodine 

content causing hyperthyroidism and goitre (Andersen et al., 2008).  

Risher (2009) suggested that a very minor proportion of iodine intake 

supplied by inhalation even in the coastal area with elevated atmospheric 

iodine inhalation supplied approximately 5 µg d-1.  

Marine foods especially fish and shellfish have long been known as one of 

the richest source of iodine quote values of 0.39 – 6.9 mg kg-1 for some of 

the marine fish, whilst seaweeds have considerably higher iodine contents 

of up to 4920 mg kg-1 (Haldimann et al., 2005, Yeh et al., 2014).  

Generally in normal soil and plants very small quantity of iodine can be 

absorbed by plant; consequently very limited amount of dietary iodine 

supplied by vegetable materials (Sheppard and Evenden, 1995, Dahl et al., 

2004). The general low iodine dietary supplied by vegetables is reported in 

most literature reviews and databases (Fordyce, 2003, Uchida and Tagami, 

2011).  
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The Institute of Medicine Academy of Sciences USA (2001) determined the 

recommended daily allowance of 110-130 µg d-1 for  infants 0-12 months, 

90 µg d-1 for children 1-8 yr, 120 µg d-1  for children 9-13 yr, 150 µg d-1 for 

adults ≥14 , 220 µg d-1 for pregnant women and 290 µg d-1 for lactation 

period. In a similar report WHO suggested the recommended nutrient intake 

of 90 µg d-1 for children 0-5 yr, 120 µg d-1 for children 6-12 yr, 150 µg d-1 

for adults ≥12yr. 250 µg d-1 for both pregnant and lactating women.   

 

1.12  Deficiency and toxicity of iodine 

 

Iodine is an essential trace element, which plays an irreplaceable role to 

provide normal growth and development in animals and human. Every 

healthy human is estimated to have 15–20 mg of iodine which 70–80 % of 

this amount is in the thyroid gland. The required daily intake of iodine is 

100–150 µg d-1, which is increased in pregnancy to 200-250 µg d-1 (WHO, 

2004). The daily intake of below recommended ranges may result in 

physiological disorders and biological function abnormalities which are 

called iodine deficiency disorders (IDD) (Rose et al., 2002, Upadhyay et al., 

2002). United Nations International Council for Control of Iodine Deficiency 

Disorders (ICCIDD), estimated that half of the world’s population 

experienced some degree of dietary iodine deficiency (ICCIDD, 2002). De 

Benoist et al. (2003) reported that almost 1.9 billion people worldwide were 

estimated to be at risk of IDD. According to the WHO (1996)  approximately 

655 million people were estimated to suffer from goitre and about 90 million 

have some kind of brain damage. 
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Iodine deficiency will cause insufficient  synthesis of thyroid hormones that 

have many functions such as enhancing protein synthesis, adjusting energy 

transfer and accelerating growth; also, it is the primary preventable cause 

of brain damage and mental development retardation (Weng et al., 2013a).  

The IDD has accounted one of the most important and common human 

diseases in the world (WHO, 2007). Iodine deficiency in fetus can cause 

abortion, stillbirth and perinatal mortality,  in neonate period may lead to 

infant mortality and endemic cretinism , children and adolescent can suffer 

from impaired mental retardation, delayed physical development ; overall 

in all ages other health consequences such as goitre, inducing toxic nodular 

goitre, hypothyroidism can be accounted (Zimmermann, 2008).  

 Excess iodine intake may very rarely accelerate iodermia, “a skin disorder 

consisting of acneiform eruptions, pruritic rash, and urticarial” (Parsad and 

Saini, 1998). Chow et al. (1991) reported that, in the iodine sufficient areas, 

healthy individuals can tolerate iodine intakes up to 1 mg d-1, as the thyroid 

is able to regulate a wide range of iodine intakes to adjust the synthesis 

and release of thyroid hormones. However, high iodine intake in range of 

mg can lead to hypothyroidism. In children, high intakes of 500 µg d-1 have 

been reported to correlate with increased thyroid volume which is a sign of 

thyroid dysfunction (Zimmermann et al., 2005). 

Excessive iodine intake in iodine deficient populations may cause iodine-

induced hyperthyroidism (IIH) (Delange et al., 1999) which is reported in 

Zimbabwe and Congo due to excess iodized salt consumption. Symptoms 

of IIH include “weight loss, tachycardia, muscle weakness, and skin 

warmth, without the ophthalmopathy of Graves’ disease” (Zimmermann, 
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2008). It has been suggested to monitor salt iodine levels carefully to 

prevent IIH (Delange et al., 1999). 

The European Commission HaCPD-GSCoF. (2002) determined a tolerable 

upper intake level for iodine in children 4-6 yr of 250 µg d-1, 7-10 yr of 300 

µg d-1, 11-14 yr of 450 µg d-1, 15-17yr of 500 µg d-1 and adult and pregnant 

women of 600 µg d-1 whilst Institute of Medicine Academy of Sciences USA 

(2001) suggested 300 µg d-1 as a tolerable upper intake for 4-14 yr, 900 µg 

d-1 for 15-17 yr and 1100 µg d-1 for adult and pregnant women.  

 

1.13  Selenium and iodine biomarkers  

 

Iodine status of population has been well documented to assess by 

measuring of urinary iodine concentration (UIC) in random samples due to 

90% of ingested iodine is excreted in the urine. This measurement will not 

determine the iodine status of individuals but can give an overview of iodine 

nutrition adequacy and recently iodine intake of studied population 

(Lazarus, 2015). Urinary iodine generally is expressed as a concentration 

(µg L-1), in association with creatinine excretion (µg iodine g-1 creatinine), 

or as 24-h urine samples (µg d-1). 

The thyroid stimulating hormone can be presented as another biomarker 

as, the level of circulating thyroid hormone determine serum TSH, which 

can reflect iodine intake, TSH in turn used as an indicator of iodine nutrition. 

However, in adults and older children TSH is a relatively insensitive indicator 

of iodine nutrition (Zimmermann, 2008). In contrast, it is used as a 

sensitive indicator of iodine status in the newborn period (Delange, 1997). 
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Measuring thyroglobulin (Tg) is another biomarker which can be used in 

identifying iodine status. It is the only protein which is synthesized only in 

the thyroid. Knudsen et al. (2001) found a good correlation between serum 

Tg and the severity of iodine deficiency measured by urinary iodine. It can 

also be determined on dried blood spots taken by a finger prick 

(Zimmermann et al., 2003). 

The most common biomarkers to assess selenium status are blood plasma 

and serum (Fairweather-Tait et al., 2011).  Plasma and serum selenium are 

associated with changes in selenium intake and commonly used in 

supplementation studies (Rayman, 2000). The whole blood selenium 

content analysed when potential of selenium toxicity wants to be studied,  

as it continues to increase with rising selenium intake, whilst plasma not 

increase above approximately 140 µg L-1 despite elevated selenium intake 

level (Lemire et al., 2012).  Urine, toenails and hair also have been used as 

a biomarker of selenium assessment (Longnecker et al., 1996). Correlations 

between selenium dietary intake and  plasma, serum, whole blood, urine, 

hair, nail and  breast milk concentrations have been showed (Lemire et al., 

2012, Longnecker et al., 1996, Yang et al., 1989) as well as correlations 

between each biomarker. Using of hair and nail selenium as biomarkers of 

selenium status has been limited (Salbe and Levander, 1990). In general, 

the most common and reliable biomarkers for selenium appear to be 

selenium in blood (whole blood and plasma or serum) and urine 

(Longnecker et al., 1996, Yang et al., 1989). 
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1.14  Study aims  

 

The main focus of this project is to obtain a general status of Selenium and 

Iodine in Kurdistan region of Iraq covering background in the environment, 

bioavailability to the population’s diet and nutritional status.  

Since the case study of this project is Kurdistan region of Iraq where very 

little is known about selenium and iodine status of that area. In addition no 

local or national data are available for these elements in the environment, 

humans, or local diet of residents. For instance, the last global map of iodine 

nutrition status showed Iraq as a no-data country (IGN, 2017).   The main 

objectives of this project are summarized in few below: 

1. To investigate  background concentration of selenium and iodine in 

terrestrial environment (soil and irrigation water) and locally grown 

crops of the region in order to  better understand factors controlling 

bioavailability of selenium and iodine in the calcareous soils of that 

region.  

2.  To evaluate selenium and iodine biofortification and studying uptake 

mechanism and rate of uptake by plants  using local soil and seeds 

of the Kurdistan region and applying isotopes of 129I and 77Se as 

tracers.  

3. To determine the daily dietary intake of selenium and iodine by 

people and dietary source apportionment of these elements using a 

food amount questionnaire according to local and traditional food of 

that region. 
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4. To assess iodine and selenium nutrition status using human 

biomarkers (urine samples) and understand possibly relations with 

dietary intake or other sources.  
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2 MATERIAL AND METHODS 
 

This chapter provides details of the methods and analytical approaches that 

have been applied throughout this study.  Other methods are included 

within the relevant chapter. 

2.1 Soil preparation  

 

Following sampling soils were air-dried and sieved to < 2 mm.  A 

representative sub-sample of c.10 g was finely ground using an agate ball 

mill (Retsch; Model PM400) and stored in sealed plastic bags pending acid 

digestion.  

 

2.2 Soil characterization 

 

2.2.1 Soil pH 

 

Soil pH was determined using a pH meter (Model pH 209, HANNA 

Instruments) with combined glass electrode (Ag/AgCl) after calibration with 

pH 4.01 and 7.00 buffer solutions at room temperature. Suspensions of 5 

g air-dried <2 mm sieved soil in 12.5 mL of Milli-Q water (18.2 MΩ) were 

shaken for 30 minutes before measurement. 

  

2.2.2 Soil carbon 

 

Total soil carbon (SC) was determined using a CNS analyser (Model Flash 

EA1112, CE Instruments). Finely ground soil (15-20 mg) was added to  tin 

aluminium capsules. Capsules were crimped using tweezers and the empty 

capsules used as a blank. Calibration was undertaken using certified soil 

standard B2176 (peat soil, Elemental Microanalysis) with known carbon 
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contents of 15.95%. Samples were introduced from a MAS200 auto-

sampler into a copper oxide and electrolytic copper combustion tube at 

900°C.   

Soil inorganic carbon analysis (SIC) was measured using a Shimadzu TOC-

VCPH connected to SSM-5000A solids module (Shimadzu UK Ltd). 

Approximately 100 mg (± 10 mg) of finely ground soil was weighed into a 

ceramic crucible with 0.7 mL of 25% H3PO4 before being heated at 200°C. 

A soil reference standard (Elemental Microanalysis, chalky soil; product 

number:B2188) with a known inorganic carbon content of 2.09% and 

calcium carbonate with an inorganic carbon content of 11.33%, were used 

as calibration standards. Soil organic carbon (SOC) was determined by 

subtracting SIC from SC. 

 

2.3 Soil digestion 

 

Finely ground soil (200-250 mg), 2 mL of 70% Trace Analysis Grade (TAG) 

nitric acid (HNO3) and 1 mL of 60% perchloric acid (HClO4) were heated on 

a teflon-coated graphite block digester (Model A3, Analysco, UK) at 80°C 

for 8 hours and then 100°C for 2 hours. The residue was then digested by 

addition of 2.5 mL of 70% hydrofluoric acid (HF, Fisher Scientific, UK) and 

2.5 mL Mili-Q water (18.2 MΩ) and heating for 1 hour at 120°C followed by 

3 hours at 140°C and finally 4 hours at 160°C before addition of a further 

2.5 mL HNO3 and 2.5 ml of Milli-Q water, and heating at 50°C for 30 

minutes. The digest was then filtered and diluted to 50 mL with Milli-Q water 

before analysis by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

(Wilson et al., 1997). 
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2.4 Fractionation of soil selenium and iodine 

 

A sequential extraction approach was used to determine soluble, adsorbed 

and organic fractions of Se and I.  Soluble soil Se and I were determined  

by suspending 4 g of air-dried <2 mm sieved soil in duplicate in 20 mL of 

0.01M  KNO3 in 50 mL polypropylene centrifuge tubes  (Fisher Scientific) 

after shaking for 16 hours. Samples were centrifuged at 2500 rpm for 20 

minutes and the supernatant filtered (<0.22 μm).  A portion (4.8 mL) was 

preserved with 0.2 mL of 50% HNO3 for elemental Se analysis and a second 

portion (4.8 mL) was preserved with 0.2 mL of 25% Tetra Methyl 

Ammonium Hydroxide (TMAH) for elemental I analysis. A further portion (c. 

1.8 mL) of the supernatant was pipetted into a HPLC vial and refrigerated 

prior to determination of Se and I speciation.   

Adsorbed Se and I were extracted using 20 mL of 0.016 M KH2PO4 over 16h 

hours after carry over was accounted for by weight.   After centrifugation 

the supernatant was preserved as described for the soluble fraction 

(Shetaya et al., 2012). 

The final extraction step was undertaken by adding 10 mL of 10% TMAH 

and heating for 3 hours in an oven (with loosely capped tubes) with shaking 

after 1.5 hours, before centrifugation at 2500 rpm for 20 minutes (Watts 

and Mitchell, 2009).  Carry over was again accounted for by weight.  A 1:10 

dilution of the supernatant was undertaken prior to elemental Se and I 

analysis by ICP-MS.  

2.5 Plant preparation 

 

Oven dried (40oC) plant materials were finely ground in an ultra-centrifugal 

mill fitted with a 0.5mm titanium screen (Retch; Model ZM200, Germany). 
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Samples were stored in sealed plastic bags prior to acid digestion and TMAH 

extraction.   

 

2.5.1 Microwave acid digestion of plant material 

 

Approximately 0.2 g of oven-dried finely ground plant material was 

suspended in 6 mL of HNO3 (TAG) and microwave digested  in pressurised 

vessels (Anton Paar, Model Multiwave PRO, 24 vessels) for 45 minutes  

(1500W, 10 min ramp time, 20 min holding time at 140°C, 15 min cooling 

time at 55°C). For grains (wheat flour) 0.2 g of material was suspended in 

3 mL HNO3, 2 ml Of H2O2 (TAG, 30%: VWR) and 3 ml of Milli-Q water and 

digested as above. Digested samples were made to 20 mL (plants) and 15 

mL (grains) using Milli-Q water and stored in universal tubes pending 

elemental analysis. A 1:10 dilution was undertaken with Milli-Q water 

immediately prior to analysis by ICP-MS (Wu et al., 1997). 

2.5.2 Plant microwave TMAH extraction 

 

Approximately 0.2 g of oven-dried finely ground plant material was 

suspended in 5 mL of 5% TMAH (25% w/w) and microwave extracted for 

40 minutes  (1500 W, 5 min ramp time, 20 min holding time at 110°C and 

15 min at 50°C). The resulting solution was diluted to 25 mL using Milli-Q 

water, transferred to a centrifuge tube, and centrifuged at 3000 rpm for 20 

minutes before filtration (0.22 µm) filters prior to analysis by ICP-MS. 

The method used in this project was modified during this work in the lab 

according to different plant material using NIST reference material.   
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2.6 Analysis 

 

2.6.1 Elemental analysis  

 

Elemental analysis was carried out using a quadrupole-based ICP-MS 

(Model iCAPQ; Thermo Scientific, Bremen, Germany). Samples were 

introduced from an auto-sampler (Model ASX-520, Cetac, USA). Internal 

standards including c. 5 ppb 72Ge, 185Re and 193Ir in 4% methanol and 2% 

nitric acid solution were used as internal standard for multi-element and Se 

analysis with the ICP-MS operated in KED mode using He as a cell gas (4.25 

mL min-1) for all elements other than Se.  Selenium analysis utilized 

hydrogen as a cell gas (3.8 mL min-1).  An internal standard of 5ppb 185Re 

in 1% TMAH was used as an internal standard for iodine analysis in standard 

mode. Multi-element standards were used (Certi-prep) for major (10, 20, 

30 ppm) and trace (20, 40, 100 ppb) elements. Iodine standards were 

prepared from salts (KI and KIO3).  Standards for 77Se and 129I analysis 

were prepared from elemental 77Se (isoflex) 129I (high Technology Source 

Ltd, Oxfordshire).  

2.6.2 Speciation analysis 

 

Speciation analysis used chromatographic separation (Dionex; Model ICS-

3000, USA) with a Hamilton PRP-x100 anion exchange column (5 µm 

particle size; 4.1 × 100 mm) operating in isocratic mode with a flow rate of 

1.2 mL min-1. The mobile phase was 50 mM NH4NO3, 1 × 10-5 mM NH4-

EDTA,  0.1 M TRIS  and 4% methanol adjusted to pH = 9.4. A standard was 

analysed repeatedly after every 10-15 samples to enable correction of 

instrumental drift using linear interpolation across the intervening samples. 
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Peaks were manually integrated using the manufacturers Qtegra software. 

Figure 2.1 shows a typical example of peak integration.  

 

2.7 Data processing 

 

Elemental data from ICP-MS analysis were converted to µg kg-1
dw of soil or 

plant according to: 

𝐶(𝐷𝑊) =
(𝐶𝐼𝐶𝑃 − 𝐶𝑏𝑙𝑎𝑛𝑘) × 𝑉 

𝑊
                       𝐸𝑞. 2.1 

Where CDW is the element concentration in µg kg-1 dry weight, CICP is the 

concentration in the digest (µg L-1), V is volume of the digests and W is 

weight of sample digested (g).  

Fresh weight elemental concentrations in plants were calculated according 

to: 

 𝐶(𝐹𝑊) = 𝐶(𝐷𝑊) ×
𝐷𝑟𝑦

𝐹𝑟𝑒𝑠ℎ
⁄ 𝑅𝑎𝑡𝑖𝑜                                   𝐸𝑞. 2.2 

Where CFW is concentration in µg kg-1 fresh weight, CDW is the concentration 

(µg kg-1) dry weight and dry/fresh ratio is the plant dry weight divided by 

the fresh weight.  

The concentrations of Se and I in the sequential extraction of the soils was 

determined using the following approach.  For the soluble fraction: 

𝐶(𝐹1) =
(𝐶𝑁 − 𝐶𝐵(𝑁)) ×  𝑉𝑁

𝑊
                     𝐸𝑞. 2.3 
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Figure 2-1. Iodine and selenium species chromatograph for standards 
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Where C(F1) is the Se or I concentration in the soluble fraction (SeN or IN; µg 

kg-1
dw soil), CN  is total concentration of Se or I in the KNO3 extract (µg L-1), 

CB(N) is the element concentration in the blank 0.01M KNO3 (µg L-1), VN is 

digest volume (mL) and  W is the weight of dry soil (g).   

For the adsorbed fraction: 

𝐶(𝐹2) =
[(𝐶𝑃 − 𝐶𝐵(𝑃)) ×  𝑉𝑃] − [(𝐶𝑁 − 𝐶𝐵(𝑁)) × 𝑉𝑅(𝑁)]

𝑊
                     𝐸𝑞. 2.4 

Where C(F2) is element concentration in the adsorbed fraction (SeP or IP; µg 

kg-1
dw soil), CP is the total element concentration in the KH2PO4 extract (µg 

L-1), CB(P) is element concentration in the blank 0.016M KH2PO4 (µg L-1), VP 

is the digest volume for the adsorbed fraction added to the carryover from 

the soluble fraction (VR(N)). 

For the TMAH fraction: 

   

𝐶(𝐹3) =
[(𝐶𝑇𝑀𝐴𝐻 − 𝐶𝐵(𝑇𝑀𝐴𝐻)) ×  𝑉𝑇𝑀𝐴𝐻] − [(𝐶𝑃 − 𝐶𝐵(𝑃)) × 𝑉𝑅(𝑃)]

𝑊
                   𝐸𝑞. 2.5 

Where C(F3) is element concentration in the organic-bound fraction (SeTMAH 

or ITMAH; µg kg-1
dw soil), CTMAH is the total element concentration in the TMAH 

extract (µg L-1), CB(TMAH) is the element concentration in the blank 1% TMAH 

(µg L-1), VTMAH is digest volume for third fraction added to the carryover 

(VR(p)). The total concentration of iodine was determined by combining all 

fractions (F1+F2+F3) whereas for Se the total of three fraction is the TMAH 

extractable Se which may be less than the total soil Se concentration 

determined by HF digestion.   
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2.8 Quality control  

 

Reference materials; Montana soil (NIST 2711), tomato leaves (NIST 

1573a) and wheat flour (NIST 1567b) were used as a certified standards 

and digested alongside soil, plant and grain samples. Selenium recovery 

was 101, 98.9 and 104% for soil, tomato and wheat flour reference 

materials respectively. The iodine concentration in the reference materials 

was not certified but the mean recovery was 95% for plant materials.  

All sample analysis was carried out in duplicate and in some cases 

triplicate. In addition, three blank was applied in each batch of samples.  

 

2.9  Statistical analysis 

 

Microsoft Excel 2013 and 2016 was used for basic statistical calculations 

such as mean, median, standard error and standard deviation. Minitab 

17.2.1 and Graph Pad Prism 7.02 was used for analysis of variance; two 

way and one way ANOVA, Pearson correlation coefficient and other 

statistical analysis. A P value of <0.05 was considered as a statistically 

significant difference.  
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3 A SURVEY OF SELENIUM AND IODINE IN SOIL AND CROP 

PLANTS OF THE KURDISTAN REGION OF IRAQ 
 

 

3.1  Introduction 

 

Selenium and iodine are important trace elements whose deficiency or 

toxicity can have severe consequences for human health, as documented 

in many studies. Most strategies to address this issue have concentrated on 

direct food fortification, but crop biofortification through soil application can 

also be effective (Zhu et al., 2009, Hong et al., 2008, Landini et al., 2011). 

It is generally accepted that the soil and plant selenium concentrations are 

partially determined by that of the underlying parent material (Johnson et 

al., 2010). However, the transfer of Se from soil to the human diet is mainly 

determined by the availability of this element in soil and the affinity of the 

crop for Se (Hartikainen, 2005). Normally, soil Se is geogenic, inherited 

from parent material, but it can also be affected by anthropogenic inputs, 

such as atmospheric deposition, the use of organic and non-organic 

fertilizers and flooding (He et al., 2010). Iodine concentration in soil is also 

affected by parent material.  However, because of the high concentration 

of iodine in marine water (c. 60 µg L-1) (Linhares et al., 2015), soil I is also 

affected by geographic location in relation to coastal areas and prevailing 

wind direction. As a result, areas far away from the ocean tend to be more 

vulnerable to iodine deficiency if they only rely on locally produced food 

(Allaway, 1986). The soil properties that affect the availability of soil 

selenium and iodine include organic matter concentration, pH and the 

presence of interacting elements such as sulphur for selenium and selenium 

for iodine (Bevis, 2015).   
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A survey of soil, crop plants and water is the essential preliminary approach 

to investigate areas where there is little data on trace elements. In this 

study the Kurdistan region of Iraq has been investigated to determine the 

prevailing selenium and iodine status in soils, water and crop plants. 

 

 

 Study objectives. 

 

(i) To obtain background information on the Se and iodine 

concentrations in agricultural soil, water sources, field crops 

and vegetables grown in Kurdistan soils and thereby assess 

their contribution to the Se and iodine intake of the local 

populations. 

(ii) To investigate whether there is a relationship between Se and 

iodine concentration in crop plants and the concentration of 

these elements in their corresponding soil and water sources 

considering the possible role of soil parameters such as pH, 

soil organic carbon and other factors. 

 

 

3.2 Abridged view of the Kurdistan region of Iraq 

 

The autonomous Kurdistan Region of Iraq (40,643 km2) consists of the 

three governorates of Erbil, Sulaimani and Duhok with a total population of 

5.2 million (Fig 3.1). It borders Syria to the west, Iran to the east, and 

Turkey to the north; the capital city is Erbil. Kurdistan’s topography is 
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dominated by plains with an altitude of less than 300 m in Erbil and the 

southwestern part of the Sulaimani province. From the south of Dahuk in 

the north to the central part of Sulaimani, the landscape consists of low hills 

(AAI, 2013).  The average height of mountains is about 2400 m, rising to 

3000-3300 m near to the border with Iran. The climate of the Kurdistan 

Region is semi-arid continental: very hot and dry in summer, and cold and 

wet in winter. Precipitation varies across the region, from 400 to 1000 mm 

per year in the arid south and mountainous areas in the north respectively. 

Rainfall normally falls in the range of 375-724 mm. Spring season starts 

with mean temperatures in the range 13-18oC and season ends with 27-

32°C . The summer months from June to September are very hot and dry 

and the hottest months have mean high temperatures of 39-43oC but can 

reach 50 oC in the south part of Kurdistan. Mean winter high temperatures 

are 7-13 oC, and mean lows are 2-7 oC.  

 

 

Figure 3-1. Map of Iraqi Kurdistan and its provinces 
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Iraq is located in the border area between the two main Phanerozoic units 

of the Middle-East between the Arabian part of the African Platform and the 

Asian branches of the Alpine Geosyncline.  

The boundary is placed on the north-eastern (Kurdistan) border of the 

Folded Zone. It is divided by three main thrust zones, highly folded zone 

and low folded zone (Fig 3.2). These areas (Kurdistan) are identified as a 

non-stable shelf whereas the south and south-west of Iraq is a stable shelf. 

The Imbricated zone is considered as being the outer miogeosynclinal unit 

of the Alpides. The Folded Zones are the areas where the platform cover 

had been folded and orogenically uplifted during the Alpine orogenesis and 

it is essentially an intromontane Tertiary basin. The outer unit, filled in by 

Cretaceous up to Miocene sediments is marked by thrust-folded structures. 

The northern Thrust Zone, is composed of sediments of the miogeosynclinal 

ridge thrust over the miogeosynclinal trough of northern Iraq. The 

formation is composed of dark calcareous shales with interbeds of silty 

marls, lentils of organic detrital limestones and of fine-grained limestones. 

Figure 3-2. Geological Iraq map showing Kurdistan tectonic subdivision 
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Predominant geological formations are sedimentary in origin with the 

exception of some igneous rock in the thrust zone (Buday, 1980). 

Kurdistan and Iraq water sources are predominantly dependent on rainfall 

and snow and on a system of rivers and dams, consequently water quantity 

is variable both within and between years (Grego, 2004). The common 

sources of irrigation water are spring and well and, in the urban areas, 

waste water is applied as an alternative due to lack of other sources 

(Ormizyari, 2009).  

 The Kurdistan agricultural situation has been changed significantly in 

parallel with the current political situation and its role has been severely 

influenced by decades of war and poor government policies. In 1975, Iraqi 

Kurdistan produced 45% of Iraqi wheat. After the Iraq-Iran war (1980-

1988) and the Iraq-Kuwait war (1991) the ‘Oil-for-Food’ programme 

emerged which caused a reduction in indigenous agricultural activity and 

encouraged farmers to look for other sources of income. After 2009 the 

government supported the farmers by providing glasshouses and fertilizers 

for a short period of time (Walliser, 2010). In the last few years, because 

of a new war starting in 2014 and decreasing incomes, farmers re-started 

field-based agriculture and the production of food for local consumption. 

Farmers have been cultivating vegetables both in open field cultivation and 

also glasshouses. The main crops produced are tomato, cucumber, pepper, 

water melon, melon, onion, cabbage, eggplant, and most of the leafy 

vegetables. However current production is insufficient to meet demand and 

Kurdistan still depends on the importation of 40-50% of its vegetables and 

fruits from Jordan, Syria, Iran and Turkey. 
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3.3  Material and methods 

 

3.3.1  Description of the sampling areas 

 

A survey was conducted in Sulaimani province in April and May 2014. Four 

main areas were chosen in Sulaimani province shown in Fig. 3.3. The areas 

including Sulaimani and the surrounding area, Sharazoor plain, Halabja and 

Kalar. Some areas included sub areas which have been listed in Table 3.1. 

The choice of sampling areas and fields was based on history of vegetable 

planting, geographical diversity, differences in source of irrigation water and 

soil type and relative importance as a supplier of food crops for markets. 

For example, the Kalar area is known to be a major supplier of leafy 

vegetables in the region. The fields in each area are used to cultivate local 

leafy and fruit vegetables for the farmers’ own use and also for commercial 

sale. The details of each area are specified below. 

 

Figure 3-3. Map of Kurdistan region showing the main sampling areas 
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 Table 3.1. The list of areas and sub-areas showing soil, plant and water samples taken from each site 

Area Sub area Code Soil (n) Plant (n) Water (n) 

Sulaimani 

Tanjaro STA 15 33 2 
Baziyan SBA 2 2 2 
Zhalla SZH 2 2 1 
Dukan SDU 2 6 2 
west area SWA 3 7  
Industrial SID 2 10  
Kana Sura SKS 9 12  
Kani Goma SKG 6 17   

Kalar Kalar KAL 13 33 4 

Sharazoor Sharazoor SHA 7 7  
New Halabja N-HAL 1 7 1 

Halabja 

Kani Kolka HKK 13 31  
Anab HAN 8 24  
Kani Spi HKS 5 12  
Bakrawa HBA 4 11 3 
Zamaqi HZA 2 8 2 
Ka Grdal HKG 1 8 1 
Bia Wella HBI 1 7 1 
Khormal HKH 1 27 1 

 

 

3.3.1.1  Sulaimani 

 

The soil parent material of this area is late cretaceous. The bedrocks are  

silty marl, siltstone, sandstone, conglomerate and sandy or silty organic 

detrital limestone with thicknesses of 500 m (Karim, 2000). Based on the 

information provided in the FAO soil map (Berding, 2001), the land form is 

that of a valley plain with low hills including small alluvial plains and 

depression areas.  The parent material is non-gravelly and gravelly deposits 

in tertiary and quaternary terraces with conglomerate layers in more recent 

deposits (Holocene) in alluvial plains. The dominant soils of this area are 

deep, well drained, lime-rich non-gravely and gravely silty clay to clay with 

surface rocks, lime-rich silty clay loam to clay. The soil types are mainly 

Kastanozems, Vertisols, Chronixc and Calcic soils (FAO classification). 

 The sub-areas of Sulaimani including Tanjaro (STA), the Industrial area 

(SID), the West disposal area (SWA), Kana sura (SKS), Kani goma (SKG), 

Bazian (SBA) and Zhalla (SZH) are located from 3-15 km distance from the 
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city center (Fig 3.4). The Tanjaro site is located in the south of the city. 

There are some vegetable fields close to the Tanjaro river where river water 

is utilized as irrigation water. The Tanjaro river conveys a large proportion 

of household waste water to remote areas. In the spring season, leached 

fertilizer from farms upstream is transported by the river and deposited 

within downstream alluvial soils.  The sites of Bazian (SBA) and Zhalla 

(SZH) are located approximately 15 km west and 10 km east of the city 

respectively. These sites are predominantly used to cultivate fruit 

vegetables such as cucumber, tomato and peppers in soil-based 

glasshouses. 

Kana sura (SKS) and Kani goma (SKG) are rural areas near the city in which 

farmers cultivate leafy and fruit vegetables to meet local market 

requirements. The last site was Dukan which is located 75 km to the north 

west of the city. As there were not enough vegetable farms in this location 

a few samples were taken from local farms.  

Figure 3-4. Sulaimani area showing subareas and sampling fields  
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3.3.1.2 Kalar 

 

The Kalar area is in the south-east part of Iraqi Kurdistan, located 150 km 

south of Sulaimani. The geological characteristics of this area indicates that 

the age of this area is quaternary (Holocene) and most of the bedrock is 

conglomerate with flood plain deposits in some areas and gypsum (Barwary, 

1993). Dominant soils are well drained lime-rich non-gravely silty-clay loam 

to silty-clay with surface cracks and gravelly to very gravelly silty loam. 

Soils are generally Gypsiferous and are classified as Calcisols, Leptosolsl, 

Gypsosols and Vertisols (Berding, 2001). The rural farms belonging to this 

city are in the Grda Gozinah area which is familiar to all people in the region 

as a major source of a wide variety of leafy and fruit vegetables during the 

spring and summer. This area provides a high proportion of vegetables 

consumed in the entire Sulaimani province. Fourteen farms were selected 

Figure 3-5. Kalar area showing vegetable farms (No. 1-6) and wheat farms (No. 7-9) 
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in this area, including six vegetable fields and eight fields for wheat 

sampling as indicated in (Fig. 3.5). 

3.3.1.3  Sharazoor 

 

This area is an extensive plain located between the Halabja and Sulaimani 

areas (Fig. 3.3). The parent material of this area is varied and includes river 

terraces and a mixture of clay and sand in south of the area. The north is 

more similar to the Sulaimani area, containing silty marl, siltstone, 

sandstone, conglomerate and limestone deposits and, in the northern part, 

there is black shale although some parts of these areas are not arable 

(Karim, 2000). Dominant soils are Calcisols, Vertisols, Leptosols, 

Rendzinas, Kastanozems and possibly Luvic soils (Berding, 2001).  

In rural areas, vegetables are planted but this is less common than in the 

Kalar area and production is insufficient to supply all local markets as most 

of the farms are utilized for wheat under rain-fed farming. The vegetable 

Figure 3-6.  a) Sulaimani province map showing b) Sharazoor area  
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samples were collected from New Halabja city (No. 8 in Fig. 3.6) in this area 

and the wheat samples were collected from other fields. 

 

3.3.1.4 Halabja 

 

The Halabja area is located near to the border of Iran and ranges from the 

Zagros mountains to the south east of Iran. The bedrock and parent 

material are different from those of Halabja city and the surrounding area 

is predominantly  river terraces and recent alluvial flood plain deposits. The 

north and north-west areas contain conglomerate, clay, sandstone and, in 

some parts, dolomite, shale and marl are found. The soils of these area vary 

from shallow to moderately deep, excessively to moderately well-drained 

soils with variable texture and gravel content, loamy to clayey soils, lime-

rich non gravelly and gravelly silty clay with surface cracks and self-

mulching Vertisols can be found in Northern areas (Berding, 2001).  

Figure 3-7.  a) Sulaimani province map b) Halabja area and sub areas  
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Sampling was carried out in the eight sub-areas, identified in (Fig. 3.7). The 

sub-areas of Kani Kolka (HKK) and Anab (HAN) can be designated as peri-

urban areas. The other sub-areas, Kani spi (HKS), Biawella (HBI), Zamaqi 

(HZM), Bakrawa (HBA), Ka Grdal (HKA), Khormal (HKH) are in rural 

locations. All the vegetables grown in these sub-areas were used to provide 

a part of the local population’s dietary requirement. However, production is 

insufficient to meet demand and leafy and fruit vegetables are still supplied 

from other areas, such as Kalar. 

 

3.3.2  Soil sampling 

 

In most of the chosen sites (97), matching soil and plant samples were 

collected and, where possible, water sampling was carried out also. In each 

field selected, nine small soil samples (0-20 cm) were taken along a ‘W-

transect’, using a clean stainless steel trowel, and mixed to make a 

composite sample. In the laboratory a 1 kg representative sample was then 

air-dried in aluminium trays at room temperature, disaggregated gently 

using a plastic hammer, sieved to <2mm, homogenized and stored in 

labelled bags. A representative sample was then taken and stored in a 

universal tube (30 g), double labelled and placed in double plastic bags 

(with other samples) for transport to the University of Nottingham, UK. A 

second set of labelled samples were retained in Kurdistan in case they were 

required later.  
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3.3.3 Plant sampling 

 

Plant samples were classed as ‘leafy vegetables’ and ‘non-leafy vegetables’ 

(fruit vegetables), tubers and grains. After harvesting each vegetable, 

samples were placed in clean, labelled paper bags and delivered to the 

laboratory on the day of sampling. The edible parts were then separated, 

cut up in the case of large leaves and fruit vegetables such as chard and 

cucumber, peeled in the case of bulbs such as garlic and onion, and placed 

in aluminium trays with paper underneath.  Fresh weight was recorded and 

the samples were oven dried (45-50°C to avoid iodine volatilization) and 

weighed again before being stored in labelled bags. All plant samples were 

placed in separate labelled paper bags for transport to the University of 

Nottingham for further sample processing and analysis. The wheat grain 

samples were taken following the same pattern as for soil sampling: 9 

samples in a W-transect with each sample comprising 2-3 heads of wheat. 

The straw was separated (already air dry), mixed, and a representative 

sample taken. Finally, a subsample of 20 grams was stored in tubes, 

wrapped in plastic bags for transport to the UK. 

3.3.4  Water sampling 

 

Two water samples were taken and labelled according to the location of the 

vegetables and soils which received water from that irrigation source.  Both 

water samples were immediately filtered in the field using 0.22 µm cellulose 

acetate syringe filters into polyethylene 25 ml capacity tubes: one 

containing 0.5 mL of 50% HNO3 and another one with no added acid. 

Samples were stored in a fridge pending delivery to the UK.  All processes 

are shown in brief in (Fig. 3.8) as a schematic diagram.
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Figure 3-8. Schematic diagram showing sample preparation pending analysis  
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3.4 Results and Discussion 

 

3.4.1  Soil characteristics 

 

Table 3.2 provides details of key soil characteristics, including soil pH, 

concentrations of inorganic and organic carbon and calcium carbonate and 

the proportion (%) of total soil Ca presented as a calcium carbonate in all 

areas and sub-area sites. Kurdistan is known to have mainly calcareous soils 

and there was no significant difference in soil pH between the four studied 

areas (P > 0.05). Soil pH ranged from 7.10 to 8.35 across all the sites. The 

average of sub-areas’ soil pH within the four main areas demonstrates that 

they have relatively uniform soil pH (7.82-7.95 n=97) (Fig. 3.9a).  

Soil organic carbon concentrations fell in the range of 0.37% to 4.69% in 

Sulaimani-Zhalla (SZH site) and Halabja-Kanikolka (HKK site) respectively; 

the mean value for all sites was 1.85% (n=97). The SZH site is located in 

Sulaimani where limestone and sandstones are the main parent materials but 

this particular site is also near the main road which has been affected by 

anthropogenic activities. The HKK site is located in the Halabja area and is 

irrigated with wastewater which may explain the higher soil organic carbon 

content (Table 3.2).  The Halabja area had highest values of OC% compared 

to other three areas (mean= 2.32%; n=35). The Sharazoor and Sulaimani 

areas had the lowest OC% values of 1.50 and 1.57% respectively (Fig. 3.9b).  

The HKH and SWA sites had the lowest and highest inorganic carbon contents 

0.15% and 4.17% respectively. The Sulaimani and Kalar areas had higher 

inorganic carbon concentrations (3.05%, n=41 and 3.08%, n=13) compared 

to Halabja and Sharazoor (1.93%, n=35 and 1.85%, n=8).  
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Table 3.2. Basic soil characteristics of the four main areas: a)Sulaimani, b) Sharazoor, c) Kalar, d) Halabja including 
subareas and sample locations. 

a) Sulaimani 

Sub areas Area Code pH SIC SOC CaCO3
a CaCaCo3

b Soil Cac Cad 

% % % % % % 

Tanjaro 

STA 1 8.12 1.76 3.39 14.7 5.87 11.4 51.3 
STA 2 8.03 1.77 3.28 14.8 5.900 11.2 52.6 
STA 3 7.96 0.929 4.061 7.74 3.097 10.96 28.3 
STA 4 7.96 1.17 3.79 9.75 3.900 10.6 36.9 
STA 5 8.16 1.048 3.89 8.73 3.49 10.1 34.5 
STA 6 7.9 3.32 1.59 27.7 11.1 11.02 100 
STA 7 8.12 4.85 1.17 40.4 16.2 15.6 103 
STA 8 8.21 4.48 1.39 37.3 14.9 14.6 102 
STA 9 8.12 3.23 1.29 26.9 10.8 10.6 102 
STA 10 8.12 3.42 1.103 28.5 11.4 10.9 105 
STA 11 7.98 3.56 1.34 29.7 11.9 11.7 101 
STA 12 7.5 3.53 0.963 29.4 11.8 12.7 92.4 
STA 13 7.86 2.95 1.68 24.6 9.83 10.7 91.6 
STA 14 7.65 3.89 1.078 32.4 12.97 12.5 104 
STA 15 8.05 3.91 1.204 32.6 13.03 12.9 101 

Baziyan SBY 1 7.54 2.03 1.59 16.9 6.77 12.7 53.1 
SBY 2 7.47 1.57 1.89 13.1 5.23 10.7 48.7 

Zhalla SZH 1G 7.5 2.902 0.371 24.2 9.67 12.5 77.2 
SZH 2 8.06 3.701 0.758 30.8 12.3 12.9 95.6 

Dukan DUK 1 8.01 2.58 1.025 21.5 8.60 7.77 111 
DUK 2G 7.49 2.47 2.58 20.6 8.23 6.56 125 

SUL -west area 
SWA 1 8.01 3.88 0.894 32.3 12.9 11.8 110 
SWA 2 7.7 4.097 0.925 34.1 13.7 11.9 115 
SWA 3 7.97 4.54 1.032 37.8 15.1 13.5 112 

Industrial 
SID 1 8.05 3.99 0.662 33.3 13.3 11.6 114 
SID 2 7.86 3.78 1.011 31.5 12.6 11.1 113 

Kana Sura 

SKS 1 7.87 2.82 1.301 23.5 9.40 8.78 107 
SKS 2 7.94 1.026 1.78 8.55 3.42 6.64 51.5 
SKS 3 7.77 1.36 1.52 11.3 4.53 5.02 90.4 
SKS 4 7.55 1.74 1.92 14.5 5.80 6.00 96.7 
SKS 5 7.88 2.068 1.14 17.2 6.89 6.96 99.1 
SKS 6 7.91 4.13 0.674 34.4 13.8 12.7 108 
SKS 7 7.96 2.57 1.702 21.4 8.57 8.58 100 
SKS 8 7.94 2.65 1.51 22.1 8.83 8.48 104 
SKS 9 7.92 3.58 1.77 29.8 11.9 13.7 86.8 

Kani Goma 

SKG 1 8.02 4.052 0.848 33.8 13.5 11.9 114 
SKG 2 8.01 3.79 0.927 31.6 12.6 11.5 110 
SKG 3 8.27 3.96 1.76 33.0 13.2 11.9 111 
SKG 4 8.17 3.83 0.763 31.9 12.8 11.8 109 
SKG 5 8.35 4.025 1.72 33.5 13.4 11.9 113 
SKG 6 8.23 4.065 0.872 33.9 13.6 11.5 118 

a) Calculated based on soil in-organic carbon  b) soil Ca present as calcium carbonate  c) total soil calcium analysed by ICP-MS d) 
percentage of soil Ca present in calcium carbonate 

 

 

b) Sharazoor 

Sub areas Area 
Code 

pH SIC SOC CaCO3 CaCaCo3 Soil Ca Ca 
% % % % % % 

Sharazoor 

SHA 1 8.03 1.09 1.72 9.064 3.63 5.24 69.2 
SHA 2 7.97 2.25 1.57 18.72 7.49 10.25 73.0 
SHA 3 7.96 1.97 1.39 16.39 6.55 9.13 71.8 
SHA 4 7.64 1.14 1.095 9.49 3.796 6.45 58.9 
SHA 5 7.98 2.38 1.32 19.83 7.93 10.36 76.5 
SHA 6 8.04 2.40 1.57 20.02 8.01 10.06 79.6 
SHA 7 8.10 1.25 0.986 10.38 4.15 6.32 65.6 

New Halabja SHA 8  7.84 2.33 2.37 19.42 7.77 9.81 79.1 
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c) Kalar 

Sub areas Area Code pH SIC SOC CaCO3 CaCaCo3 Soil Ca Ca 
% % % % % % 

Kalar 

KAL 1 7.44 3.49 2.59 29.07 11.63 13.16 88.4 
KAL 2 7.70 3.76 1.34 31.31 12.52 13.66 91.7 
KAL 3 W 8.06 3.29 1.198 27.42 10.97 13.38 82.0 
KAL 3  8.06 3.307 1.48 27.56 11.02 13.82 79.7 
KAL4a 7.88 3.33 1.64 27.74 11.10 12.32 90.1 
KAL4b 7.67 3.26 2.06 27.20 10.88 12.38 87.9 
KAL4c 7.87 3.59 1.94 29.92 11.97 13.13 91.2 
KAL 5G 7.70 3.040 2.089 25.33 10.13 11.76 86.2 
Kal 6 8.03 3.16 2.44 26.34 10.54 13.03 80.8 
KAL 6W 8.03 3.34 1.64 27.83 11.13 14.27 78.0 
KAL 7 8.06 2.040 1.35 17.00 6.801 9.602 70.8 
KAL 8 8.10 2.18 1.32 18.13 7.25 9.900 73.2 
KAL 9 8.15 2.31 1.098 19.25 7.70 9.826 78.4 

 

d) Halabja 

Sub areas Area Code pH 
SIC SOC CaCO3 CaCaCo3 Soil Ca Ca 

% % % % % % 

Kani Kolka 

HKK 1 7.38 1.22 4.69 10.17 4.068 5.27 77.3 

HKK 2 7.38 1.87 4.09 15.6 6.23 5.043 124 

HKK 3 7.74 1.88 1.87 15.6 6.26 3.18 197 

HKK 4 7.42 1.002 3.75 8.35 3.34 3.72 89.9 

HKK 5 8.01 1.17 2.11 9.73 3.89 3.44 113 

HKK 6 7.52 1.40 3.397 11.6 4.65 3.78 123 

HKK 7 8.05 1.14 1.398 9.54 3.82 3.29 116 

HKK 8 8 2.34 2.45 19.5 7.81 5.97 131 

HKK 9 8.02 2.02 1.91 16.8 6.73 5.28 127 

HKK 10 7.6 0.930 3.07 7.75 3.100 2.82 110 

HKK 11 7.1 0.817 2.90 6.81 2.72 2.76 98.6 

HKK 12 8.02 2.39 1.28 19.95 7.98 5.98 133 

HKK 13 7.52 2.33 3.22 19.5 7.78 9.101 85.5 

Anab 

HAN 1 8.13 3.82 1.93 31.8 12.7 10.10 126 

HAN 2 8.27 3.69 2.28 30.73 12.3 9.200 134 

HAN 3 8.13 3.81 3.502 31.7 12.7 9.69 131 

HAN 4 8.06 3.75 1.81 31.2 12.5 9.502 131 

HAN 5 8.09 1.70 4.19 14.2 5.67 5.26 108 

HAN 6 8.07 3.13 1.99 26.05 10.4 7.11 147 

HAN 7 8.08 3.30 0.588 27.5 10.98 9.98 110 

HAN 8 8.03 2.82 2.58 23.5 9.41 9.046 104 

Kani Spi 

HKS 1 7.89 1.81 3.15 15.06 6.023 6.93 86.9 

HKS 2 7.71 1.79 2.91 14.9 5.95 6.040 98.5 

HKS 3 7.43 1.87 3.015 15.6 6.23 6.36 97.9 

HKS 4 7.90 1.78 1.046 14.8 5.94 6.196 95.8 

HKS 5 7.54 1.45 2.28 12.08 4.83 5.37 89.98 

Bakrawa 

HBK 1 8.01 0.452 1.42 3.77 1.51 3.15 47.8 

HBK 2 7.73 0.905 1.39 7.54 3.018 4.76 63.3 

HBK 3 7.94 0.680 1.15 5.67 2.27 3.95 57.4 

HBK 4 7.75 0.782 0.521 6.52 2.61 4.33 60.2 

Zamaqi 
HZM 1 7.74 1.79 2.037 14.9 5.95 8.59 69.3 

HZM 2 7.86 1.99 1.84 16.6 6.63 8.84 75.02 

Ka Grdal HKG 7.66 2.50 2.98 20.84 8.34 10.55 79.03 

Bia Wella HBW1 8.09 3.12 1.205 25.97 10.39 12.5 83.1 

Khormal HKH 7.80 0.148 1.25 1.23 0.493 1.79 27.6 
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The amount of soil calcium carbonate was estimated by multiplying soil in-

organic carbon (SIC) by 100/12 ratio assuming all inorganic carbon was 

present as calcium carbonate in these calcareous soils. Soil CaCO3 content 

varied from 1.2 to 40% for HKH and STA sites respectively (Table 3.2). Soil 

calcium carbonate contents up to 40% is consistent with the limestone parent 

material and the incidence of Sulaimani Calcisols. Figure 3.9c demonstrates 

that Kalar and Sulaimani have higher calcium carbonate contents (25.7%, 

n=13 and 25.4, n=41) compared to the Halabja and Sharazoor areas 

(16.09%, n=35 and 15.4%, n=8).  

The proportion of soil calcium present as soil calcium carbonate (CaCaCO3) was 

calculated by multiplying the estimated soil calcium carbonate content by 0.4 

and dividing by the total soil calcium concentration. The value ranged from 

27% for the HKH site to 100% in many of sites with mean values of 93%, 

72%, 83% and 99% in Sulaimani, Sharazoor, Kalar and Halabja respectively.  

 

3.4.2 Soil multi-element analysis 

 

The concentrations of major and trace elements are presented in appendix 

1. Calcium was the dominant cation, reflecting the calcareous nature of the 

soils, with a range of 17900 to 156000 mg kg-1 (mean=92200 mg kg-1,  

n=97). Concentrations of other major elements, including Al, Mg and K, fell 

in the range of calcareous soils reported for other areas (Iqbal and Shah, 

2011; Nazif et al., 2015)
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3.4.3  Soil selenium 

 

3.4.3.1  Total soil selenium concentration  

 

Soil selenium concentrations (SeTot) fell in the range of 165 to 617 µg kg-1 

across all the studied sites and the mean concentration was 309 µg kg-1 

(n=97). The Halabja area had the highest selenium concentrations, which 

ranged from 0.267 to 0.617 µg kg-1 (mean 419 µg kg-1, n=35), broadly in 

line with the global selenium average of 400 µg kg-1 (Fordyce, 2005). The 

average concentrations of the other three areas were lower, and not 

significantly different, with 235, 245 and 269 µg kg-1 for Kalar, Sharazoor 

and Sulaimani areas respectively (Fig 3.10). Based on a lithostratigraphic 

map of the Kurdistan region the samples collected from the Halabja area were 

distributed between 5 different types of parent material including black shale. 

The presence of the latter parent material may be the reason for a higher 

selenium concentration in this area (Karim, 2000). Soil Se concentrations of 

each site are presented in appendix 1.  

The average of Kurdistan SeTot (309 µg kg-1) is less than the world Se 

average. In content of reported Se concentrationsw from other countries, 

Kurdistan can be classified as a Se deficient area in terms of soil SeTot content. 

For instance, in China, Se deficient areas are reported to have Se 

concentrations ranging from 4 to 480 µg kg-1 while the ‘adequate areas’ for 

the same country ranged from 730 to 5660 µg kg-1. Similar values for India 

and Sri lanka Se-deficient areas were reported in the range of  25 to 710 and 

112 to 5240  µg kg-1  respectively (Fordyce, 2005).  De Temmerman et al. 
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(2014)  reported low Se concentrations in Belgian soils (n = 539) ranging 

from 140 to 610 µg kg-1 which is very similar to the range for Kurdistan soils. 

Similarly, Pérez-Sirvent et al. (2010) investigated the Murcia region of Spain 

which has similar soil properties to those of Kurdistan. The region was 

characterised partly by limestones and marl and so contained carbonate-rich 

soils. They found an average Se concentration of 370  µg kg-1 in their survey 

of 490 soils.  In most cases there is a strong correlation between the Se 

concentration of geological parent material and overlying soils (Fordyce, 

2005).  

 

 

3.4.3.2 Fractionation and extractability of soil Se 

 

In common with most trace elements, Se in soil can be ‘fractionated’ using a 

sequential fractionation approach. Typically, such schemes differentiate 

Figure 3-10. Distribution of soil total selenium in each area compared to the global 
range of soil Se concentration  Sulaimani; n=41,  Sharazoor; n=8, Kalar; n=13, 
Halabja;  n= 35. 
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between soluble, adsorbed, and organic-bound and residual fractions of Se  

(Zhang and Frankenberger, 2003, Tolu et al., 2011).  

The sequential extraction was carried out for all soil samples (n=97) using 

0.01M potassium nitrate (soluble Se, SeN), 0.016M potassium dihydrogen 

phosphate (adsorbed Se, SeP) and 10% TMAH (organic-bound Se, SeTMAH). 

Soluble Se concentrations across all sites ranged from 0.42 to 8.34 µg kg-1.  

The highest value of SeN was found in the Kalar area which ranged from 1.02 

to 5.22 µg kg-1 with a mean concentration of 2.57 µg kg-1 (n=13). The lowest 

values were found in the Sharazoor area with 0.65 to 3.12 µg kg-1 (mean 

value = 1.18 µg kg-1; n=8). The Sulaimani and Halabja areas had mean SeN 

values of 2.09 and 1.59 µg kg-1 respectively (Fig. 3.11a).  

The concentration of SeN accounted for 0.096-2.18% of soil SeTot content 

(%SeN extractable) with an average value of 0.69% (n=97); approximately 

90% of the soils had <1% soluble Se as a proportion of soil SeTot content. 

The Sulaimani and Kalar soils had higher extractability (average values 1.09 

and 0.86%) compared to those from Halabja and Sharazoor (0.4 and 0.45%) 

(Table 3.3). Similar recoveries of soluble Se have been observed: Keskinen 

et al. (2009) studied the efficiency of different methods of extracting Se and 

calculated a typical recovery of 1% for soluble Se. Wang et al. (2012)  

undertook similar extractions for 20 soils in China and reported recovery of 

0.3% for soluble Se.  

Selenium in the adsorbed fraction extractable by phosphate (SeP), possibly 

originating from Se bound to Al and Fe oxides, showing slightly greater values 

than SeN; values ranged from 1.51 to 12.1 µg kg-1. The Halabja area had the 

greatest mean value (7.32  µg kg-1) with a range from 2.30 to 12.1 µg kg-1 
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whereas the other areas had fairly similar average values of 4.50, 4.64 and 

4.77 µg kg-1 for Sharazoor,Kalar and Sulaimani areas respectively (Fig. 

3.11b). Values of %SeP ranged from 0.69 to 3.46% with average values that 

were relatively constant across the four areas (overall mean=1.88%, n=97) 

Table (3.3). In a study of UK agricultural soils, Stroud et al. (2010) found 

recoveries of <1-6% for SeP. Similarly, Chilimba et al. (2011) determined SeP 

for 81 Malawi soils and reported <1-8% for (SeP). By contrast, Schilling et al. 

(2014) reported much higher recovery rates of 12-26% for Indian high Se 

content soils using potassium phosphate extraction.  

The Se extracted by 10% TMAH (SeTMAH), representing organic-bound Se, 

showed a wide range of Se concentrations from 33.4 to 340 µg kg-1 with a 

mean value of 108 µg kg-1 (n=97). The greatest average concentration was 

found in the Halabja area (161 µg kg-1, n=35) while the other three areas 

had similar mean concentrations of 108, 103 and 101 µg kg-1 for Sulaimani, 

Sharazoor and Kalar respectively (Fig. 3.11c). 

The extractability of SeTMAH, as a proportion of SeTot, covered a relatively wide 

range of 20.3 to 89% (mean value = 41%; n=97). The average values of 

%SeTMAH  for Sharazoor and Halabja (38.9%; n=8 and 39.1 %; n=35) were 

slightly lower than those of Kalar and Sulaimani (42.3%; n=13 and 43.4%; 

n=41) respectively (Table 3.3).  The majority of soils (90%) had a SeTMAH 

recovery less than 50% of SeTot. In a study by Supriatin et al. (2015) they 

applied an alkaline and oxidising extraction (NaOH and NaOCl) to recover 

‘recalcitrant’ Se pools from arable Dutch soils (pH≤6) and observed 55-78% 

recovery of SeTot.  
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Table 3.3. Selenium extractability as percentage of total soil Se  

Area Sub area n 

SeN extractable SeP extractable SeTMAH extractable 

Min Max Mean Min Max Mean Min Max Mean 

% 

Sulaimani 

Tanjaro 15 0.291 1.16 0.681 1.00 3.46 2.43 35.7 58.2 45.1 

Baziyan 2 0.980 1.070 1.025 1.55 2.29 1.92 35.2 50.6 42.9 

Zhalla 2 0.546 2.12 1.33 0.915 2.17 1.54 20.3 43.5 31.9 

Dukan 2 1.62 2.18 1.901 1.21 2.26 1.73 67.7 89.0 78.4 

west area 3 0.430 1.13 0.709 2.39 2.49 2.43 38.6 42.9 40.3 

Industrial 2 0.870 1.24 1.056 2.42 2.16 2.29 38.2 35.8 36.9 

KanaSura 9 0.122 1.87 0.775 0.689 1.81 1.22 22.1 52.4 41.5 

KaniGoma 6 0.599 1.041 0.853 1.51 2.00 1.67 27.9 44.7 38.0 

Halabja 

Kani Kolka 13 0.096 0.428 0.226 0.436 1.81 1.15 20.9 43.8 32.5 

Anab 8 0.206 0.845 0.446 2.007 3.31 2.77 37.3 49.7 43.3 

Kani Spi 5 0.145 0.659 0.341 1.61 2.94 2.086 29.7 34.9 33.3 

Bakrawa 4 0.317 0.830 0.515 1.38 1.57 1.49 34.3 45.9 38.8 

Zamaqi 2 0.579 1.009 0.794 1.59 1.64 1.61 49.0 52.6 50.8 

Ka Grdal 1   1.11   1.79   60.0 

Bia Wella 1   0.447   2.58   63.8 

Khormal 1     0.455     1.79     52.3 

Sharazoor 
Sharazoor 7 0.223 0.560 0.345 0.924 3.15 1.74 29.4 56.9 36.6 

NewHalabja 1     1.202     1.74     55.6 

Kalar Kalar 13 0.445 1.93 1.086 1.22 3.28 1.99 27.3 62.9 42.3 

 

 

Keskinen et al. (2009) studied extracting Se in soils of Finland and reported 

50% Se organically associated, applying (0.1 M NaOH). Comparable 

recoveries using alkali extraction have been reported in other studies of soils 

from India 75-89% (Schilling et al., 2014), and from Finland 70% (Keskinen 

et al., 2009). 
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Figure 3.12 demonstrates the relationship between  pH and %Se TMAH  in a 

wide range of the soil types from previous projects (Mathers, 2015). It shows 

%Se TMAH  can change from 100% at very low soil pH (mainly organic soils) 

to <10% in highly alkaline soils. There is a marked decrease in soil 

extractability at pH >6. Including data from this study shows that they fit the 

general trend shown by the larger dataset and, based on Kurdistan’s soil pH 

values, the extractability of Se was around 40%. 

 

 

 

3.4.3.3 Soil selenium speciation  

 

Selenium speciation was carried out for the soil SeN fraction (extracted with 

0.01M KNO3) (table 304) and it was found that SeN-organic generally varied 

from 0 – 77% of the SeN in this fraction with a mean of 49%. The highest 

Figure 3-12. Relationship between %Se TMAH extractable and pH as a model in 
different areas with a wide range of pH 
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SeN-inorganic was found in the Sulaimani area (range = 36-113%; mean = 

71.6%; n=18) and the lowest was for the Kalar area (range = 23-61%; mean 

= 37%; n=13). Halabja and Sharazoor had an average of 51 and 56% SeN-

inorganic in proportion of SeN. There were  few sites within the Sulaimani 

subareas which had 100% inorganic Se; these were mainly urban and 

industrial areas and were affected by anthropogenic activities and variety of 

unknown sources imports to this soils or could be because of low organic 

matter content of this area.   

The average proportions of selenate (Se6+) and selenite (Se4+) in the SeN-

inorganic fraction were 65 and 35% respectively across all areas. However, 

distribution of these values differed between sub-areas. For example, the 

subareas Dukan, Kagrdal and new Halabja had 100% and Tanjaro had 86% 

Se4+ while the proportion of Se4+ for the Sulaimani industrial area was only 

5% and 95% of  SeN-inorganic was Se6+ (Table 3.4).  Interpretation of the soluble 

speciation data is hampered by the very small concentrations of soluble Se 

(90% were <2 µg kg-1 ) and even smaller concentrations of the inorganic 

species Se6+ and Se4+ (>90% were < 1 µg kg-1).  

Speciation of adsorbed or ligand-exchangeable SeP (extracted by 0.016 M 

KH2PO4) indicated that 78% of SeP was inorganic. The mean proportions of 

SeP-inorganic were 96, 88, 77 and 67% for the Sharazoor, Halabja, Kalar and 

Sulaimani areas. The majority of inorganic exchangeable Se (96%) was Se4+; 

in most of the sites Se4+ was the only inorganic species present in the SeP. 

This result was predictable, as selenite tends to bond more strongly than 

selenate with amorphous Fe and Al oxides. Other studies have found similar 

results: Supriatin et al. (2015) carried out ammonium oxalate extraction 

(extraction amorphous Fe and Al oxides) and found that inorganic Se was  
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Table 3.4. Speciation of selenium in the soluble fraction (KNO3) and proportion of organic and inorganic Se 

Area Sub area Code Se(N) SeIV(N) SeVI(N) In-org Org SeIV(N) SeVI(N) 
µg kg-1 µg kg-1 µg kg-1 % % % % 

Sulaimani 

Tanjaro 

STA 1 0.699 0.287 0.345 90.4 9.64 45.4 54.6 
STA 2 1.16 0.488 0.549 89.3 10.7 47.0 53.0 
STA 3 1.26 0.519 0.594 88.0 12.0 46.6 53.4 
STA 4 1.38 0.558 0.256 58.9 41.1 68.6 31.4 
STA 5 2.62 0.383 2.292 102 0 14.3 85.7 
STA 6 1.63 0.901 0.476 84.4 15.6 65.5 34.5 
STA 7 1.30 0.231 0.881 85.7 14.3 20.8 79.2 
STA 8 1.61 0.994 0.170 72.4 27.6 85.4 14.6 
STA 9 2.10 0.561 1.55 101 0 26.5 73.5 
STA 10 2.24 0.992 0.783 79.2 20.8 55.9 44.1 
STA 11 1.95 0.443 1.41 95.3 4.66 23.9 76.1 
STA 12 1.62 0.776 0.127 55.8 44.2 86.0 14.0 
STA 13 1.73 0.678 0.117 46.0 54.0 85.3 14.7 
STA 14 3.15 1.45 0.238 53.4 46.6 85.9 14.1 
STA 15 2.31 0.939 0.159 47.5 52.5 85.5 14.5 

Baziyan SBY 1 2.42 0.951 0.245 49.4 50.6 79.5 20.5 
SBY 2 2.34 0.562 0.520 46.2 53.8 51.9 48.1 

Zhalla SZH 
1G 

3.96 0.921 0.514 36.3 63.7 64.2 35.8 
SZH 2 0.900 0.199 0.216 46.1 53.9 48.0 52.0 

Dukan DUK 1 2.75 1.18 0.000 42.9 57.1 100 0.0 
DUK 
2G 

8.34 3.40 0.378 45.3 54.7 90.0 10.0 

west area 
SWA 1 2.79 0.871 0.922 64.3 35.7 48.6 51.4 
SWA 2 1.43 0.549 0.391 65.5 34.5 58.4 41.6 
SWA 3 1.016 0.354 0.325 66.9 33.1 52.1 47.9 

Industrial SID 1 1.89 0.158 1.83 105 0.0 7.95 92.0 
SID 2 2.81 0.059 2.99 109 0.0 1.95 98.1 

Kana Sura 
SKS 1 1.44 0.220 1.10 91.9 8.1 16.6 83.4 
SKS 2 0.525 0.0800 0.166 46.8 53.2 32.5 67.5 
SKS 3 5.18 0.324 5.52 113 0.0 5.55 94.5 

Sharazoor 
Sharazoor 

SHA 1 0.832 0.395 0.095 58.9 41.1 80.6 19.4 
SHA 2 0.648 0.126 0.145 41.8 58.2 46.3 53.7 
SHA 3 0.671 0.367 0.111 71.3 28.7 76.8 23.2 
SHA 4 0.802 0.384 0.149 66.5 33.5 72.0 28.0 
SHA 5 1.12 0.584 0.204 70.4 29.6 74.1 25.9 
SHA 6 1.41 0.0589 0.356 29.4 70.6 14.2 85.8 
SHA 7 0.818 0.349 0.289 78.0 22.0 54.7 45.3 

New Halabja SHA 8  3.12 0.917 0.083 32.0 68.0 91.7 8.25 

Kalar Kalar 

KAL 1 3.88 1.18 0.044 31.5 68.5 96.4 3.62 
KAL 2 2.15 0.631 0.226 39.9 60.1 73.6 26.4 
KAL 3 
W 

1.20 0.282 0.034 26.5 73.5 89.1 10.9 
KAL 3  1.20 0.216 0.186 33.5 66.5 53.8 46.2 
KAL4a 2.32 0.852 0.063 39.4 60.6 93.1 6.92 
KAL4b 5.22 1.25 1.42 51.0 49.0 46.8 53.2 
KAL4c 3.068 1.013 0.148 37.8 62.2 87.2 12.8 
KAL 5G 4.084 1.13 0.111 30.3 69.7 91.0 8.98 
Kal 6 2.42 0.819 0.143 39.8 60.2 85.2 14.8 
KAL 
6W 

3.33 1.22 0.250 44.2 55.8 83.0 17.0 
KAL 7 1.019 0.477 0.140 60.6 39.4 77.3 22.7 
KAL 8 2.00 0.158 0.301 22.9 77.1 34.5 65.5 
KAL 9 1.56 0.136 0.250 24.8 75.2 35.2 64.8 

Halabja 

Kani Kolka 

HKK 1 2.26 0.826 0.134 42.5 57.5 86.0 14.0 
HKK 2 1.47 0.555 0.114 45.3 54.7 83.0 17.0 
HKK 3 0.830 0.372 0.0748 53.8 46.2 83.2 16.8 
HKK 4 0.968 0.273 0.0919 37.7 62.3 74.8 25.2 
HKK 5 0.415 0.108 0.0944 48.8 51.2 53.4 46.6 
HKK 6 0.819 0.181 0.0875 32.7 67.3 67.4 32.6 
HKK 7 0.507 0.221 0.0946 62.2 37.8 70.0 30.0 
HKK 8 0.778 0.216 0.0698 36.7 63.3 75.6 24.4 
HKK 9 0.724 0.156 0.102 35.6 64.4 60.6 39.4 
HKK 10 1.42 0.605 0.0861 48.7 51.3 87.5 12.5 
HKK 11 1.25 0.668 0.188 68.3 31.7 78.0 22.0 
HKK 12 1.42 0.887 0.252 80.4 19.6 77.9 22.1 
HKK 13 1.95 0.541 0.138 34.9 65.1 79.7 20.3 

Anab 

HAN 1 1.54 0.800 0.157 62.0 38.0 83.6 16.4 
HAN 2 1.90 0.688 0.123 42.7 57.3 84.8 15.2 
HAN 3 3.98 1.47 0.128 40.0 60.0 92.0 8.04 
HAN 4 1.29 0.395 0.100 38.5 61.5 79.8 20.2 
HAN 5 1.47 0.610 0.193 54.7 45.3 76.0 24.0 
HAN 6 3.28 1.17 0.0751 38.1 61.9 94.0 6.02 
HAN 7 0.755 0.268 0.185 60.1 39.9 59.2 40.8 
HAN 8 0.912 0.399 0.260 72.2 27.8 60.5 39.5 

Kani Spi 

HKS 1 1.12 0.217 0.0776 26.4 73.6 73.7 26.3 
HKS 2 2.85 0.799 1.48 80.2 19.8 35.0 65.0 
HKS 3 0.701 0.380 0.0927 67.4 32.6 80.4 19.6 
HKS 4 1.53 0.719 0.345 69.7 30.3 67.6 32.4 
HKS 5 1.25 0.556 0.115 53.8 46.2 82.9 17.1 
HBK 1 1.37 0.524 0.172 50.9 49.1 75.2 24.8 
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Bakrawa 
HBK 2 2.50 0.260 1.17 57.5 42.5 18.1 81.9 
HBK 3 0.902 0.244 0.335 64.2 35.8 42.2 57.8 
HBK 4 1.32 0.191 0.513 53.5 46.5 27.2 72.8 

Zamaqi HZM 1 3.40 1.71 0.104 53.3 46.7 94.3 5.74 
HZM 2 1.80 0.449 0.073 28.9 71.1 86.1 13.9 

Ka Grdal HKG 4.48 1.71 0.000 38.1 61.9 100.0 0.0 
Bia Wella HBW1 1.19 0.648 0.118 64.3 35.7 84.5 15.5 
Khormal HKH 1.29 0.370 0.249 48.1 51.9 59.8 40.2 

 

 

Table 3.5. Speciation of selenium in the absorbed fraction (KH2PO4) and proportion of organic and inorganic Se 

Area Sub area Code Se(P) SeIV(P) SeVI(P) In-org Org SeIV(N) SeVI(N) 
µg kg-1 µg kg-1 µg kg-1 % % % % 

Sulaimani 

Tanjaro 

STA 12 2.86 1.24 0 43.4 56.6 100 0 
STA 13 2.81 1.52 0 53.9 46.1 100 0 
STA 14 7.71 7.42 0 96.3 3.73 100 0 
STA 15 4.87 4.16 0 85.3 14.7 100 0 

Baziyan SBY 1 3.84 2.51 0 65.3 34.7 100 0 
SBY 2 5.022 4.96 0 99 0.00 100 0 

Zhalla SZH 1G 4.044 2.86 0 70.8 29.2 100 0 
SZH 2 1.51 0.06 0.0264 5.79 94.2 69.7 30.3 

Dukan DUK 2G 8.65 3.15 0.0484 37.0 63.04 98.5 1.52 

Kana Sura 

SKS 4 2.29 2.13 0.0110 93.5 6.48 99.5 0.514 
SKS 5 2.67 1.71 0.0190 64.9 35.1 98.9 1.10 
SKS 6 3.81 2.25 0 58.9 41.1 100 0 
SKS 7 2.52 2.93 0 116 0.00 100 0 
SKS 8 2.89 2.10 0 72.5 27.5 100 0 
SKS 9 2.15 2.01 0 93.1 6.86 100 0 

Kani Goma 

SKG 1 3.36 0.63 0 18.8 81.2 100 0 
SKG 2 4.65 0.02 0.285 6.46 93.5 5.3 94.7 
SKG 3 3.65 2.70 0 74.0 26.0 100 0 
SKG 4 4.51 5.36 0 119 0.00 100 0 
SKG 5 2.98 3.32 0 112 0.00 100 0 
SKG 6 2.94 0.51 0.463 33.0 67.0 52.3 47.7 

Sharazoor 
Sharazoor 

SHA 1 3.40 3.46 0 102 0 100 0 
SHA 2 2.82 2.30 0 81.7 18.3 100 0 
SHA 3 3.78 4.44 0 117 0 100 0 
SHA 4 4.13 4.02 0 97 0 100 0 
SHA 5 4.94 5.37 0 109 0 100 0 
SHA 6 7.95 8.99 0.0336 114 0 99.6 0.372 
SHA 7 4.43 3.68 0 83.0 17.0 100 0 

New 
Halabja 

SHA 8  4.53 3.04 0 67.0 33.0 100 0 

Kalar Kalar 

KAL 1 5.33 1.22 0 22.9 77.1 100 0 
KAL 2 5.052 3.54 0 70.1 29.9 100 0 
KAL 3 W 3.90 4.16 0 107 0 100 0 
KAL 3  4.43 4.76 0 108 0 100 0 
KAL4a 3.27 2.58 0 79.1 20.9 100 0 
KAL4b 4.69 2.98 0.0560 64.8 35.2 98.2 1.84 
KAL4c 2.50 1.91 0 76.4 23.6 100 0 
KAL 5G 3.60 0.74 0 20.6 79.4 100 0 
Kal 6 3.86 3.37 0 87.5 12.5 100 0 
KAL 6W 5.14 5.33 0 104 0 100 0 
KAL 7 4.65 5.22 0 112 0 100 0 
KAL 8 7.05 2.60 0 36.9 63.1 100 0 
KAL 9 6.86 7.85 0 114 0 100 0 

Halabja 

Bakrawa 

HBK 1 4.82 4.58 0 94.9 5.091 100 0 
HBK 2 4.73 4.36 0.0458 93.1 6.93 99.0 1.039 
HBK 3 4.12 4.30 0 104 0 100 0 
HBK 4 3.87 2.35 0.0154 61.2 38.8 99.4 0.648 

Zamaqi HZM 1 5.36 5.26 0 98.1 1.91 100 0 
HZM 2 5.11 5.20 0 102 0 100 0 

Ka Grdal HKG 7.19 6.29 0 87.4 12.6 100 0 
Bia Wella HBW1 6.89 3.54 0 51.4 48.6 100 0 
Khormal HKH 5.07 5.29 0 104 0 100 0 

 

 

mainly present in Se4+ while Se6+ was hardly measurable. In a similar study. 

Wang et al. (2012) reported that Se4+ was the only chemical species that 

could be detected in the KH2PO4 extracts.  
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Figure (3.13a,b) shows the correlation of Se4+ in SeN and SeP fraction with 

total Se in each fraction; there was no correlation between Se6+ and total Se 

in those fractions.  
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Figure 3-13. Relationship  between selenite and total Se in the  (a) soluble and  (b) 
absorbed fractions  
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3.4.3.4 Relationship of soil selenium in fractions and soil properties                                     

 

A positive correlation was observed between SeTMAH and soil organic carbon 

(OC%) when all areas were considered (Fig 3.14a). By separating the areas, 

this relationship was not found in Sulaimani and Sharazoor sub-areas 

compared to Kalar and Halabja. The reason with respect to the Sharzoor area 

could be that soil OC% values were all very similar and so presented a narrow 
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Figure 3-14. Relationship of soil organic carbon with  (a) soil Se in 10% TMAH extract and (b) Se 
TMAH extractable in proportion of total Se consider to areas or regional effects  (blank circles  are 
subareas of filled circles. 
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range of around 1% OC. However, all the areas aggregated together 

produced a correlation. This supports the suggestion that the majority of 

SeTMAH is present in organic form. Figure 3.14 demonstrates that the 

percentage of SeTMAH extractability as a proportion of SeTot was also followed 

the increasing trend in Kalar area and Kanikolka subarea from Halabja area.  

Figure 3.15 demonstrates that selenium concentration in adsorbed fraction 

seems to be not controlled by organic carbon variation. There was no 

Figure 3-15. Relationship of soil organic carbon with  (a) soil Se in 0.016M KH2PO4 extract and (b) 
soil iodine extractable in this fraction in proportion with total iodine  consider to areas or 
regional effects (Halabja North is Anab+Kanikolka) 

0

2

4

6

8

10

12

14

0 1 2 3 4 5

So
il 

Se
 (

P
) 

µ
g
 k

g
-1

OC%

a

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 1 2 3 4 5

So
il 

Se
 (

P
) 

%

OC%

b

Sulaimani Kalar Sharazoor Halabja Halabja North



61 
 

correlation for the main areas except a weak association for one of the 

Halabja sub-areas (Halabja north; Anab+ Kanikolka subareas). This could be 

because selenium in this fraction is not bound to organic matter as it is more 

associated with aluminium and iron oxides. In addition, speciation results 

showed that the majority of Se in this fraction was inorganic.  Figure 3.15 b 

shows no relationship between the amount of soil organic carbon and 

extractability of %Sep as a proportion of SeTot.  

As found for Sep, soil organic carbon was not correlated with SeN when 

aggregating the data for all areas together. However, considering each area 

or sub-area separately showed a relationship in some instances. For example, 

considering the sub-areas there was a correlation for Kanikolka and Hal-

Northern areas within the sub-areas in those regions. There was no 

association between %OC and SeN in the Sulaimani area even at the level of 

the sub-areas (Fig. 3.16a). A similar trend was followed for %SeN and soil 

OC% (Fig. 3.16b). Sulaimani subareas are urban or semi-urban and 

anthropogenic effects may have altered soil organic matter content or 

provided alternative Se sources; Se present in the soluble fraction was 

predominantly inorganic (71%). 

The SeTMAH  concentration was negatively correlated with soil pH (Figure 

3.17a) in the Kalar area, Sulaimani and Halabja sub-areas but not in the 

Sharazoor area.  For the Sharazoor area there was a very narrow range of 

pH values. The proportion of SeTot that was extractable with TMAH (%SeTMAH) 

also decreased with increasing pH in Kalar and the Kanikolka sub-area of 

Halabja (3.17b). This suggests the presence of recalcitrant forms of Se at 

high pH which cannot be easily liberated by TMAH. Martens and Suarez 

(1997) carried out a sequential extraction using phosphate buffer, K2S2O8 
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and HNO3 on soils with pH >7 and found an intractable pool of Se not 

extracted with phosphate buffer or K2S2O8 representing 15-84% of SeTot. 

Mathers (2015) fitted a simple logistical equation to a wide range of soils 

from the UK and Malawi with pH ranging from 3 to 8 and estimated that 

%SeTMAH decreased from 100 to 40% with increasing pH from 3 to 8. In most  
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of the relationships derived for Se fractions and soil properties it was 

observed that relationships emerged between sub-areas but were not 

apparent between areas. This could be because of the geogenic similarity of 

soils present within sub-areas in contrast to major geological differences 

between areas. There was no association between soil pH and SeP or %Sep 
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when all areas considered together. However there was a positive 

relationship in part of the Halabja area; soils with pH≥8 in each area had 

higher values of Sep and %Sep (Fig 3.18 a & b).  The point of zero net charge  

(pznc) for Al and Fe hydrous oxides is about pH=8 (Pulford, 2006) as a result,  
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the pH above that has a negative charge and selenite anions do not have 

affinity to adsorb. Based on speciation result the majority of Se in this fraction 

was inorganic and Se+4. This could be a possible reason for higher Sep in 

higher pH and in this study. Mathers (2015) found a strong positive 

correlation between %Sep and soil pH in UK and Malawian soils. Again, the 

narrow range of pH in the calcareous soils of this study (1 unit) could be the 

reason that this correlation was not strong in all the areas.   
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There was no correlation between soluble selenium (SeN) and soil pH when 

considering all the areas together. A negative relationship (r =0.72) was 

found for the Kalar area and Halabja north sub-areas but this relationship did 

not apply to Sulaimani and Sharazoor (Fig 3-19 a). The same pattern was 

followed for %SeN and soil pH.  

A negative correlation (r =0.71) was observed between soil %OC and soil 

calcium carbonate content in the Sulaimani area (Fig 3.20) but this trend was 

not followed in the other three areas – again probably due to the narrow 

range of %OC values (1-2%) in the Kalar and Sharazoor areas.  
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3.4.4  Plant uptake of selenium  

 

3.4.4.1  Plant selenium content 

 

The Se contents of 300 plants (30 species), including leafy and crop 

vegetables, tubers and cereal grains, were determined (Table 3.6 and Fig. 

3.21). The Se concentration across all plant samples ranged from 4.34 to 678 

µg kg-1 on a dry weight basis (dw). Celery had the highest Se concentration 

for leafy vegetables, with an average of 215 µg kg-1 dw and a range of 25.4-

678 µg kg-1 dw (n=24); purslane had the lowest Se content, with a mean 

value of 36.4 µg kg-1 and a range from 12.6-85.9 µg kg-1 dw (n=17). The Se 

concentration in celery was higher than a value reported for Belgium (106 µg 

kg-1 dw n=7) (De Temmerman et al., 2014). Selenium concentration in celery 

on a fresh weight basis ranged from 7.0-192 µg kg-1 fw with a mean value of 

59.8 µg kg-1 fw. This value was much higher than those reported from 

(Thailandb, Belgiumd ,Greecef, Croatiah, Australiai and USDA food composition 

database, Table 3.7). The Se contents of other leafy vegetables such as Dill, 

Spring onion, Leek, Chard, Parsley and Basil were also higher than data 

reported for other (Table 3.7) By contrast, values for the other leafy 

vegetables studied, including cress, mallow, mint and purslane were in 

agreement with those reported from USDAo and Saudi Arabiac (Table 3.7). 

Overall the Se content of the leafy vegetables studied were generally higher 

than those reported from other countries (Table 3.7).  
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Table 3.6. Plant Selenium content including leafy and crop vegetables, tubers and grains 

Plant 
n 

Se µg kg-1 (DW) Se µg kg-1 (FW) 

species Average Median Range Average Median Range 

Leafy Vegetables        
Celery 24 215 199 25.4-678 59.8 47.7 7.0-192 

Dill 18 188 171 66.5-492 36.08 32.9 11.1-106 

Radish Leaves 8 185 176 59.7-343 37.4 24.0 7.70-103 

Sp-Onion 16 167 143 36.4-424 20.3 18.6 3.55-41.2 

Leek 22 152 119 51.7-386 31.02 17.6 7.12-83.7 

Spinach 1 118   13.4   
Chard 28 112 90.4 11.8-538 23.02 15.0 8.69-189 

Parsley 12 104 96.2 18.2-194 35.3 28.6 4.41-131 

Cress 5 96.3 62.9 41.4-162 13.3 11.6 5.93-19.9 

Taragon 6 96.3 84.2 58.2-159 43.01 38.7 5.29-90.7 

Thyme 2 88.6  84.8-92.4 12.1   
Basil 4 68.1 67.5 47.6-89.9 11.0 11.6 8.03-12.7 

Mallow 1 63.4   15.3   
Pennyroyal 1 60.0   12.05   
Mint 2 56.3  52.3-60.4 16.7   
Purslane 17 36.4 27.3 12.6-85.9 6.34 4.48 1.62-16.8 

Fruit vegetables        
Cow pea 18 109 99.3 7.9-314 44.9 45.1 3.11-129 

Tomato 13 108 93.0 13.5-265 13.08 10.7 1.77-30.4 

Cucumber 13 95.1 68.9 24.4-228 11.4 4.53 2.27-37.1 

Water melon 4 75.4 78.5 5.4-139 6.89 7.1 0.41-13.0 

Pepper 16 59.2 34.8 10.4-217 10.4 6.91 1.78-35.9 

Egg plant 11 55.7 25.9 4.34-216 10.1 3.9 0.56-40.3 

Fava. Bean 6 54.8 60.5 26.1-72.0 13.8 10.5 4.47-26.9 

Courgette 6 49.8 53.1 18.8-76.5 4.43 3.96 1.29-7.99 

Melon 2 47.5  5.70-89.2 3.26   
Okra 18 37.6 22.8 7.20-116.1 13.05 8.17 1.903-42.6 

Tubers        
Garlic 1 187   67.7   
Radish 7 95.9 99.0 50.6-157.5 19.7 7.68 3.39-64.7 

Onion 5 55.3 60.4 14.1-90.4 8.92 8.43 1.59-15.8 

Cereals        
Wheat 14 49.4 40.8 18.6-125 49.4 40.8 18.6-125 

 

The mean Se concentration for all leafy vegetables together, accounted for 

113 and 24.1 µg kg-1 on a dry and fresh weight basis respectively. Similar 

studies in Thailandb, S-Arabiac, Belgiumd, Greecef and KoreaK calculated mean 

Se concentrations for a range of leafy vegetables of 12, 9.4, 9.6, 6.35 and 

19 µg kg-1(fw) which are less than the value found in this study.  
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 Among fruit vegetables cow pea had the highest Se concentration, ranging 

from 7.9-314 with a mean of concentration was 109  µg kg-1 dw  (n=18) and 

okra had the lowest Se concentration ranging from 7.20-116 with a mean of 

37.6 µg kg-1 dw  (n=18) (Fig 3.21 and Table 3.6). On a fresh weight basis 

the Se content of cow pea was 44.9 µg kg-1 (fw) and all of other fruit 

vegetables had Se contents <15 µg kg-1 (fw). Courgette and melon had the 

lowest Se content: 4.43 and 3.26 µg kg-1 (fw) respectively. Compared to 

other studies, on a fresh weight basis,  cowpea Se content (44.9  µg kg-1 fw) 

was less than values from Thailand 58 µg kg-1 fw (Sirichakwal et al., 2005). 

Tomato (13.1 µg kg-1 fw) was in agreement with values reported from 

Sloveniaa and Thailandb but less than Saudi Arabiac and higher than data from 

other countries suggests. For example, 1.5 times higher than values from 

Croatiah and 26 time higher than values from Australiaj (Table 3.7). Pepper 

(10.4 µg kg-1 fw) corresponded to data from Sloveniaa but was less than 

examples from Koreak and higher than data from other countries.  

The average Se concentrations for all fruit vegetables on a dry and fresh 

weight basis were 69.2 and 13.1 µg kg-1. The latter value was higher than 

data reported from Thailandb, Belgiumd, and Greecef, (1.2, 1.6. 4.2 µg kg-1 

fw).  

Within the group of tuber and root vegetables there were only three 

examples: garlic and onion had the highest and lowest Se concentration (187 

and 55.3 µg kg-1 dw respectively) and radish had a Se content of 95.9 µg kg-

1. On a fresh weight basis garlic and radish had a higher Se content (67.7 

and 19.7 µg kg-1  fw) than values quoted for all other countries but Se content 
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of onions was less than values from Thailandb, Croatiah, KoreaK  (11, 15.3 and 

52 µg kg-1  fw) (Table 3.7 and Fig. 3.21). 

 Wheat, which was the only cereal in this study and known to be an important 

constituent of the diet in Kurdistan region, had a Se concentration of (49.4 

µg kg-1 dw, n=14). Compared to other countries this was only higher than 

the value reported from Spaine while it was lower than all other countries. 

For example Egyptm and Pakistann reported Se concentrations of 193 and 220 

µg kg-1  (dw) (Table 3.7).  

In general, leafy vegetables had a higher Se concentration compared to the 

other plant groups studied; in general the order of Se concentrations was 

leafy vegetables > tubers >fruit vegetables >grains (Fig. 3.21). 

Overall, the plant Se concentrations in this study appear to be higher than in 

most other published studies, possibly suggesting greater Se availability in 

calcareous Kurdistan soils; this will be discussed in the following section. It 

should also be considered that values based on fresh weight are subject to 

variation depending on temperature, humidity, irrigation time and stage of 

plant maturity as all of these factors can influence plant water content.  

Plant samples could be contaminated by soil due to dust or small soil particles 

during the sample collection or preparing the samples. The possibility of 

contamination was assessed by measuring several candidate elements in 

soils and plant samples, including aluminium, vanadium, chromium and iron. 

These elements have a high correlation in soils but would not be expected to 

be correlated in plants unless they originate from superficial contamination 

with soil dust, rather than systemic uptake through roots. So, for example, 

 a,b,c and …. are the references  demonstrated in Table 3.7 
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 the proportion of Se in plant originating from contamination with soil dust 

was calculated by the below equation which assumed that all vanadium in 

the plant originates from soil dust (Shetaya et al., 2012):  

𝑃𝑙𝑎𝑛𝑡(𝑉)×𝑆𝑜𝑖𝑙(𝑆𝑒)

𝑃𝑙𝑎𝑛𝑡(𝑆𝑒)×𝑆𝑜𝑖𝑙(𝑉)
   Eq 3.1 

Plant (V)= vanadium concentration in plant (mg kg-1) 

Plant (Se)= Se concentration in soil (mg kg-1) 

Soil (V)= vanadium concentration in soil (mg kg-1) 

Plant Se= Se concentration in plant (mg kg-1) 

This proportion was also calculated based on the assumption that the 

concentrations of Al, Cr and Fe all originated from soil dust. The average 

proportion of Se when all plants were considered was 0.014 (1.4%) and 

values ranged from 0.0002 to 0.078 (90% of plants < 0.01 (1%)).  
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Figure 3-21.  Selenium concentration of plants including leafy vegetables, crop vegetables, tubers and grains and the distribution of each vegetable selenium concentration in 
different locations 
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Table 3.7.  Vegetable selenium content compared to other studies which are carried out in different countries 

 
plants n 

This study Other authors This study Other authors 

  Se µg Kg-1 (dw) Se µg Kg-1 (dw) Se µg Kg-1 (fw) Se µg Kg-1 (fw) 

Le
a

fy
 v

eg
et

a
b

le
s 

Celery 24 215 106d 59.8 3b; 14.8d; 2.4f; 14.7h; 11.8i; 4o 
Dill 18 188 121o 36.1 13.4f;  
Radish Leaves 8 185  37.4  

Sp-Onion 16 167  20.3 6b; 5o 
Leek 22 152 82.9d 31.0 8.2d; 2.1g; 10o 
Spinach 1 117 169d; 16n;  13.4 6b; 7c; 12.4d; 24k; 10o 
Chard 28 112 72d;  23.0 7.3d; 9o 
Parsley 12 104 63d; 141o 35.3 [1.4-24.2]a; 7c; 7.2d; 7.2f; 17.6h; 9.0h; 1o 
Cress 5 96.3  13.2 9.0o 
Taragon 6 96.3 44o 43.0  

Thyme 2 88.6 46o 12.1  

Basil 4 68.1 30o 11.0 3b; 3o 
Mallow 1 63.4  15.3 11c;  
Pennyroyal 1 59.9  12.0  

Mint 2 56.3  16.7 14c 
Purslune 17 36.4   6.34 9o 

C
ro

p
 v

eg
et

a
b

le
s 

Cow pea 18 108 45c;  44.9 58b; 9o 
Tomato 13 108 36.2d; 39n; 55o 13.1 [1.1-29.1]a; 12b; 15c; 1.8d; 2.3f; 0.5g; 7.9h; 10.2h; 0.5i; 0.3l; 1m; 5o 
Cucumber 13 95.1 72.2d; 21c 11.4 14.7a; 4b; 1.8d; 11.5h; 6.3h; 3o 
Water melon 4 75.4  6.89 1b; 6k; 4o 
Pepper 16 59.2 52c; 30o 10.4 11a; 1b; 4.2f; 0.7g; 9.1h; 32k; 3o 
Egg plant 10 60.3 67c 10.1 3b; 4k; 3o 
Fava. Bean 6 54.8 31c 13.8 8o 
Courgette 6 49.8 32c 4.43 2o 
Melon 2 47.5  3.26 4c; 4o 
Okra 18 37.6   13.1 27c; 7o 

tu
b

er
s Garlic 1 187 142o 67.7 34b; 13.7f; 57.9g; 34.2h; 57.6h; 21k;  

Radish 7 95.9 33c;18d;13n;  19.7 4.5a; 2b; 87d; 0.7g; 1k;  7o 
Onion 5 55.3 43c; 40.9d; 137n;  8.92 [1.1-10.5]a; 11b; 5.4d; 7.3f; 5.8g; 0.7g; 15.3h; 12.4h;52k; 5o 

cereal
s 

Wheat 14 49.4 165c; 54.8d; 35.5e; 114k; 193m; 220n; 61o 49.4 11a; 48.7d; 70f; 25.1g; 28j;  

 

a (Smrkolj et al., 2005) , b(Sirichakwal et al., 2005) , c(Al-Ahmary, 2009) ,d (De Temmerman et al., 2014), e(Díaz-Alarcón et al., 1996), f(Pappa et al., 2006) , g(Kadrabova et al., 1997) , h(Klapec 

et al., 2004) ,i(McNaughton and Marks, 2002) , j(Sigrist et al., 2012) ,k(Choi et al., 2009) , l(Ventura et al., 2009) , m(Hussein and Bruggeman, 1999), n(Waheed et al., 2002), o(USDA, 2017) 
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3.4.4.3 Plant Se content in relation to soil properties 

 

Figure 3.22 shows the relationship between soil pH and Se 

concentration in plants. Plants grown in soils with pH>8 generally had 

higher Se concentrations compared to those grown in soils with lower 

pH values. The relationship between plant Se concentration and soil 

pH appears to be an exponential association, especially evident in 

pepper, cowpea and eggplant. However, this pattern was only found 

for fruit vegetables and was not followed by leafy vegetables (Fig 

3.23). A possible reason for this could be that fruit vegetables need a 

longer growth period than leafy vegetables; alternatively internal Se 

mobilization and plant transfer mechanisms may be the cause.  

The Se uptake of plants can be mediated by sulphate transporters due 

to the chemical similarity between sulphate and selenate. These 

transporters have different selectivity for selenate and sulphate in 

various plant species (White et al., 2004).  

Selenate is known to be the predominant form of inorganic Se in 

alkaline aerobic soils (Elrashidi et al., 1987). Chilimba et al. (2011) 

studied maize grain Se content in relation to soil properties in Malawi. 

They found higher Se concentrations in maize grown on calcareous 

vertisols than on a range of acidic soil types. They concluded that the 

pH-dependence of selenite and selenate adsorption on Fe oxides could 

be one of the reasons for this trend. Peak and Sparks (2002) also 

reported that the specific bonding (co-ordination) of selenate on Fe 

oxides decreased between pH 3.5 and 6 and selenite was adsorbed 

specifically in pH higher than the ‘point of zero charge’ (7-8) of oxide  
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Figure 3-22. Selenium concentration in crop vegetables and grains as a function of soil pH 
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minerals. Other studies of Se bioavailability and solubility have also 

pointed out the role of phosphate (H2PO4
-, HPO4

2-) competition for soil 

adsorption sites and sulphate (SO4
2-) for root uptake. Considering the 

calcareous Kurdistan soils of this study it is likely that availability of Se 

would be relatively high due to low Se adsorption strength and the 

formation of relatively insoluble calcium phosphates.  

Gissel-Nielsen (1975) found that the Se content of plants decreased 

during the growing season, suggesting a gradual depletion of 
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Figure 3-23.  Selenium concentration in leafy vegetables as a function of soil pH 
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bioavailable soil Se. During the winter when no Se is taken up by 

plants, organic decomposition and weathering processes may 

replenish the available Se pool, allowing high Se uptake in the 

beginning of the growing season. It was suggested that as plants 

develop rapidly during the growing season Se depletion will exceed its 

rate of replenishment. They also found that the Se content of plants 

during June, July and August was 6-7 times lower compared to March. 

This may be one of the reasons that leafy vegetables did not seem to 

be affected by higher Se availability in soils with pH>8. The leafy 

vegetables were collected in April, which is the start of the growing 

season and had a smaller biomass compared to fruit vegetables. By 

contrast, the fruit vegetables were collected in July and August, at 

which time available Se may be depleted, and had a much greater 

biomass compared to the leafy vegetables.  

A similar relationship could not be found for the rest of the plants due 

to insufficient samples. Figure 3.24 shows all plants together based on 

both a fresh and dry weight concentration of Selenium.  

Only a very small proportion of total soil Se was present in a soluble 

form (SeN <1%) but higher Se concentrations in some plants were 

associated with higher concentrations of soluble Se (SeN) (Fig. 3.25). 

 

 

 

 

 

 



78 
 

 

 

 

0

50

100

150

200

250

300

350

7.2 7.4 7.6 7.8 8.0 8.2 8.4

P
la

n
t 

Se
 µ

g 
K

g-1
d

w

pH

a
Wheat

Cucumber

F-Bean

Basil

Radish

Onion

Egg plant

Taragon

pepper

Okra

Tomato

0

20

40

60

80

100

120

140

7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4 8.6

P
la

n
t 

Se
 µ

g 
kg

-1
fw

pH

b Wheat

Cucumber

F-Bean

Basil

Radish

Onion

Egg plant

Taragon

Pepper

Okra

Tomato
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The scatter in Fig. 3.26 partly arises because the soil samples were 

aggregated across individual farms and not directly associated with 

particular plant samples. For several vegetables there were insufficient 

samples to form a convincing correlation.  

Figures 3.26 and 3.27 illustrates a similar trend between plant Se 

content for both leafy and fruit vegetables and phosphate-extractable 

Se (SeP). A general trend in Figures 3.27 and 3.28 reveals that the Se  

0

20

40

60

80

0.0 1.0 2.0 3.0 4.0 5.0

P
la

n
t 

Se
 µ

g 
kg

-1
d

w

Se (N) µg kg-1 soil dw

Fava Bean

0

50

100

150

200

250

300

0.0 1.0 2.0 3.0 4.0 5.0

P
la

n
t 

Se
 µ

g 
kg

-1
d

w

Se (N) µg kg-1 soil dw

Dill

0

20

40

60

80

100

120

140

0.0 0.5 1.0 1.5 2.0 2.5

G
ra

in
 S

e 
µ

g 
kg

-1
d

w

Se(N) µg kg-1 soil dw

Wheat

0

20

40

60

80

100

120

140

0.0 1.0 2.0 3.0 4.0

P
la

n
t 

Se
 µ

g 
kg

-1
d

w

Se(N) µg kg-1 soil dw

Chard

0

20

40

60

80

100

0.0 1.0 2.0 3.0

P
la

n
t 

Se
 µ

g 
K

g-1
d

w

Se(N) µg kg-1 soil dw

Onion

0

50

100

150

200

0.0 0.5 1.0 1.5

P
la

n
t 

Se
 µ

g 
kg

-1
d

w

Se (N) µg kg-1 soil dw

Tarragon

Figure 3-25.  Plant selenium uptake from se soluble and available (extracted by 0.01M KNO3) 
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concentrations in fruit vegetables increased substantially when SeP 

exceeded 15 µg kg-1. However, those soils were also the most alkaline 

with soil pH>8 and some soils with low SeP concentrations also had pH 

values > 8.   
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Figure 3-26.  Plant selenium uptake from adsorbed Se (extracted by 0.016M KH2PO4) in leafy vegetables 
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Figure 3-27.  Plant selenium uptake from absorbed Se (extracted by 0.016M KH2PO4) in crop vegetables 
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Figure 3-28.  Plant selenium uptake from absorbed Se (extracted by 0.016M KH2PO4)  
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3.4.4.2 Soil-to-plant transfer factor 

 

The simplest form of the soil-to-plant transfer factor (TF) is defined as 

total concentration in plant divided by total concentration in soil(Bitterli 

et al., 2010). However, values of TF can be calculated for total, 

extractable or soluble Se concentrations in soil depending on which 

fraction is regarded as the driver for plant uptake. Transfer factors 

based on total soil Se concentration are more likely to vary with soil 

properties while values of TF based on available Se fractions are likely 

to apply more widely (Bitterli et al., 2010).  For all plant species of this 

study values of TF were calculated based on soluble SeN (Se-TFN), 

adsorbed (Se-TFN+P), organic-bound (Se-TFN+P+TMAH) and total fraction 

(Se-TFHF) (Table 3.8).  

Among leafy vegetables, Se-TFN  was higher in celery, sp-onion, dill 

and leek  (Se-TFN >100) showing a greater capacity to accumulate Se 

compared to other leafy vegetables  (Se-TFN <70). Overall this factor 

fell in range of 31 to 164 when all leafy vegetables are considered. In 

the fruit vegetables group cow pea and tomato found to have the 

highest TF (>100) while the rest of the fruit vegetables had less values 

(<56). This factor for tubers was in the range of 34 to 68 and it was 

44 for wheat.  

Selenium-TFN+P was distributed more evenly compared to Se-TFN  and 

fell in range from 4.5 to 32 for purslane and celery respectively in leafy 

vegetables,  ranged from 3.1-11 for fruit vegetables in Okra and 

Cowpea and 7.7 to 39 for onion and garlic respectively. This factor was 
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8.1 in wheat. The TF based on organic bound Se and total soil Se was 

<1 except one vegetable.  

It was observed the values of TF in both soluble and adsorbed fractions 

varied widely in one type vegetable grown in different areas or sites 

which could rely on soil properties that mentioned in previous section. 

However difference in average of TFs can imply different inherent 

affinity of vegetables for Se. On the other hand, different types of 

vegetables growing the same site had different TF which reflects the 

physiologic difference for uptaking the Se by these plants. It can be 

concluded that plant’s Se content seems to be controlled by a variety 

of factors including soil properties and plant factors. Soil pH was found 

the more important factor in this calcareous soil affecting plant Se 

content.  
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Table 3.8. Selenium soil to plant transfer factors based on each fraction of selenium in the soil 

Plant n Se-TFN Se-TFN+P Se-TFN+P+TMAH Se-TFHF 
species min max Med Mean  min max Med Mean  min max Med Mean  min max Med Mean  
Leafy Vegetables                 
Celery 20 20.2 545 85.4 164 6.8 130.8 23.1 32.1 0.51 7.07 1.38 1.86 0.14 2.42 0.48 0.75 
Dill 17 43.2 413 73.0 110 10.5 70.0 23.8 27.6 0.45 3.53 1.25 1.52 0.24 1.84 0.66 0.71 
Radish Leaves 6 26.4 144 59.2 67.8 4.7 31.8 16.3 18.0 0.41 2.15 1.03 1.10 0.21 0.85 0.49 0.51 
Sp-Onion 13 28.3 323 76.6 116 5.7 81.8 21.7 28.0 0.25 4.42 0.95 1.32 0.13 1.52 0.52 0.62 
Leek 16 25.0 339 64.2 107 4.4 41.4 16.2 19.3 0.53 2.22 1.00 1.09 0.15 1.25 0.40 0.50 
Spinach 1 34.6 35 34.6 34.6 13.4 13.4 13.4 13.4 0.66 0.66 0.66 0.66 0.35 0.35 0.35 0.35 
Chard 20 10.5 225 53.5 71.3 3.1 32.9 14.3 15.1 0.17 1.76 0.71 0.83 0.07 0.75 0.36 0.38 
Parsley 10 13.9 174 48.5 67.2 3.6 24.3 12.1 14.3 0.44 2.43 0.85 1.03 0.14 0.85 0.42 0.45 
Cress 4 20.3 75 57.0 52.4 8.8 27.4 16.1 17.1 0.35 2.26 1.16 1.23 0.21 0.79 0.47 0.48 
Taragon 4 49.2 112 89.0 84.9 6.9 12.5 10.9 10.3 0.43 1.30 0.60 0.73 0.17 0.38 0.25 0.26 
Thyme 2 66.0 72 68.9 68.9 13.3 14.5 13.9 13.9 0.57 0.63 0.60 0.60 0.30 0.33 0.31 0.31 
Basil 4 16.0 39 30.2 28.8 6.7 16.1 8.5 10.0 0.32 1.12 0.42 0.57 0.17 0.43 0.24 0.27 
Mallow 1 49.4 49 49.4 49.4 10.0 10.0 10.0 10.0 0.43 0.43 0.43 0.43 0.22 0.22 0.22 0.22 
Pennyroyal 1 46.7 47 46.7 46.7 9.4 9.4 9.4 9.4 0.41 0.41 0.41 0.41 0.21 0.21 0.21 0.21 
Mint 2 30.2 62 46.3 46.3 11.3 11.5 11.4 11.4 0.35 0.41 0.38 0.38 0.12 0.19 0.15 0.15 
Purslune 14 8.0 67 26.2 31.5 1.0 13.5 3.2 4.5 0.14 0.65 0.22 0.30 0.05 0.30 0.09 0.12 
Crop vegetables                 
cow pea 9 10.6 239 94.8 103 1.9 27.4 8.7 11.4 0.21 1.78 0.92 0.87 0.07 0.63 0.39 0.36 
tomato 8 8.9 327 83.9 105 0.9 24.3 7.4 9.0 0.10 2.14 0.68 0.71 0.03 0.59 0.21 0.24 
Cucumber 11 6.5 145 17.8 32.9 2.2 14.3 5.7 7.0 0.15 1.22 0.54 0.55 0.05 0.57 0.28 0.25 
water melon 4 3.6 67 32.2 33.6 1.3 8.9 5.3 5.2 0.05 1.37 0.75 0.73 0.02 0.56 0.31 0.30 
Pepper 13 8.8 264 23.5 56.2 1.4 14.0 3.5 5.3 0.13 1.38 0.28 0.41 0.04 0.56 0.10 0.17 
Egg plant 10 3.5 135 15.8 37.6 1.0 10.6 2.0 3.1 0.08 1.12 0.21 0.31 0.02 0.47 0.07 0.12 
Fava. Bean 6 13.7 30 23.1 22.0 4.1 15.0 6.1 7.5 0.18 0.63 0.28 0.34 0.09 0.42 0.16 0.21 
Courgette 6 9.2 91 36.8 41.2 2.1 20.6 5.7 8.0 0.16 1.48 0.54 0.59 0.08 0.30 0.19 0.19 
melon 2 3.7 46 24.8 24.8 1.3 6.0 3.7 3.7 0.06 0.82 0.44 0.44 0.03 0.35 0.19 0.19 
okra 15 2.9 102 15.2 31.4 0.5 7.5 2.7 3.1 0.06 0.63 0.22 0.27 0.02 0.30 0.09 0.10 
Tubers                  
Garlic 1 68.1 68 68.1 68.1 39.0 39.0 39.0 39.0 1.63 1.63 1.63 1.63 1.10 1.10 1.10 1.10 
Radish 5 21.3 83 50.1 48.9 8.0 18.3 10.4 12.2 0.34 0.98 0.45 0.60 0.18 0.44 0.27 0.30 
Onion 5 11.0 65 27.9 34.6 2.2 16.0 6.6 7.7 0.10 0.68 0.46 0.42 0.05 0.45 0.25 0.23 
Cereals                  
Wheat 13 9.8 79 48.8 44.4 3.9 14.3 8.6 8.1 0.16 1.24 0.49 0.60 0.05 0.38 0.16 0.20 
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3.4.5 Soil iodine 

 

3.4.5.1 Total soil iodine  

 

Total soil iodine ranged from 1200 to 9310 µg kg-1, mean 4140 µg kg-1 

(n=97). Halabja and Sulaimani areas had higher mean soil iodine 

concentrations (5270 µg kg-1, n=35) and (3980 µg kg-1, n=41) respectively 

than the Sharazoor and Kalar areas (2950 µg kg-1, n=8) and (2350 µg kg-

1, n= 13) respectively (Fig 3.29). Fuge and Johnson (1986) reported 

average values of 2400, 5000-200000, 2700, 2300 and 800 µg kg-1 for 

igneous rocks, recent sediments, carbonates and shales respectively. The 

British Geological Survey soil iodine survey (Johnson, 2003)  found a wide 

range for totals soil concentration of the UK (500-36900 µg kg-1) and mean 

of 8800 µg kg-1 for 80 sites where sampled during 1973 and 1999. This 

database also gave an average value of 2200, 14200, 3800 for German, 

Japanese and Russian soils respectively. In addition, Shacklette et al. 

(1984) calculated the whole U.S. soils iodine concentration in range of 500-

Figure 3-29. Total soil iodine content in the four main areas 
Sulaimani; n=41,  Sharazoor; n=8, Kalar; n=13, Halabja;  n= 35. 
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9600 µg kg-1. Based on the value of 2700 µg kg-1 for sedimentary and 

carbonate soils, two of the studied areas were more than this value and two 

areas were in line with the value or in some locations found lower (Fig. 

3.29). Zia et al. (2015) reported total iodine in 86 location of Pakistan as a 

low iodine soils ranged from 190 to 9590 µg kg-1  (mean = 660 µg kg-1). 

Johnson (2003)  investigated total iodine of 2151 soil and concluded the 

value of 5100 µg kg-1 as an average of total soil iodine. The same author 

also suggested that as the data were skewed the geometric mean of 3000 

µg kg-1 was a better estimation of total soil iodine. Overall, the range of soil 

iodine concentrations measured in soils of the Kurdistan region were 

comparable with the mean of those reported for other soils.  

 

3.4.5.2 Fractionation and extractability of soil iodine 

 

Soluble soil iodine (IN) was in the range of 25.8 to 173 µg kg-1 with a mean 

concentration of 51.0 µg kg-1.  The soils of the Sulaimani area had a higher 

mean IN concentration (65.5 µg kg-1) compared to the other areas (33 - 42 

µg kg-1) (Fig 3.30a). The IN was typically 1.59% of total soil iodine content 

(ITot) when all areas considered; ranged from 0.7% to 12.0%. Calcareous 

soils from Pakistan (Zia et al., 2015)  and Malawi (Watts et al., 2015b)  had 

similar water soluble iodine concentrations; 2.36% and 1.38% of  soil ITot 

respectively. Soluble iodine (extractable with KCl) comprised less than 10% 

of the total iodine of 183 UK top soils; approximately 80% contained <10% 

water extractable iodine (Hu et al., 2009).  

Mean concentration of adsorbed soil iodine (IP) was 332 µg kg-1 (ranged 

107 to 566 µg kg-1). The mean of IP for four main areas ranged from  
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287 to 335 µg kg-1 (Fig 3.30 b). The ratio of IP  as a proportion of ITot was 

10.7%  (ranged 2.0- 26.2%) Table 3.9. Mean IP concentration was  6 times 

greater than the mean of IN  (Table 3.9).  

   

Figure 3-30.  Soil iodine content in fractions a) soluble I extracted by 0.01M KNO3 b) 
Adsorbed I extracted by 0.016M KH2PO4  

0

100

200

300

400

500

600

Sulaymaniyah Sharazoor Kalar Halabja

Io
d

in
e 

(P
) 

µ
g 

kg
-1

 s
o

il 
d

w

b

0

20

40

60

80

100

120

140

160

180

Sulaymaniyah Sharazoor Kalar Halabja

Io
d

in
e 

(N
) 

µ
g 

kg
-1

 
so

il 
d

w

a



88 
 

Table 3.9. Iodine extractability as percentage of total soil iodine in fractions 

Area Sub area n 

I -N extractable I -P extractable 

Min Max Mean Min Max Mean 

% 

Sulaimani 

Tanjaro 15 0.772 4.48 1.76 8.65 14.8 10.9 

Baziyan 2 1.89 5.64 3.77 10.6 18.2 14.4 

Zhalla 2 4.39 5.28 4.84 15.3 26.2 20.8 

Dukan 2 1.87 3.84 2.85 8.36 15.7 12.01 

West area 3 1.18 12.0 1.84 11.6 4.54 11.8 

Industrial 2 1.79 2.22 2.00 7.44 7.48 7.46 

Kana Sura 9 0.923 2.43 1.44 4.40 8.33 7.04 

Kani 
Goma 6 1.35 2.03 1.66 6.02 8.50 7.28 

Halabja 

Kani 
Kolka 13 0.309 1.093 0.176 2.56 9.36 2.03 

Anab 8 0.323 1.22 0.730 3.60 7.42 5.77 

Kani Spi 5 0.533 1.39 0.868 2.01 4.98 3.21 

Bakrawa 4 2.04 3.48 2.67 9.95 12.3 11.4 

Zamaqi 2 1.33 2.19 0.430 13.7 14.8 0.542 

Ka Grdal 1   1.39   8.45 

Bia Wella 1   0.85   13.6 

Khormal 1     0.92     6.69 

Sharazoor 
Sharazoor 7 0.862 1.40 1.14 10.8 17.8 13.7 

New 
Halabja 1     1.53     10.4 

Kalar Kalar 13 1.07 2.96 2.11 11.9 32.7 20.6 

 

3.4.5.3 Soil iodine speciation  

 

The majority of IN was organic (75.5, 69.4, 65.9 and 58.5%, mean =70%) 

for Sulaimani, Kalar, Halabja and Sharazoor respectively. The proportion of 

inorganic iodine of IN was (41.5, 34.1, 30.6 and 24.5%, mean=30%,) for 

Sharazoor, Halabja, Kalar and Sulaimani respectively (Table 3.10). Among 

this 30%, the majority of inorganic iodine found in form of iodide (93.5, 

91.1, 90.6, 78.9% mean 83.3%,) for Sulaimni, Halabja, Sharazoor and 

Kalar respectively. The iodine of  IP fraction found more organic compared 

to soluble fraction (>90%) the vast majority of inorganic IP was iodide 

(Table 3.10).  
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Table 3.10.  Iodine speciation in soil solution and absorbed fraction and proportion of iodate and iodide in each fraction a) Sulaimani b) Sharazoor c) Kalar and d) Halabja. 

a) 

Area Sub area Code 
I (N) IO3

- (N) I- (N) In-org-Ia Org-Ib IO3
- (N)c I- (N)d I (P) IO3

- (p) I- (p) In-org Org-I IO3
- (p) I- (p) 

µg kg-1 µg kg-1 µg kg-1 % % % % µg kg-1 µg kg-1 µg kg-1 % % % % 

Sulaimani 

Tanjaro 

STA 12 55.2 4.43 3.58 14.5 85.5 55.4 44.6 293  27.9 9.51 90.5 0.00 100 
STA 13 109 3.43 26.8 27.8 72.2 11.3 88.7 335  26.8 7.98 92.0 0.00 100 
STA 14 57.9 0.665 21.7 38.7 61.3 2.97 97.0 297 0.783 30.0 10.4 89.6 2.54 97.5 
STA 15 41.6 0.375 1.43 4.34 95.7 20.8 79.2 280 0.129 24.6 8.84 91.2 0.524 99.5 

Baziyan SBY 1 47.2 4.62 13.5 38.5 61.5 25.4 74.6 264  15.7 5.94 94.1 0.00 100 
SBY 2 173 0.578 164 95.3 4.71 0.35 99.6 559   161 28.8 71.2 0.00 100 

Zhalla SZH 1G 108 0.477 21.7 20.6 79.4 2.15 97.9 313 0.550 29.1 9.46 90.5 1.85 98.1 
SZH 2 94.3 12.7 23.9 38.8 61.2 34.6 65.4 562 47.1 24.1 12.7 87.3 66.1 33.9 

Dukan DUK 1 38.5 1.36 1.014 6.16 93.8 57.2 42.8 157 0.208 8.77 5.71 94.3 2.31 97.7 
DUK 2G 48.4 0.136 3.35 7.19 92.8 3.91 96.1 217   7.44 3.43 96.6 0.00 100 

Kana 
Sura 

SKS 4 42.7 0.188 5.69 13.8 86.2 3.20 96.8 168  12.9 7.68 92.3 0.00 100 
SKS 5 56.6 0.255 13.1 23.6 76.4 1.91 98.1 328 0.196 12.3 3.81 96.2 1.57 98.4 
SKS 6 66.8 0.265 24.4 36.9 63.1 1.08 98.9 287 1.052 20.2 7.40 92.6 4.94 95.1 
SKS 7 70.8 0.177 1.69 2.63 97.4 9.50 90.5 306 0.127 22.4 7.36 92.6 0.56 99.4 
SKS 8 70.0 0.264 7.23 10.7 89.3 3.52 96.5 309 0.305 17.0 5.59 94.4 1.77 98.2 
SKS 9 60.0 0.278 0.0304 0.51 99.5 90.1 9.86 322 0.471 0.472 0.29 99.7 49.9 50.1 

Kani 
Goma 

SKG 1 71.7 0.307 13.5 19.3 80.7 2.22 97.8 309 0.512 12.2 4.10 95.9 4.04 96.0 
SKG 2 101 0.197 24.9 24.7 75.3 0.784 99.2 424 0.271 18.8 4.49 95.5 1.42 98.6 
SKG 3 76.8 0.256 13.8 18.4 81.6 1.82 98.2 344 0.486 11.4 3.44 96.6 4.10 95.9 
SKG 4 89.3 0.343 31.2 35.4 64.6 1.09 98.9 422 0.533 15.6 3.82 96.2 3.31 96.7 
SKG 5 91.1 0.884 33.3 37.5 62.5 2.59 97.4 389 2.59 5.39 2.05 97.9 32.4 67.6 
SKG 6 63.0 0.015 14.4 22.9 77.1 0.107 99.9 281 2.70 5.25 2.83 97.2 33.9 66.1 

b)  

Area Sub area Code I (N) IO3
- (N) I- (N) In-org-I Org-I IO3

- (N) I- (N) I (P) IO3
- (p) I- (p) In-org Org-I IO3

- (p) I- (p) 
µg kg-1 µg kg-1 µg kg-1 % % % % µg kg-1 µg kg-1 µg kg-1 % % % % 

Sharazoor 
Sharazoor 

SHA 1 21.6 0.99 7.97 41.5 58.5 11.1 88.9 268 1.44 10.6 4.49 95.5 11.9 88.1 
SHA 2 20.6 0.00 9.63 46.8 53.2 0.00 100 290 3.73 11.2 5.17 94.8 24.9 75.1 
SHA 3 29.2 1.98 17.3 66.0 34.0 10.3 89.7 414 5.28 8.021 3.21 96.8 39.7 60.3 
SHA 4 32.8 1.14 1.12 6.90 93.1 50.5 49.5 400 1.38 37.6 9.75 90.2 3.54 96.5 
SHA 5 35.8 1.28 23.2 68.5 31.5 5.24 94.8 427 5.81 14.7 4.81 95.2 28.3 71.7 
SHA 6 35.4 1.80 15.9 50.1 49.9 10.1 89.9 352 4.28 13.5 5.05 94.9 24.1 75.9 
SHA 7 35.7 1.52 9.16 29.9 70.1 14.2 85.8 362 3.031 21.1 6.67 93.3 12.6 87.4 

New Halabja SHA 8  33.9 0.701 6.66 21.7 78.3 9.53 90.5 230 0.369 17.0 7.55 92.5 2.12 97.9 
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c) 

Area Sub area Code I (N) IO3
- (N) I- (N) In-org-I Org-I IO3

- (N) I- (N) I (P) IO3
- (p) I- (p) In-org Org-I IO3

- (p) I- (p) 
µg kg-1 µg kg-1 µg kg-1 % % % % µg kg-1 µg kg-1 µg kg-1 % % % % 

Kalar Kalar 

KAL 1 23.4 0.959 0.666 6.96 93.0 59.0 41.0 315 0.691 3.57 1.35 98.6 16.2 83.8 
KAL 2 42.9 2.78 4.043 15.9 84.1 40.7 59.3 524 9.74 7.49 3.29 96.7 56.5 43.5 
KAL 3 W 27.5 0.976 12.3 48.3 51.7 7.37 92.6 504 3.64 2.90 1.30 98.7 55.6 44.4 
KAL 3  36.4 1.70 17.9 53.9 46.1 8.65 91.4 541 10.9 3.47 2.65 97.4 75.8 24.2 
KAL4a 45.8 1.29 5.19 14.1 85.9 19.9 80.1 345 1.51 4.89 1.85 98.1 23.6 76.4 
KAL4b 56.2 1.35 4.72 10.8 89.2 22.3 77.7 294 0.403 13.2 4.62 95.4 2.97 97.0 
KAL4c 48.2 2.77 1.39 8.63 91.4 66.7 33.3 403 2.32 11.7 3.47 96.5 16.6 83.4 
KAL 5G 55.4 0.464 4.43 8.83 91.2 9.48 90.5 266 0.376 6.94 2.75 97.2 5.14 94.9 
Kal 6 44.0 2.30 7.90 23.2 76.8 22.5 77.5 373 3.58 1.58 1.39 98.6 69.4 30.6 
KAL 6W 53.5 2.13 9.33 21.4 78.6 18.6 81.4 518 3.58 5.04 1.67 98.3 41.5 58.5 
KAL 7 29.3 8.23 14.7 78.2 21.8 36.0 64.0 450 22.1 7.47 6.58 93.4 74.7 25.3 
KAL 8 29.1 1.19 12.7 47.8 52.2 8.55 91.4 269 1.16 5.91 2.63 97.4 16.4 83.6 
KAL 9 27.7 3.01 13.5 59.7 40.3 18.2 81.8 235 8.74 6.18 6.36 93.6 58.6 41.4 

d) 

Area Sub area Code I (N) IO3
- (N) I- (N) In-org-I Org-I IO3

- (N) I- (N) I (P) IO3
- (p) I- (p) In-org Org-I IO3

- (p) I- (p) 
µg kg-1 µg kg-1 µg kg-1 % % % % µg kg-1 µg kg-1 µg kg-1 % % % % 

Halabja 

Bakrawa 

HBK 1 63.5 2.20 11.9 22.3 77.7 15.5 84.5 243 1.072 25.6 11.0 89.0 4.02 96.0 
HBK 2 80.8 0.00 29.4 36.4 63.6 0.00 100 285 2.79 23.8 9.33 90.7 10.5 89.5 
HBK 3 66.1 2.47 25.5 42.3 57.7 8.82 91.2 314 2.67 17.0 6.27 93.7 13.5 86.5 
HBK 4 52.7 2.07 18.5 39.1 60.9 10.0 90.0 295 1.13 18.6 6.71 93.3 5.71 94.3 

Zamaqi HZM 1 74.4 1.21 14.1 20.5 79.5 7.91 92.1 465 0.00 3.73 0.80 99.2 0.00 100 
HZM 2 45.9 1.17 13.1 31.0 69.0 8.25 91.7 509 1.018 21.1 4.34 95.7 4.60 95.4 

Ka Grdal HKG 41.9 0.876 11.7 30.0 70.0 6.96 93.0 255 0.00 16.3 6.38 93.6 0.00 100 
Bia Wella HBW1 30.6 1.24 20.4 70.9 29.1 5.72 94.3 492 3.14 22.2 5.14 94.9 12.4 87.6 
Khormal HKH 18.5 0.445 2.16 14.1 85.9 17.1 82.9 134 0.207 13.5 10.2 89.8 1.51 98.5 

 

a) Inorganic iodine  as a percentage of    IN b) Organic iodine as a percentage of IN C)  Iodate as a percentage of inorganic iodine d) Iodide as a percentage of 

inorganic iodine 
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3.4.5.4 Relationship between soil iodine fractions and soil 

properties 

 

No clear relationship between ITot and %OC was observed possibly due to the 

relatively narrow range of %OC (< 5%) (Fig. 3-31). In  other studies a 

positive correlation between total iodine and organic matter has been 

reported e.g. (Watts et al., 2015a). Zia et al. (2015) also reported a weak 

positive trend when 10% of outlier points were removed. Shetaya et al. 

(2012) reported that TMAH extraction recovered 75-80% rate of 129I (in 

organic rich soils whereas this value was greater (85-90%) in soils with lower 

organic matter content suggesting more retention of iodine and less 

extractable in higher organic soils.  

 

 

 

 

Figure 3-31. Relationship of soil organic carbon with soil iodine in 10% TMAH extract consider 
to areas or regional effects-Halabja south is (Anab+Kani Spi subareas) where are located next 
to each other 
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 Figure 3-32a shows that a negative relationship between OC% and the IP  

fraction exists in two sub areas of Halabja (Anab and Kanikolka) and in 

Sharazoor suggesting that,  soils with a slightly higher %OC fix or retain 

iodine with strongly bound and cause less availability in those soils. The 

majority of IP fraction was organic with a small amount of iodide. Iodide can 

bind strongly to aluminium and iron oxides and is a possible reasons for lower 

extractability of iodine in high organic soils.  This relationship is not only for 
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Figure 3-32. Relationship of soil organic carbon with  (a) soil iodine in 0.016M KH2PO4 extract  and 
(b) iodine extractable in this fraction as a proportion of total iodine  according o areas or regional 
effects 
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the adsorbed fraction, it is true even for precentage of IP extractable as a  

proportion of ITot  in one of the areas and two subareas but no relationship 

when all areas considered (Fig. 3.32b).  

No correlation was observed between OC% and IN  except in the Kani Kolka 

sub area of Halabja. The same result found  for IN extractable as proportion 

of ITot.  

No correlation was observed between soil pH and total soil iodine content 

perhaps as a result of the narrow range of these soils pH (Fig. 3.33). Other 

studies have reported a negative correlation between soil pH and iodine 

content. (Watts et al., 2015b, Zia et al., 2015).  
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Figure 3-33. Relationship  between  soil pH  and soil I in 10% TMAH extract 
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No correlation was found between soil IP and IN fractions with soil pH in areas 

and subareas. Soil soluble iodine seems to be not affected by variation of pH 

in that narrow range (7-8) . 

Except Halabja area, in other three areas soil ITot was not affected by soil 

%CaCO3  however the subareas of Halabja correlated with  soil %CaCO3. 

The reason for that could be different geology or parent material of these 

soils for example soils with higher  %CaCO3 in those areas corresponded 

with parent material containing high iodine content.  
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Figure 3-34. Relationship of soil CaCo3 % (estimated based on soil in-organic carbon content) and 
total soil iodine extract 10% TMAH (r =0.56). Halabja north is subareas of 
(Bakrawa+Zamaqi+Kagrdal+Biawella) where are located next to each other. 
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3.4.5 Plant iodine 

 

3.4.6.1 Plant iodine content 

 

The range of iodine content in each plant is shown in Table 3.11 and Figure 

3.35.  In general the iodine content of the plants decreases in the order of 

leafy vegetables > fruit vegetables> tubers> grains.  

Iodine concentrations were greatest in leafy vegetables (439 µg kg-1 n= 135). 

Within the leafy vegetable group, mallow (151 µg kg-1, n=1) and leek (622 

µg kg-1, n=16) represented the extremes. Cowpea with an iodine content of 

667 µg kg-1 (n=9) and watermelon with average of 215 µg kg-1 (n=4) 

represent the variation in iodine content in the fruit vegetables with the mean 

of 368 µg kg-1 (n=84).  Tubers including garlic, onion and radish had lower 

iodine contents compared to other vegetables (140 µg kg-1, n=11).  Wheat 

had the smallest iodine content with a mean of 12.5 µg kg-1 (n=13) (Table 

3.11). 

The mean iodine content of plant species was comparable with other studies 

in the literature (Table 3.12). 

Grain iodine content was comparable with data from Pakistan and less than 

reported by other workers for wheat from other countries (Table 3.12).    
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Table 3.11.  Plants iodine content including leafy and crop vegetables, tubers and grains based on dry (DW) and 
fresh (FW) weight 

Plant 
n 

Iodine µg kg-1 (DW) Iodine µg kg-1 (FW) 

species Mean Median Range Mean Median Range 

Leafy Vegetables        
Celery 20 554 505 196-1410 157 94.9 34.07-458 

Dill 17 482 418 174-941 482 76.4 21.2-231 

Radish Leaves 6 521 454 120-1090 101 64.7 8.17-342 

Sp-Onion 13 275 233 138-434 34 28.4 11.7-102 

Leek 16 622 438 189-2150 141 48.8 16.5-575 

Spinach 1 462   52.7   
Chard 20 535 410 137-1490 112 85.5 15.3-388 

Parsley 10 461 433 216-909 184 117 43.9-515 

Cress 4 560 460 109-1210 77.2 57.6 20.5-173 

Tarragon 4 528 524 204-860 77.2 229 19.1-490 

Thyme 2 231 231 221-239 31.8 31.8 27.2-36.4 

Basil 4 403 414 230-552 63.0 62.8 54.9-71.5 

Mallow 1 151   36.3   
Pennyroyal 1 276   55.3   
Mint 2 491 491 322-659 54.0 158 65.7-249 

Purslane 14 471 419 81.6-1070 83.3 74.3 6.49-226 

Fruit vegetables        
Cow pea 9 667 639 275-951 270 253 119-503 

Tomato 8 513 445 191-1010 65.5 58.2 21.9-132 

Cucumber 11 231 187 95.3-603 25.0 9.6 4.36-97.8 

Water melon 4 215 177 114-389 17.8 15.7 10.2-29.5 

Pepper 13 394 307 116-1050 72.9 53.8 4.36-164 

Egg plant 10 306 232 101-739 52.2 42.9 13.8-113 

Fava. Bean 6 301 388 75.4-425 84.2 81.9 11.9-165 

Courgette 6 286 184 124-572 24.4 16.3 10.4-59.6 

Melon 2 507 507 127-886 37.9 37.9 8.72-67 

Okra 15 255 247 134-431 86.3 82.8 48.3-158 

Tubers        
Garlic 1 50.4   18.2   
Radish 5 224 126 101-570 31.0 11.4 8.17-113 

Onion 5 145 47.6 37.3-439 26.7 6.64 5.11-77.05 

Cereals        

Wheat 13 12.5 9.83 1.99-46.02 12.5 9.83 1.99-46.02 
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Figure 3-35. Total iodine concentration of plants including leafy vegetables, fruit vegetables, tubers and grains 
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3.12.  Comparison of plant iodine content of this study with other studies as an a) individual plant species and b) 
averages as a food groups 

a) 

 
Plants n 

This study Other authors 

  I µg kg-1 (dw) I µg kg-1 (dw) 

Le
a

fy
 v

eg
et

a
b

le
s 

Celery 20 554  

Dill 17 482 3.9b, 388b 

Radish 
Leaves 

6 550  

Sp-Onion 13 267 2b, 192b 

Leek 16 622  

Spinach 1 462 1636c, (19.5-690)d,  

Chard 20 535  
Parsly 10 461 3.2b, 180b,  

Cress 4 560  

Taragon 4 528  

Thyme 2 231  

Basil 4 388  

Mallow 1 151  

Pennyroyal 1 276  

Mint 2 491 87e,  

Purslune 14 471   

Fr
u

it
 v

eg
et

a
b

le
s 

Cow pea 9 667 163f, 390f,  

Tomato 8 513 (1.4, 31)b, 196c, 82g 

Cucumber 11 231 (0.2, 43)b, 400c, 336g,  

water 
melon 

4 215  

Pepper 13 394 (13.5, 157)b, 356e,  

Egg plant 10 306  

Fava. Bean 6 301 201f, 520f,  

Courgette 6 286  

Melon 2 507  

Okra 15 255   

Tu
b

er
s Garlic 1 50.4 (66, 120)f,  

Radish 5 224  

Onion 5 145 (46-479)h, 204c,  

Cereals Wheat 13 12.5 10i, 35j, 74.4a 

` 

b) 

a)  (Fordyce, 2003), b)(Anke et al., 1995), c) (Chilean Iodine Educational Burean, 1952), d) (Remington et 

al., 1929), e)(Mahesh et al., 1992) , f)(Longvah and Deosthale, 1998) , g) (Anke et al., 1993), h) (Beeson 

and Matrone, 1976), i) (Zia et al., 2015), j) (Haldimann et al., 2005), k) (Hou et al., 1997), l) (Dahl and 

Meltzer, 2009).  

 

Plant group n 
This study Other authors 

I  µg kg-1 (dw) I µg kg-1 (fw) I µg kg-1 (dw) I µg kg-1 (fw) 
Leafy vegetables 135 439 109 315a, 236j,   
Fruit vegetables 84 368 73.6 163a  
Vegetables 209 412 95.0 123k, 20l,  (20-280)l,  

Tubers 11 140 25.3 233a  
Cereals 13 12.5 12.5 96.5a, 107a   
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3.4.6.2 Soil to plant transfer factor of iodine 

 

A soil to plant transfer factor (TF) was calculated by dividing the total iodine 

content of the plant by of the soil iodine in the corresponding soil (TFTot). 

Transfer values were also calculated using IN (TFN) IN+P (TFN+P). The mean 

TFTot for leafy vegetables was 0.16 (range 0.07-0.39), fruit vegetables 0.09 

(range 0.05-0.18,), tubers 0.06 (range 0.04-0.07) and for wheat was 0.01.  

The TFN+P of leafy vegetables fell in range of (0.99-4.15, mean = 1.75), fruit 

vegetables (0.70-2.26, mean = 1.26), tubers (0.29-0.82, mean = 0.48) and 

wheat = 0.03. The TFN was higher and for leafy vegetables was (6.20-36.6, 

mean = 13.6), fruit vegetables (3.41-16.5, mean = 8.90), tubers (1.31-7.23, 

mean = 4.77) and 0.42 for wheat.  The order of TFN > TFN+P > TFTot simply 

reflects the availability of iodine in those fractions for plant uptake.  With 

different plant groups (TFTot, TFN+P, and TFN) were in the order of  

 leafy vegetables > fruit vegetables > tubers > grain. 

3.4.6.3 Plant iodine content and relation to soil properties 

 

A relationship between soil ITot and plant iodine content was observed in a 

few plant species e.g. chard, okra and cucumber.  For the majority of plants 

the relationship was very weak or absent (Fig. 3.36). 

In general no relationship was observed between Soil IN and plant iodine 

concentration. Tarragon and cress appeared to have a linear positive 

relationship with soil IN but were limited in both cases to only four samples 

(Fig. 3-38). Considering soil soluble iodine is the more available fraction for 

plant uptake but the proportion of this fraction of iodine was only 1% of total 

iodine compared to absorbed iodine which was 10% of soil total iodine.   
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Table 3.13. Soil-to-plant transfer factor according to vegetable groups and soil iodine fractions  

Plant n I-TFN I-TFN+P I-TFTot 
species Min Max Median Mean  Min Max Median Mean  Min Max Median Mean  
Leafy Vegetables             
Celery 20 3.92 29.70 10.99 12.96 0.72 5.02 1.45 1.66 0.08 0.30 0.15 0.17 
Dill 17 5.07 34.88 9.42 12.57 0.80 2.59 1.41 1.53 0.09 0.41 0.16 0.19 
Radish Leaves 6 4.62 169.86 18.93 36.65 1.19 19.04 1.62 4.15 0.08 1.57 0.20 0.39 
Sp-Onion 13 2.34 45.51 7.32 10.04 0.61 1.87 0.93 1.07 0.06 0.33 0.10 0.13 
Leek 16 2.02 53.15 10.50 14.43 0.66 6.75 1.39 1.72 0.09 0.41 0.13 0.17 
Spinach 1 6.20 6.20 6.20 6.20 0.99 0.99 0.99 0.99 0.14 0.14 0.14 0.14 
Chard 20 2.10 33.91 8.51 10.96 0.50 5.43 1.36 1.66 0.07 0.72 0.13 0.17 
Parsley 10 6.35 20.03 10.15 11.02 0.94 3.24 1.01 1.47 0.07 0.23 0.16 0.16 
Cress 4 5.92 13.29 10.47 10.03 0.82 3.11 1.06 1.51 0.05 0.24 0.22 0.18 
Taragon 4 11.05 18.64 14.41 14.63 0.74 2.18 1.61 1.53 0.10 0.20 0.12 0.13 
Thyme 2 11.97 12.96 12.46 12.46 1.65 1.78 1.72 1.72 0.11 0.12 0.11 0.11 
Basil 4 8.92 23.67 12.41 14.35 1.18 1.82 1.74 1.62 0.11 0.25 0.21 0.20 
Mallow 1 8.14 8.14 8.14 8.14 1.12 1.12 1.12 1.12 0.07 0.07 0.07 0.07 
Pennyroyal 1 14.90 14.90 14.90 14.90 2.05 2.05 2.05 2.05 0.14 0.14 0.14 0.14 
Mint 2 2.97 31.06 17.01 17.01 0.96 3.93 2.44 2.44 0.13 0.13 0.13 0.13 
Purslane 14 1.60 31.05 9.84 11.34 0.49 4.09 1.13 1.75 0.04 0.29 0.10 0.12 
Fruit vegetables             
Cow pea 9 9.40 30.17 14.63 16.58 1.16 3.28 2.70 2.26 0.05 0.15 0.13 0.11 
Tomato 8 4.73 38.11 9.13 13.42 0.47 3.08 1.44 1.51 0.04 0.15 0.07 0.08 
Cucumber 11 0.61 9.65 2.77 3.74 0.19 1.66 0.52 0.73 0.03 0.09 0.05 0.06 
Water melon 4 2.04 5.51 3.05 3.41 0.31 1.27 0.68 0.74 0.04 0.09 0.06 0.06 
Pepper 13 1.92 38.58 7.55 10.81 0.29 8.23 1.04 1.62 0.03 0.30 0.08 0.10 
Egg plant 10 1.12 21.53 6.63 8.20 0.26 2.25 0.76 0.87 0.02 0.11 0.06 0.06 
Fava. Bean 6 1.80 21.13 10.26 11.23 0.30 2.91 2.02 1.77 0.03 0.39 0.19 0.18 
Courgette 6 1.77 24.21 5.99 8.18 0.30 1.48 0.84 0.84 0.03 0.12 0.07 0.07 
Melon 2 2.82 12.65 7.73 7.73 0.34 2.87 1.61 1.61 0.04 0.19 0.12 0.12 
Okra 15 1.63 15.89 4.29 5.63 0.37 1.74 0.65 0.70 0.03 0.08 0.05 0.05 
Tubers              
Garlic 1 1.31 1.31 1.31 1.31 0.32 0.32 0.32 0.32 0.05 0.05 0.05 0.05 
Radish 5 1.98 9.13 5.94 5.79 0.52 1.35 0.76 0.82 0.05 0.11 0.05 0.07 
Onion 5 0.97 28.14 2.46 7.23 0.17 0.41 0.24 0.29 0.02 0.09 0.04 0.04 
Cereals              
Wheat 13 0.07 1.58 0.35 0.42 0.01 0.11 0.02 0.03 0.00 0.02 0.00 0.01 
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Figure 3-36. Plant iodine uptake and relationship with total soil iodine (extracted by 10% TMAH) in leafy 
vegetables 
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B) 
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Figure 3-37. Plant iodine uptake in fruit and leafy vegetables (A and B) as a function of soil adsorbed iodine 
(extracted by 0.016M KH2PO4) IP. 
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Figure 3-38. Plant iodine uptake as a function of soil soluble iodine (extracted by 0.01M KNO3) (IN) 
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In addition to role of soil adsorbed iodine in plant uptake of iodine, figure 

3.37 plots soil adsorbed iodine and plant iodine content in  each plant 

species  whilst figure 3.39 plots  soil (IP +IN) iodine for each site and average 

of iodine content of all plants grown in corresponded site. Since the IN was 

considerable lower than IP it seems the majority of available iodine in soil 

was IP. It implies that considering any difference in uptake mechanism or 

inherent affinity of plant species for iodine, the adsorbed fraction overall is 

influential factor for plant iodine uptake and found as a bioavailable fraction 

of soil iodine in these soils. This relationship was examined for soil solution 

and total iodine individually but no correlation was observed. 

 

3.4.6 Irrigation water  

 

3.4.7.1 Irrigation water characteristics 

 

Mean DOC in irrigation water was 6.8 mg L-1. The highest DOC was recorded 

at Zamaqi location 25.1 mg L-1 for a spring water that traverses through 
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irrigation channels and it is possible to have a soil contamination and other 

organic material compared to other sources. The second and third highest 

DOC values were recorded in the Tanjaro and Dukan sub areas, and were 

a wastewater and river respectively and expected to have a high level of 

DOC as the river may contain waste water of some villages. The average 

DOC excluding these three samples was 4.2 mg L-1.  

Dissolved inorganic carbon (DIC) in irrigation water was relatively constant 

and ranged from 34.3 mg L-1 (n=4) in Kalar to 56.2 mg L-1 (n=6) in 

Sulaimani . The average of DIC across all irrigation water samples was 47.6 

mg L-1.  

Total dissolved solid (TDS) ranged from 85.8 to 305 mg L-1. This range is 

<500 mg L-1 and means that the water can be classified as a low salinity 

hazard irrigation water (Chapman, 1996). 

Water alkalinity was estimated based on Ca and all were classified as hard 

waters. Water containing >200 mg L-1 CaCO3  has classified as an alkaline 

water and severe hazard level of alkalinity and in range of 100-150 

classified as a significant hazard levels (Chapman, 1996) which most of 

water samples were in this range except Zhalla area which had a low CaCO3 

content. Alkalinity indicates the ability of the water to increase the pH of 

the soil or growing media. 

Sodium adsorption ratio (SAR) in all areas was <3 which is classified as a 

non hazard level except. Zhalla area which had considerably high SAR value 

(23.3) and determined as a severe hazard level. This is due to having a high 

Na concentration in that water sample.  
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Table 3.14. Irrigation water characteristics 

 n.d: Not determined

Areas Location 
Sourc

e 
OC IC  Cl- NO3

- SO4
2- Na Mg K Ca S B CaCO3 TDS SAR 

mg L-1 

Sulaimani 

Tan1 waste 18.1 74.7 73.1 0.65 25.0 63.01 18.5 9.38 93.9 35.2 0.0368 235 222 1.55 

Duk1 Well 14.6 74.4 56.7 2.57 8.82 78.88 40.8 3.19 39.4 13.1 2.703 98 179 2.10 

Duk2 River n.d* 42.1 7.15 0.77 7.81 7.44 14.98 1.43 49.7 11.4 0.0719 124 85.8 0.237 

Baz1 Well 7.93 46.6 20.9 10.1 1.52 6.98 25.13 0.63 68.5 2.48 0.0158 171 105 0.183 

Baz2 Well 7.67 46.6 7.24 3.49 2.05 3.94 6.29 0.813 68.6 6.19 0.0273 171 86.1 0.122 

Zhalla Well 1.32 52.7 48.9 n.d 11.0 142 0.239 10.3 2.41 16.0 0.952 6.030 175 23.3 

Sharazoor New-Hal Well 4.68 62.4 20.6 3.85 2.67 8.87 25.4 2.80 83.1 4.14 0.0309 208 126 0.218 

Kalar 

Kal1 Well 4.50 32.3 14.0 7.51 102 25.9 35.2 1.15 121 118 0.0998 303 305 0.532 

Kal2 Well 3.58 36.9 25.3 6.74 37.9 15.7 13.5 0.89 56.7 17.6 0.0508 142 106 0.486 

Kal4ab Well 3.72 34.8 11.8 4.45 13.6 16.4 14.7 0.88 64.8 20.05 0.0581 162 118 0.477 

Kal4c Well 3.069 33.0 10.3 3.43 12.3 20.5 21.9 1.10 91.4 48.7 0.0556 228 186 0.499 

Halabja 

Zam Spring 25.1 60.6 48.4 0.00 17.2 53.6 9.37 8.01 78.5 25.9 0.0192 196 177 1.52 

Zam Well 4.37 46.3 7.87 3.43 4.85 3.77 14.3 0.514 78.5 7.30 0.0148 196 105 0.103 

Bak1 Well 3.96 45.1 4.16 2.69 2.66 5.62 13.3 0.522 64.2 3.87 0.0227 160 88.2 0.167 

Bak2 Well 3.94 46.4 8.24 3.90 5.40 4.28 10.94 1.15 80.0 7.72 0.0125 200 105 0.119 

Bak3 Well 3.85 45.0 5.09 3.03 2.58 4.29 13.9 0.405 71.7 4.08 0.0159 179 95.2 0.121 

Bia Spring 3.98 43.3 1.73 1.16 1.68 2.03 6.48 0.659 78.4 2.96 0.0215 196 91.4 0.059 

Khor River 2.88 38.3 5.47 0.923 4.01 6.56 20.2 0.539 60.6 3.40 0.0228 151 92.0 0.186 

Kag Well 4.33 41.8 6.15 3.12 2.06 3.74 9.67 2.34 70.6 3.29 0.0141 177 90.4 0.110 
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3.4.7.2 Selenium and iodine content in the irrigation water  

 

Selenium concentration in all water sources was <1µg L-1 (mean = 0.495 

µg L-1, n=19) and ranged from 0.05 to 0.859 µg L-1. Kalar and Halabja areas 

had higher water selenium concentration compared to Sulaimani and 

Sharazoor (Fig 3.40b and Table 3.15). No any correlation was observed 

between water selenium content and each one of soil selenium soluble, 

adsorbed and plant selenium content. It can implies that water selenium, 

due to very low concentration, is not a factor which controls plant selenium 

uptake in the studied area.     

Iodine concentration in the water samples varied from 2.49-36.21 µg L-1 

(mean= 11.9 µg L-1, n=19). The average value of iodine in river water has 

been reported as  5 µg L-1 (Fuge and Johnson, 1986). Mehra et al. (2014) 

reported the mean of water iodine content originated from limestone areas 

to be 4.8 µg L-1. Waters in the Sulaimani and Kalar areas had the highest 

water iodine concentration (16.6 and 15.9 µg L-1 respectively), Halabja had 

the lowest 4.83 µg L-1 (n=8) (Table 3.15, Fig 3-40a). 

 

              Table 3.15. Selenium and iodine water content in main areas  

Area n 
Selenium concentration Iodine concentration 

µg L-1 µg L-1 

  Min Max Mean Min Max Mean 

Sulaimani 7 0.050 0.631 0.372 4.782 36.185 16.569 

Sharazoor 1 0.373 0.373 0.373 11.636 11.636 11.636 

Kalar 4 0.453 0.866 0.635 15.610 20.407 15.889 

Halabja 8 0.181 0.859 0.548 2.467 6.850 4.835 
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Figure 3-41 shows that a strong correlation exists between soil CaCO3 % 

(estimated from soil IC%) and underground water iodine content in the 

local water supplies.  This may reflect the geology of the reservoir where 

water originated from. Speciation of the waters indicated that  the iodine 

was mainly present as inorganic species. At most sites the dominant species 

was iodate e.g. in Kalar and its subareas 100% of the iodine was iodate. In 

Halabja three subareas had 100% iodate while one subarea had 100% 

Figure 3-40.  The amount of selenium and iodine concentration in irrigation 
water of four main areas.  
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iodide. Only one site in Sulaimani had a mixture of three species; 50, 40, 

and 10% iodide, iodate and organic iodine respectively.  

 

 

3.4.7.3 Water iodine content and relationship with soil and plant 

iodine status 

 

It was not observed a relationship between water iodine concentration and 

soil IN or IP when all the locations considered. It is acceptable since iodine 

can be adsorbed by soil component, such as organic material, relatively 

quick (Shetaya et al., 2012) and soil samples had variable organic material 

content.   

A correlation was observed between water iodine content and extractability 

of  Ip+IN in proportion of soil  ITot; % (IP+IN/ITot) across all the areas  (Fig. 

3.42).  This is could be attributed to replenishing iodine from irrigation water 

continuously and soils which received water with high iodine concentration 
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source) 
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may contain more iodine available or more iodine which is not fixed yet and 

easier to extract. 

 

 

A relationship was observed between water iodine content and average of 

iodine content in all plant species grown in the area irrigated with that water 

for two areas Halabja and Sulaimani  (Figure 3.43 a & b). This suggests that 

irrigation water iodine content seems to be the factor controlling plant 

iodine content. One of the reasons for this could be that the majority of 

iodine was in inorganic forms that are more bioavailable for plant uptake 

(Ashworth, 2009). 

The role of iodine content of irrigation water in replenishing soil iodine pools 

was examined. The estimated total amount of iodine supplied by irrigation 

water to a hectare of soil over a 6 months growing season was calculated 

as 537 g ha-1 season-1.  This calculation carried out  based upon the total 

water consumption of a plant growing in 1 kg of Iraqi soil in a pot trial (6 L 

kg-1 season-1) at  temperatures similar to those anticipated in Kurdistan.   

Figure 3-42. Relationship of water iodine content and extractability of iodine 
in proportion of total soil iodine %(IP+IN/ITot) 
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This amount was higher than soil soluble iodine  IN  for 1 ha of soil (127 g 

ha-1) and less than amount of adsorbed iodine IP for 1 ha soil (830g ha-1) 

while the total amount of iodine in 1 ha soil estimated as (10 kg ha-1). Since, 

the majority of iodine in both soluble and adsorbed fraction  (IN+IP = 957 g 

ha-1) was found as organic compared to the amount of inorganic iodine 

derived from irrigation water (537 g ha-1) and plant preferentially uptake 

inorganic forms of iodine and these are mainly supplied by the irrigation 

water. Consequently, water iodine seems have a considerable role in plant’s 

iodine content.  

 

Figure 3-43. Relationship of irrigation water iodine concentration with average of 
iodine concentration in the corresponding plants grown in that area a)Halabja 
b)Sulaimani  
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3.5 Conclusion 

 

The mean concentration of SeTot in the areas studied was 309 µg kg-1 which 

is lower than the global mean for soils of 400 µg kg-1. The mean 

concentration of the SeN fraction was 1.90 µg kg-1, just 0.69% of SeTot. The 

mean concentration of SeP was greater, at 5.65 µg kg-1 - 1.88% of SeTot. 

Thus, combining the soluble and adsorbed fractions (SeN+P), only 2.57% of 

SeTot could be regarded as immediately available Se for plant uptake. 

Furthermore, speciation of SeN and SeP showed that 51% of SeN was present 

as inorganic anions with more selenate (SeVI) than selenite (SeIV) and 78% 

of SeP was present as inorganic Se with the vast majority being SeIV (96%). 

Thus, assessing the ‘bioavailable’ pool of Se in these soils by simple 

chemical extraction is complicated by differences in speciation in soluble 

and adsorbed forms - both in terms of inorganic Se valence and in the 

proportions of inorganic and organic forms in both fractions. It is unlikely 

that the plant uptake rates of selenite, selenate and soluble organic Se are 

the same and so it seems unlikely that simple extractions without speciation 

will provide a consistent prediction of Se bioavailability.  

Soil %OC was positively correlated with SeTMAH suggesting retention of Se 

by soil organic matter. This correlation was not observed for Sep or SeN 

when all the areas were considered together. The proportion of Se that 

resisted extraction by 10% TMAH (%SeTMAH) varied in the range 20.3-

89.0% (mean value = 41%) suggesting a substantial residual form of Se in 

these soils.  A negative correlation was found between soil pH and SeTMAH in 

some sub-areas but not when all the areas were considered, probably due 

to the very narrow range of pH variation in some areas. 
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This residual Se may be associated with CaCO3, perhaps as selenite 

incorporated into the calcite structure. Further investigation would be 

required to resolve this. 

The plant Se concentration varied widely across all vegetables, from 4.34 

to 678 µg kg-1 and was comparable, or generally higher, compared to data 

reported from other countries. The mean concentration of Se in vegetables 

as a group was 113, 112, 69 and 49 µg kg-1
dw for leafy vegetables, tubers, 

fruit vegetables and wheat respectively. Plants grown in soils with pH>8 

generally had higher Se concentrations compared to those grown in soils 

with lower pH values which mostly applied for fruit vegetables than leafy 

vegetables which could be attributed to plant transfer mechanisms, growing 

season time or internal Se mobilization. Overall, however, there was not a 

strong correlation between any of the soil Se fractions, SeTot, SeTMAH, SeP and 

SeN, and plant Se content when all plants were considered together. 

However there was a correlation between both SeN and SeP with plant Se in 

the cases of a few vegetables – notwithstanding the variation in speciation 

within the fractions SeN and SeP seen between soils.  

The mean concentration of soil iodine (ITot) was 4140 µg kg-1 across all 

studied areas, which is comparable with the global average, but some of 

the areas were close to concentrations reported for iodine deficient areas, 

from other studies. The average concentration of soluble IN was 51.0 µg kg-

1 which is 1.23% of the average ITot. There was a greater concentration of 

adsorbed iodine (Ip) with a mean value of 332 µg kg-1, comprising more 

than 8% of ITot and suggesting almost 10% of soil iodine (IN + IP) is available 

for plant uptake in these soils. However, iodine speciation revealed that 

only 33% of IN was inorganic, mainly iodide, whilst only 6% of IP was 
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present in an inorganic form – again with the majority present as iodide. 

There was no clear relationship between ITot and %OC when all areas were 

considered, possibly due to the relatively narrow range of %OC in the 

studied soils; exceptionally in one of subareas a negative correlation was 

observed. A negative correlation was also found between %OC and IP within 

some sub-areas, perhaps indicating that soils with a higher %OC were 

better able to fix or retain iodine in a strongly bound form and thereby 

reduce iodine availability. No correlation was observed between pH and soil 

iodine for any of the fractions.  

Iodine concentrations were greatest in leafy vegetables (439 µg kg-1
dw); 

concentrations in fruit vegetables, tubers and wheat were 368, 140 and 12 

µg kg-1
dw respectively. The mean concentrations of iodine in the crops were 

comparable, or in some cases higher, than other reported studies except in 

grains which were comparatively very low. A relationship between soil ITot 

and plant iodine content was observed in a few plant species - e.g. chard, 

okra and cucumber.  For the majority of plants, however, the relationship 

was very weak or absent. A better correlation was found between IP and 

plant iodine content but very poor correlation was observed for IN. In 

addition ‘available iodine’ (soil IN+P) was correlated (r = 0.66) with average 

plant iodine content grown at the corresponding site. 

Selenium concentrations in irrigation water were very low, with a mean 

value of 0.495 µg L-1 (n = 20); the average iodine concentration in water 

was 11.9 µg L-1. There was no correlation between Se in irrigation water 

and plant Se content but plant iodine content was significantly correlated 

with iodine in water (r=0.97 and 0.91 for Halabja and Sulaimani areas 

respectively). A strong correlation observed between soil CaCO3 content 
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(%) and underground water iodine content could reflect the geology of the 

reservoir from where water originated and indicate the presence of iodine 

rich sedimentary parent material. There was also a strong positive 

correlation between water iodine content and the average iodine content 

for all plant species grown in the area and irrigated with that water 

supply.  There is therefore evidence that iodine in irrigation water plays an 

important role in determining plant iodine content in the area under study.    
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4 FEASIBILITY OF SELENIUM BIOFORTIFICATION USING 
77SE AS A TRACER 

 

 

4.1  Introduction 

 

As a component of selenoproteins, selenium (Se) is considered an essential 

element for human health. One of the main ways that Se enters the body 

is via the consumption of fresh vegetables, whose concentration of this 

element depends on soil Se content and bioavailability (Funes-Collado et 

al., 2013). Agricultural biofortification with Se-enriched fertilisers is a 

successful strategy for increasing dietary Se intake by humans and animals 

that has been implemented in some countries (Broadley et al., 2010, 

Smoleń et al., 2014). Selenium is typically applied as sodium selenate 

(Na2SeO4), sodium selenite (Na2SeO3) or as a trace component in 

commercial fertilizers (e.g. ‘Selcote Ultra’, ‘Top Stock’) (Mathers et al., 

2017).  It is consistently reported that uptake of Se by crops is a remarkably 

linear function of application rate (Chilimba et al., 2012). A wide range of 

selenium application rates have been tested in biofortification research, but 

rates of approximately 10 g ha-1 have been accepted as a realistic level to 

achieve safe and useful dietary enrichment with Se (Chilimba et al., 2012, 

Gupta et al., 1993). It is also generally accepted that plant uptake of 

selenate is substantially greater than that of selenite because of (i) the 

greater availability of selenate in the pH range of agricultural soils and (ii) 

greater ease of translocation within plants compared to selenite (Ros et al., 

2016).  
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Selenium uptake by plants is still the subject of extensive study and the 

efficiency of different fertilizer formulations and residual effects remain 

areas of particular interest (Keskinen et al., 2011). Quantification of 

fertilizer Se in biomass, and residues in soil, strictly requires some means 

of discrimination between the Se applied as a fertilizer (Sef) and native Se 

from soil (Ses). Because the amount of Se applied (10 g ha-1) is negligible 

compared to Ses (c. 600 g ha-1 in this study) assuming a 2500 t ha-1 mass 

of top soil (bulk density =1.25 g cm-3; soil depth = 20 cm; Se concentration 

= 240 µg kg-1). This issue can be addressed by using an enriched (> 99%) 

stable isotope of Se such as 77Se (7.63% natural abundance). Most Se 

biofortification studies have been carried out on staple grain crops such as 

wheat and maize; comparatively little is known about Se biofortification of 

green vegetables. There have been some studies in hydroponic systems or 

other culture media but not in arable soils.  

 

The primary aims of this study were:  

a) To examine the feasibility of biofortification using a single application 

of Se (10 g ha-1) to calcareous soils and commonly grown vegetables 

(local genotypes) of Kurdistan; 

b) To determine the fate of applied Se and source apportionment of 

plant Se between fertilizer and soil Se using enriched 77Se as a tracer.   
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4.2  Material and methods 

 

4.2.1  Soil sampling and preparation 

 

The soil used in this experiment was sampled from agricultural land 

normally used for growing vegetables. Soil was taken from shallow soils (0-

15 cm) of the Tanjaro area of Sulaimani, Kurdistan. The soils were 

homogenised, air dried, <2 mm sieved in the Technical Institute of Halabja 

before shipping to Nottingham University, UK. A portion of 50 g was finely 

ground using an agate ball mill (Retsch, PM400); sub samples were acid 

digested for elemental analysis (see section 2.4). 

4.2.2  Spiking soil with enriched 77Se and potting  

 

The soil was moistened (top c. 10% w/w) with deionised water using a food 

processor mixer and incubated in a cold room (4 oC) for three days before 

being spiked with Se. The amount of required 77Se for each pot was 

calculated based on the mass of topsoil in one hectare. The hectare mass 

was estimated based on an assumed soil depth of 20 cm and bulk density 

of 1.25 g cm -3. Assuming 2.5×106 kg ha-1 topsoil mass and 10 g ha-1 of 77Se 

application, a gravimetric application of 0.004 mg kg-1 is required which 

equals 2 µg pot-1 (500 g soil (dw) per pot). The same calculation was applied 

based on the area of one hectare compared to the area of one pot (11 cm 

pot diameter) and the estimated amount was 9.49 µg pot-1; but applying a 

conversion factor to allow for topsoil depth in the pot the application would 

then be reduced to 2.3 µg pot-1. The mass based calculation (2 µg pot-1) 

was applied in this experiment. The primary stock solution of 2000 µg L-1 

was prepared from a primary stock of 259 mg L-1 (Isoflex; USA). One ml of 
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stock solution (equivalent to 2 µg 77Se) was diluted with 19 ml of Milli-Q 

water and gently mixed with 550 g soil (moist weight) for each pot using a 

food processor to ensure homogenisation while still maintaining an aerobic 

crumb aggregate structure.   

4.2.3  Pot experiment design 

 

The experiment consisted of a randomised block design and included 5 

vegetable types with 12 pots for each type. Four of the 12 pots received no 

biofortification treatment while 8 were spiked with 77Se and 4 of these also 

received 129I- while the remaining 4 pots received 129IO3
- solution (0.5 µg L-

1) as a daily irrigation treatment. The 60 pots were distributed in 4 blocks 

of 15 pots; each block included one replicate of all treatments, randomly 

positioned within the block. All pots were labelled prior to sowing the seeds.  

4.2.4  Vegetable sowing 

 

Five vegetables widely used in the Kurdish diet were selected for this 

experiment. The seeds were of Kurdish genotypes commonly planted in the 

local area. These vegetables included celery, chard, lettuce, radish and 

spring onion (Fig 4.1).  

The seeds were sown just below the surface of the soil (1-2 cm depth) 

depending on seed size. The density of sowing was (0.5 g) per pot. To limit 

surface evaporation and prevent weed growth the soil surface in the pot 

was covered by a thin layer of perlite (1 cm). The pots were irrigated and 

covered by a plastic sheet to aid germination. After 3 days the plastic sheets 

were removed and irrigation was applied daily. One week after germination 

the vegetables were thinned to 10 celery, 10 spring onion, 2 chard, 2 lettuce 
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and 2 radish plants. Environmental conditions in the growth room were 

initially intended to mimic conditions during mid spring in Kurdistan: 

15°C/10 h night and 25°C/14 h day, 50% humidity. After one month control 

settings were changed to 28oC (day) and 18°C (night) and 25% humidity 

(Fig 4.2 and 4.3). The photon flux was 650 µmol m−2 s−1 for   

                                   

Figure 4-1. Vegetable species used in this experiment 
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Figure 4-2.  Daytime and night temperatures during the experiment 
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the daytime period. Water was applied every day but the amount of water 

for each vegetable type differed during the growing period according to their 

individual water requirements: daily applications included 1.76, 2.21, 3.08, 

3.09 and 3.16 L for spring onion, celery, chard, lettuce and radish 

respectively (growing season collectively). Fertilizer was applied twice, after 

3 and 6 weeks of growth, to achieve normal growth conditions. Application 

rates were 50 kg ha-1 of nitrogen and phosphorus, as KNO3  and (NH4)2HPO4, 

applied in irrigation water.   

4.2.5  Plant harvesting  

 

Plants were harvested after 8 weeks of growth, when they reached the 

stage of having sufficient edible material. Shoots were harvested above the 

soil surface, using stainless steel scissors. Care was taken to avoid 

contamination from soil particles during harvesting. Plants were weighed 
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immediately after harvesting to determine the fresh weight and then dried 

in a paper bag. The roots were carefully separated from soil particles.   

Soils including roots were sieved (<1 mm) and the roots removed in the 

sieve were washed with deionized water. This process was repeated 2-3 

times until all the soil particles adhering on root surfaces were removed. 

Radish bulbs were washed by deionized water (Fig 4.4). Roots and bulbs 

were dried with absorbent paper and dried in a paper bag. 

 

 

 

Figure 4-4. Separating  plant ‘s root from shoot and cleaning 
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4.2.6  Plant and soil, preparation and analysis 

 

Following harvesting and cleaning, plant tissues were dried at 40°C for 72 

hr and weighed. Samples were milled and subsamples were (i) microwave 

acid digested and (ii) microwave TMAH extracted, in duplicate for all 60 pots 

pending selenium and iodine analysis (see sections 2.6). Samples from the 

sieved potted soil were air dried and ball-milled; a sequential extraction was 

then carried out to determine soluble, adsorbed and organic-bound 

fractions (See section 2.4, 2.5).  Soil selenium speciation (Se+4 and Se+6) 

was carried out (HPLC-ICPMS) on the soluble and adsorbed fractions (see 

section 2.7).  

4.2.7  Calculation of Se source apportionment 

 

Considering the application of 77Se as a fertilizer and the multiple Se 

isotopes available in soil (including native 77Se), both ‘total’ Se (measured 

by ICPMS at m/z = 78) and total 77Se (m/z = 77) were determined by 

separate external calibration. The apportionment of plant 77Se from the 

fertilizer (77Sef) and soil (77Ses) were estimated using the natural abundance 

of 77Se and estimates of total Se from soil sources (SeTot) measured by 

calibration at m/z = 78.  

77Ses = (SeTot /78.96) × 0.0763 × 76.919                                              Eq.4.1 

Which 77Ses is the amount of native 77Se estimated from natural Se source, 

SeTot is the total Se from soil sources (all isotopes), 0.0763 is natural 

abundance of 77Se in soil and other values are the atomic weight of the 

single isotope 77Se (76.919) and the average of all isotopes of Se (78.96). 

The value of 77Ses subtracted from total 77Se in the plant (77SeTot) then 
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provides an estimate of the amount of 77Se in the plant originating from the 

fertilizer (77Sef). The source apportionment of 77Se in each fraction of soil 

was calculated using the same method as above.  

The statistical analysis (one way and two way ANOVA) of this chapter have 

been done by Graph Pad Prism 7.02.  

 

4.3  Results and discussion 

 

Due to application of low concentration of 129I and 129IO3
-, the iodine 

concentrations in plants were below the limit of detection. Therefore this 

chapter presents only Se results.  A second experiment looking at uptake 

of iodine is presented in the following chapter.  

 

4.3.1 Soil properties  

 

The mean soil pH for 12 replicates of soil samples before planting was 

7.93. The organic carbon content was 2.38% and the total soil Se content 

was 240 µg kg-1.  The calcium carbonate content of the soil was 35%.     

4.3.2  Selenium fractionation  

 

4.3.2.1 Soil Se 

 

The sequential extraction results showed that only 1% (2.37 µg kg-1) of soil 

SeTot was present in soluble fraction (SeN). The amount of adsorbed Se (SeP) 

was 4.19% (10.07 µg kg-1) and organic-bound fraction (SeTMAH) was 43.2% 

(103 µg kg-1) (Fig 4.5). The remaining soil Se (50.8%) may be regarded as 

a recalcitrant Se phase; <1% of soil Se was taken up by the vegetables 
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(see section 4.3.5). Similar results were found for other soil samples taken 

from that area (Tanjaro-SUL), presented as part of the soil survey of the 

region (see section 3.4.3.2).   

The result of Se speciation in each fraction showed that 30% of SeN was 

inorganic, divided between selenite (20%) and selenate (10%), and 70% 

was organic. By contrast, about 50% of the Sep fraction (adsorbed) was 

inorganic (only selenite) and 50% was present as organically bound Se. 

 

4.3.2.2. Fertilizer 77Se  

 

Sequential extraction was carried out after harvesting. Therefore, in soil 

fractionation calculations the amount of 77Sef taken up by the plants (see 

section 4.3.5) was accounted for by initial subtraction from the total applied 

77Sef (Figure 4.6b). Results were similar to those for the soil Se results: the 

mean value for the 77SeN fraction was 1.55%, the 77SeP  fraction 3.54% and 
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77SeTMAH was 55% of 77Sef applied (allowing for plant uptake). The residual 

fraction of 77Sef (40%) suggests that recently added Se can be rapidly 

transferred to a recalcitrant form.  Losses of 77Se during plant growth were 

unlikely as there was negligible drainage from the pots during the course of 

the experiment (Figure 4.6a). The 77Se speciation results showed that the 

77Se present in 77SeN  was >70% Se+6 and the rest was Se+4 and in 77SeP  

Figure 4-6. Fractionation of  77Se (A) Proportional (%) distribution of Se fractions 
according to the 77Se remaining after subtracting biomass uptake (B) Recovery of 77Sef 
according to the amount applied per pot. 
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100% was present as Se+6 – i.e. the entire fraction was inorganic suggesting 

a part of  Se+6 applied from the fertilizer converted to Se+4 at the end of 

growing season in SeN+P fraction.  

These results imply that at the end of growing season (8 weeks) the 

availability of 77Sef has been substantially decreased in the soil. Only 5% of 

77Sef was present in a form likely to be available for plant uptake (77SeN and 

77SeP) and approximately 40% was recalcitrant (excluding plant uptake 

amount) equals 35% of applied 77Sef not even extractable by 10% TMAH. 

Furthermore, the recalcitrant 77Se apparently varied slightly in the soil used 

to grow different vegetables. The reasons for this remain unclear, 

considering that from <1% to 25% of the Sef was taken up by the vegetable 

plant species. Figure 4.6b presents this based on µg77Se per pot.   

 

4.3.3 Plant uptake of native soil Se 

 

There was no significant difference in plant Ses concentration between 

treatments which had received either 129I and 129IO3
- (α=0.05; p>0.05). The 

average concentrations of Ses across all plants which had received 129I and 

129IO3
- are shown in Figure 4.7.  

Smoleń et al. (2014) biofortified lettuce by Se and I simultaneously in 

hydroponic system using different treatments and reported that 

introduction of iodate and selenate in dose of 0.5 mg Se and 1.0mg I dm-3 

had no negative interaction on uptake of these elements by roots.  

Values of shoot Ses of celery and spring onion (107 and 115 µg kg-1 

respectively) were significantly higher (P<0.01) than those of lettuce, 

radish and chard (70.6, 59.4 and 58.2 µg kg-1 respectively) (Fig 4.7). There 
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was no difference between chard, lettuce and radish. There was no 

difference in shoot Ses concentrations between controls and 77Se treatments 

(α=0.05; 

 

 

 

p>0.05) with the exception of celery.   

The root Ses concentration ranged from 179 to 566 µg kg-1 in spring onion 

and radish respectively (Fig 4.7). In all vegetables, root Ses was significantly 

higher than shoot Ses (α=0.05; p<0.001) but there was no significant 

difference in root Ses between control and 77Se treatments. Variation in 

shoot and root SeS concentration where all plants have been grown in the 

same soil must reflect inherent differences in affinity of the plants for Se 

(Zhu et al., 2009).  
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4.3.4  Plant uptake of Se from fertilizer 77Se 

 

The concentration of 77Se from fertilizer origin (77Sef) in shoots varied 

between vegetable varieties (α=0.05; P<0.01). The highest concentration 

of 77Sef was for radish whilst lettuce had the lowest value (46.9 and 10.5 

µg kg-1 respectively). This pattern was true for shoot Ses of the same plants 

(Figure 4.8).  

Concentration of 77Sef in radish roots was significantly higher (147 µg kg-1) 

(α=0.05; P<0.01) whilst the roots of other vegetables had lower 

concentration of 77Sef varying in the range 21.02 to 41.9 µg kg-1 (Fig 4.8). 

Concentrations of 77Sef in roots were higher than in shoots for all vegetables 

except celery. The affinity of celery for Se uptake could be one of the 

reasons for this difference. In the crop survey undertaken previously (see 

section 3.4.4.1) celery had the highest Se concentration among 28 plant 

species.  
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Figure 4.9 shows the total Se concentration in the vegetable plants 

originating from soil and fertilizer sources. The source apportionment of Se 

shows that in all cases, for roots and shoots, concentrations of 77Sef were 

considerably lower than those originating from Ses. This result is not in 

agreement with other Se biofortification studies reported earlier. One of the  
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possible reasons for this could be higher availability of native soil Se in these 

soils due to their high pH. Moreover, the large amount of calcium carbonate 

in these soils (35%) may be the reason for low availability of the added 

77Sef. After harvesting only 50% of 77Sef was extractable by TMAH 

suggesting that the 77Sef had readily assimilated into the native soil Ses 

pool. This again would cause an increase in the ratio Ses/Sef in the plant 

tissue compared to previous studies.  The ratio Ses/Sef also varied between 

varieties (Fig. 4.9 B). This may reflect the growth patterns of the different 

crops against a background of gradually decreasing Sef availability in soil 

during the growing season and consistent availability of Ses. Consequently, 

those plants which grow more rapidly or having rapidly extending root 

systems are more likely to take up more 77Sef in the beginning of the 

growing season when it is more available.  

Mathers et al. (2017) reported that applying 10 g ha-1 of 77Se (foliar spray 

1.0 L m-2) could boost the total wheat grain Se concentration to 4-13 times 

that of controls.  This difference in result may be attributed to method of 

Se application and soil characteristic of studied soil in this experiment (35% 

CaCO3). 

Soil-to-plant transfer factor from Sef, determined by dividing plant 77Sef by 

soil 77Sef, was considerably higher than for soil Se source (Fig 4.10). So 

although more soil Se was taken up than fertilizer-derived Se, the latter 

was intrinsically more available than the native soil Se. The transfer factor 

for Sef was 20 times larger than that for Ses; total Ses in the soil was 60 

times larger than the amount of Sef added to the soil (Fig. 4.10). 
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4.3.5 Selenium recovery 

 

The recovery of Se by plant biomass from soil Se was low and ranged from 

0.064 to 0.80 % for spring onion and lettuce respectively. The recovery of 

Sef in plant biomass ranged from 0.44 to 25.2 % for spring onion and radish 

respectively whilst other vegetables had recovery of 6-7% (Fig 4.11). 

Significant differences between recoveries (P < 0.01) in different vegetable 

varieties probably reflects differences in plant growth rate against 

progressive fixation of the Sef in the soil. Recoveries in plant tissues are 

shown in Table 4.1 according to shoots and roots. 
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Table 4.1. Recovery of Se by plant biomass according to soil Se and fertilizer origin Se 

  

n 

Se taken up by plants Se taken up by plants 

Pants compared to total Soil Se* compared to 77Se applied** 

 µg % µg % 

Shoots           

Celery 12 0.310 0.258 0.106 5.30 

Chard 12 0.241 0.201 0.0747 3.74 

Lettuce 12 0.373 0.311 0.0420 2.10 

Radish 12 0.362 0.301 0.315 15.7 

SP-onion 12 0.0512 0.0426 0.00468 0.234 

Roots      

Celery 12 0.303 0.253 0.0332 1.66 

Chard 12 0.489 0.407 0.0505 2.52 

Lettuce 12 0.587 0.489 0.0648 3.24 

Radish 12 0.274 0.228 0.0645 3.23 

SP-onion 12 0.0255 0.0213 0.00419 0.209 

Bulb      

Radish bulb 12 0.144 0.120 0.12 6.21 

*240 µg kg-1 **4 µg kg-1 

 

 

 

 

 

 

 

 

Figure 4-11. Proportional recovery of Sef in plant biomass and in the soil 
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Mathers et al. (2017) after biofortification of wheat by 10 g ha-1 Se found a 

biomass recovery rate of 77Sef in the range of 25 to 44% at three different 

sites, 15-30% retention in top soil and almost 40% losses from the system 

during a wet spring season. 

The current experiment highlights the importance of the soil characteristics 

in determining the outcome of Se biofortification and the importance of time 

of application and plant growth rate in the case of green vegetables.  

Funes-Collado et al. (2013) biofortified lettuce and chard grown in a peat-

based pot trial by adding sodium selenate and selenite (1:9) at levels of 2-

8 and 9-17mg Se kg-1. They reported total Se concentrations in leaves as: 

34-113, 108-171 mg kg-1 corresponding to the first and second levels of Se 

applied above. Most studies on the biofortification of vegetables have been 

undertaken with considerably higher applications of Se than used in the 

experiment presented in this chapter.  For example in the Funes-Collado et 

a.l study 1000 times more Se was applied than used in the Chapter 4 

experiment (2-8 mg kg-1 and 4 µg kg-1 respectively).  This tends to result in 

very high, but possibly unrealistic, Se concentrations in plants in some of 

the published literature.  

Puccinelli et al. (2017) carried out Se fortification of basil plants in a 

hydroponic system using levels of (0, 4, 8, and 12 mg L-1 of growth 

solution). At the higher concentrations of 8 and 12 mg L-1 there was a 

decreasing trend in Se uptake 13 days after application. However the 4 mg 

L-1 Se treatment demonstrated an almost stable concentration during the 

growing season (15-25 mg kg-1
DW). In agreement with the current 

experiment, at the end of the growing season the concentration of Se in 
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roots was higher than in leaves. Overall this implies that leafy vegetables 

can take up and tolerate a high concentration of Se when fortified by high 

Se concentrations in the growth media where there is no limiting factor in 

the growth medium as regards Se availability.  

Ríos et al. (2008) biofortified lettuce with sodium selenate and selenite 

solutions in a concentration range of (5 to 120 µmol L-1) in the pots 

(vermiculite growth media) and found the most suitable treatment for 

lettuce was 40 µmol L-1 (3.12 mg L-1) which resulted in 33 mg kg-1 Se 

concentration in lettuce plants.  

Businelli et al. (2015) reported an increase in lettuce Se concentration of 

up to 8.5 times higher than untreated controls by sowing seeds in peat 

containing 10-20 mg kg-1 Se prior to transplanting into the field.  

The main difference comparing the current experiment with other Se 

biofortification projects is that the current Se biofortification trial was 

undertaken in a naturally calcareous arable soil, with a large amount of 

calcium carbonate, compared to hydroponic and other growth media. In 

addition, a considerably lower concentration of Se was applied (4 µg kg-1 

compared to few mg kg-1 in mentioned studies above). Moreover, in the 

current experiment Se was applied before planting and, due to the soil 

characteristics, the availability decreased before some of the plants reached 

their full potential to take up Se. Therefore, for short growth-period green 

vegetables applying Se during the growing season and via foliar spray may 

improve the efficiency of biofortification in these type of soils. 
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Smoleń et al. (2014) after biofortification of lettuce by Se and I in 

hydroponic system noted a higher efficiency of Se and I biofortification in 

foliar spraying application compared to introduce via nutrient medium.  

 

4.4 Conclusion 

 

Application of 10 g ha-1 of Se increased the Se concentration of vegetables 

but, unexpectedly, in the soils studied the majority of Se uptake originated 

from the native soil Se (SeS) and not from the isotopically labelled Se 

application (77Sef). Variation was found in shoot and root 77Sef of different 

vegetable types, even though all plants have been grown in the same soil.  

There were also differences in the ratio of 77Sef:SeS between the different 

vegetable types. This pattern may have resulted from gradually decreasing 

availability of 77Sef (added once at the start of the experiment) against a 

more constant level of SeS availability during the growth period. 

Consequently, plants that grow more rapidly are likely to take up more 77Sef 

in the beginning of the growth season when it is more available. Therefore 

this apparent disparity between crop plants may be less if the fertilizer was 

applied in midseason when the plants were more uniform in their level of 

maturity or if the Se application was carried out via periodic foliar dressings.  

Alternatively, the variation in 77Sef recovered in plant biomass across all 

vegetable types (<1% to 25%) may simply have resulted from different 

intrinsic affinities of the plants for Se arising partly from differences in 

capacity (eg root binding site or transporter density) or different 

physiological uptake mechanisms.    
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Fractionation of soil 77Sef at the end of growing season showed that 55 and 

40% of the remaining 77Sef had been transformed to the organically-bound 

and recalcitrant fractions of 77Sef respectively and therefore only 5% of 77Sef 

remained available for plant uptake (in the SeN and SeP fractions).  

However, in contrast to native soil Se, the available 77Sef (SeN and SeP) 

remaining in the soil was entirely inorganic Se and therefore, presumably, 

easily available for plant uptake. The mechanism whereby 40% of the 77Sef 

is rapidly transformed to a recalcitrant phase is still not clear but it may 

attributed to high amount of CaCO3% in these calcareous soils. Timing and 

frequency of fertilizer application are perhaps the main factors requiring 

future research into biofortifictaion of vegetables in these types of soils with 

high carbonate calcium contents.  
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5 IODINE BIOAVAILABILITY IN SOIL AND THE FEASIBILITY 

OF BIOFORTIFICATION  
 

 

5.1 Introduction 

 

Producing iodine-enriched crops could be an efficient method of overcoming 

iodine deficiency in regions dependent on locally grown crops.  Thus 

biofortification may be an alternative to established strategies such as 

supplementary treatments or the use of iodine-enriched additives such as 

iodized salts (Hong et al., 2008). The latter is widely used, and may be the 

most economical and practical method, but iodized salt has its own 

drawbacks (Bu ̈low Pedersen et al., 2006). Inorganic iodine is volatile and 

iodised salt is subject to losses during cooking and storage, especially at 

high temperatures. Therefore, producing iodine-enriched vegetables has 

been investigated as an alternative approach. Iodine of food stuffs can be 

assimilated easily by humans; bioavailability is up to 99% (Longvah and 

Deosthale, 1998, Weng et al., 2008). It is also been reported in many 

studies that the iodine concentration of crop plants can be increased 

significantly by iodine concentrations in the growth medium but the 

response varies depending on species and plant cultural method (Zhu et 

al., 2003, Landini et al., 2011). Differences in iodine uptake by plants 

appear to depend on (i) the particular form or chemical species applied (ii) 

the physiochemical properties of soil that control interaction with iodine and 

(iii) the method of application. In addition, plant species differ in their 

preference for different form of iodine (Smoleń et al., 2016). Generally 

iodine is added via aggregated fertilizers, foliar application or irrigation 

water. It has been reported that iodine application via irrigation water or 



139 
 

fertigation is more efficient and economical than other methods. Ren et al. 

(2008) applied 40-80 µg L-1 of potassium iodate to soil in remote areas of 

China via irrigation water and reported an increase in soil total and soluble 

iodine and in animal and human urinary iodine for 4 years following the 

single application.  

Moreover, the distribution, transformation and translocation of iodine from 

soil to plant are not mechanistically understood. It has been reported that 

iodine in soil undergoes strong sorption by organic matter in reactions that 

can occur from 2 h to a few days after iodine introducing to the soil (Hakimi, 

1996; Kashparov et al., 2005, Shetaya et al., 2012). Iodine readily interacts 

with aromatic compounds within fulvic and humic acids, resulting in strong 

sorption by soil (Schlegel et al., 2006). The process of iodine adsorption 

from Al/Fe hydroxides has also been reported (Pless et al., 2007).  

Very little is known about the residual availability of iodine after fortifying 

soil. The objectives of this study were to better understand the dynamics of 

iodine in a soil-plant system with different plant varieties and to determine 

the efficiency of different iodine species, their behaviour and recovery rate 

by crop plants using soil and seed from the Kurdistan region. Therefore, the 

data discussed in this chapter include the 127I uptake from the trial 

undertaken in the previous chapter (Experiment I) and uptake of both 127I 

and 129I in the new trial described in this chapter (Experiment II).  

The main objectives of this study were:  

a) To evaluate iodine biofortification in calcareous soils and efficiency of 

different species of iodine as a fertilizer 
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b) Determining the fate of daily iodine applied during the growing 

season and source apportionment of plant iodine from soil I and 129I 

as a tracer.   

  

 

5.2 Material and methods 

 

OVERVIEW 

The majority of procedures undertaken in this study are described in the 

previous chapter (see section 4.2.1 to 4.2.6).This section will therefore only 

consider differences in the methods applied to the new pot experiment 

discussed in this chapter. This second biofortification pot experiment (II) 

was designed using similar approaches but with higher 129I concentrations. 

The number of plant varieties was decreased to three green leafy 

vegetables including celery, chard and lettuce. 

The statistical analysis (one way and two way ANOVA) was carried out using 

Graph Pad prism 7.02.  

 

5.2.1 Spiking soil with 129I  

 

The 129I was applied daily, throughout the trial, in irrigation water. The 

129IO3
- treatment was prepared from a stock solution (total activity of 4.52 

kBq and activity concentration in solution of 0.143 kBq ml-1) and the 129I- 

treatment was prepared from (total activity of 3.25 kBq and activity 

concentration solution of 1.72 kBq ml-1). The 129iodine (129I) (SRM 4949c) 
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was obtained from the American National Institute of Standards (NIST), 

Gaithersburg, Maryland, USA. The half-life of 129I is 1.57×107 years.  

Irrigation with iodine was started after seed germination using a diluted 

irrigation solution consisting of 1 mL of stock solution in 1 L of DI water 

(mQ water in pot experiment II); this was applied according to the plant’s 

water requirements and the volume applied to the pots recorded. The final 

concentration of 129IO3
- and 129I- in irrigation water for the experiment (I) 

was 0.5 µg L-1. For the experiment (II) the exact concentration of irrigation 

water was confirmed by ICP-MS and the concentrations were 6.89 and 5.56 

µg L-1 for 129IO3
- and 129I- respectively.  

 

5.2.2 Soil iodine analysis 

 

All soil preparation after harvesting and the subsequent analysis was as 

described in the methods described in sections (2.4, 2.5, and 2.6) for Se 

analysis. The only difference was that in the pot experiment (II) soil 

fractionation of iodine, was carried out on moist soils immediately after 

harvesting, when the soil was at field capacity; the measurements were 

then repeated after air-drying.  
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5.3  Results and discussion  

 

5.3.1 Plant uptake of 127I (Experiment I)  

 

Celery, lettuce and spring onion had significantly (Two way ANOVA, p< 

0.0001) higher iodine concentrations compared to chard and radish. As 

shown in Figure 5.1 the mean 127I concentration of vegetables across all 

treatments fell in the range 113-696 µg kg-1
dw for radish and celery 

respectively. No significant differences were observed (α =0.05, P = 0.74) 

for plant 127I concentration in the control and two 129I treatments. Thus, 

addition of 129IO3
- or 129I- spikes did not affect the uptake of 127I. Due to the 

delayed germination of Sp.onion, there was insufficient biomass for analysis 

of 127I in the 129IO3
--spiked Sp.onion. 

Soil used for the pot trial had identical 127I concentration in all treatments 

so, variation in 127I plant concentration in different vegetables appears to 

be a result of plant physiological factors e.g differences in biomass causing 

dilution of native soil 127I, stage of plant maturity affecting uptake rate or 

simply differences in the inherent affinity of plant for iodine uptake.   
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5.3.2 Fractionation and speciation of 127I in soil (experiment I) 

 

5.3.2.1 Soil soluble iodine (127IN) 

 

Soil soluble iodine (127IN) was determined in the soils in which different 

vegetable varieties had been grown. No significant difference was observed 

for 127IN between control soils and soil subject to both 129I spike treatments 

when similar vegetables had been grown (α=0.05, P=0.183). The value of 

127IN varied in the range 23 - 97 µg kg-1
dw depending on the vegetable type 

grown (Fig. 5.2). The concentration of 127IN in soils used to grow chard, 

lettuce and radish was considerably higher than 127IN in fallow soil (22 µg 

kg-1
dw). This suggests that plant growth may have changed the availability 

of iodine in the rhizosphere (α=0.05, p<0.0001). Moreover, there were 

differences in the volume of roots between vegetables. The 127IN   

 

0

20

40

60

80

100

120

C
el

er
y

C
h

ar
d

Le
tt

u
ce

R
ad

is
h

Sp
. O

n
io

n

C
el

er
y

C
h

ar
d

Le
tt

u
ce

R
ad

is
h

Sp
. O

n
io

n

C
el

er
y

C
h

ar
d

Le
tt

u
ce

R
ad

is
h

Sp
. O

n
io

n

Control Iodide-129 spiked Iodate-129 spiked

1
2

7 I
 (

µ
g 

kg
-1

) 
so

il 
d

w

Organic-I

Inorganic-I

Figure 5-2. Total soluble 127I concentrations (127IN) with apportionment 
between organic and inorganic I species 



144 
 

 

 

concentration was lower in the soils contained lower root densities e.g 

celery and Sp.onion. Organic acid exudates from roots may mineralize 

iodine bound to soil organic matter and transforms to organic soluble 

fraction. The soluble iodine 127IN as a fraction of total soil iodine (127ITot) 

varied from 1 to 4% depending on the vegetable type grown; the mean 

value was 2.7% (n=60) for planted soil and 1.09% for fallow soil.  

Speciation of 127IN showed that the majority of 127IN was organic (>90%); 

inorganic iodine fell in the range of 4 to 12 % of 127IN (1-15 µg kg-1
dw) 

depending on which plants had been grown (Fig. 5.2). The mean 

concentration of inorganic iodine was 8% when all vegetables were 

considered whilst fallow soils had 2% inorganic iodine. The vast majority of 

inorganic iodine was in the form of iodide as <2% of inorganic iodine in 127IN 

was found in the form of iodate. Soil on which radish had been grown had 

the greatest amount of inorganic iodine in contrast to soil on which celery 

and Sp.onion, with their lower root density, had been grown. It should be 

noted that speciation of 127IN was carried out on air dry soil following 

harvesting and so may have been affected by the drying process. 

Nevertheless, the amount of 127IO3
-(N), 127I-(N) and 127IOrg(N) were 

significantly different in soils depending on which vegetables had been 

grown.  
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5.3.2.2 Soil adsorbed iodine (127IP) 

 

As was found for 127IN, the adsorbed iodine fraction (127IP) showed no 

significant difference between control soils and both 129I treatments 

(α=0.05, p=0.807). Values of 127IP varied in range of 39 -70 µg kg-1
dw in soil 

which Sp.onion and chard had been grown respectively (Fig 5.3). This range 

was more limited compared to that of 127IN but differences were statistically 

significant (α=0.05, p<0.0001). It seems the factors which caused 

differences in 127IN also affected 127IP.  

The 127IP as a fraction of 127ITot ranged between 1.8-2.8% (Mean=2.3%; 

n=60). Thus, speculatively, the iodine ‘available for plant uptake’ (127IN+ 

127IP) was 6% of 127ITot but strongly affected by the vegetable type previously 

grown. The great majority of 127IP was organically bound (96%). The 

inorganic 127IP varied between 2-6% with a mean value of 4%. The majority 

of inorganic iodine was again iodide which ranged from 1.15 µg kg-1
dw for 
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celery and Sp.onion jointly to 2.03 µg kg-1
dw for chard. Concentrations of 

127IP were lower than those of 127IN.  

 

5.3.3 Plant uptake of 127I and 129I (Experiment II) 

 

Plant 127I concentration was in the range of 204-462 µg kg-1
dw for lettuce 

and celery with statistically significant differences between plants (α=0.05, 

P<0.0001) (Table 5.1). The 127I concentrations in roots were significantly 

higher than in shoots (α=0.05, P<0.002). It seems unlikely that this was 

due to soil contamination of roots as the roots were washed and variation 

between replicates was very small (standard error was negligible). Weng et 

al. (2008) found higher concentrations of iodine in roots compared to the 

shoots of Chinese cabbage when the plants were biofortified by both organic 

and inorganic fertilizers. Similarly, Weng et al. (2013a) reported higher 

concentrations of iodine in the roots of leafy vegetables compared to leaves 

when they applied algal organic iodized fertilizers to spinach, cabbage, 

coriander. 

The analysis of 129I showed that vegetables irrigated by 129I- had 

considerably lower iodine concentration (6.2 - 12 µg kg-1
dw) than those 

irrigated with 129IO3
- (53.3 - 479 µg kg-1

dw) (Fig 5.4). Chard had the greatest 

129I concentration which may attributed to the innate affinity of this plant 

for iodine.   
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           Table 5.1.Concentration of  127I according to diiferent plants and treatments (n=4)  

 

 

 

 

 

 

 

 

 

Unlike the shoots, 129I concentration in the roots of 129I- treated vegetables 

was comparable to those treated by 129IO3
- with the exception of chard that 

had the greatest amount of 129I in roots (Fig 5.4). Thus although iodide was 

taken up by roots there seemed to be limited subsequent transfer to the 

shoots.  

    127I (µg kg-1)  plant dw 

    Control 129I03
- spiked 129I- spiked 

Shoot 

Celery 330 462 412 

Chard 216 218 336 

Lettuce 227 204 252 

Root 

Celery 931 794 721 

Chard 856 1180 1300 

Lettuce 936 963 1170 
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Figure 5-4. Concentration of 129I in shoots and roots according to iodate and iodide 
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Compared with the 127I concentration of plants (native soil iodine), celery 

and lettuce had greater 127I concentration than 129I whilst for chard the 

reverse was true (Fig 5.5a). The ratio of 127I:129I must be a balance between 

the greater availability of 129I which was added in irrigation water as an 

inorganic compound and the greater overall pool of soil 127I in the soil. The 

differences between the plant types may be ascribed to intrinsic differences 

in physiology and affinity for iodine or may arise from differences in timing 

of uptake as the 129I gradually becomes fixed within the soil. Figures 5.5 

and 5.6 present the absolute and proportional distributions of 129I and 127I 

in shoots and roots as a function of iodine species added. For vegetable 

shoots treated with 129I- (iodide) only 3% of the iodine of the three test 
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plants accumulated originated from the 129I treatment.  By contrast, for 

129IO3
- (iodate) 11, 22 and 58% of iodine in the shoots of celery, lettuce and 

chard were from the 129I addition respectively. For the roots of plants 

treated with 129I- (iodide), the ratio of 129I/ITot was slightly greater (4 – 8%) 

than for shoots (3%). This ratio was not significantly different for celery and 

lettuce for 129IO3
- treatment compared to 129I- but for chard 24% of root 

iodine originated from added 129IO3
-.  

A possible reason for low ratio of 129I/127I overall can be attributed to high 

calcium carbonate content of this soil. Mehra et al. (2014) investigated the 

bioavailability of iodine in two type of UK soils with different calcium content 
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and reported that higher soil pH and calcium content of the limestone 

(higher Ca) area soils restrict iodine availability and mobility in that areas 

and also they reported a lower soil to plant transfer factor in the limestone 

area with high Ca content.  

Smoleń et al. (2016) reported that a pot trial investigating fertigation of 

spinach with iodate and iodide showed a transfer factor several-fold higher 

for iodate than for iodide fertigation. In a similar study Weng et al. (2008) 

confirmed that iodine uptake by Chinese cabbage was more effective when 

iodine was in the form of IO3
- rather than I-. 

It appears that biofortification with iodide is not suitable in this soil and that 

the plant’s iodide uptake is restricted by plant or soil factors. Soil factors 

may include fixation of iodide by soil components such as organic matter. 

As a result, availability of iodide would be decreased during the growth 

period. Alternatively, the low bioavailability of iodide may reflect the plant’s 

low intrinsic affinity for that species of iodine. Furthermore, regardless of 

iodine species, there may be physiological limitations to the translocation 

of iodine from root to shoot as seen in the chard plants.  

 

5.3.4 Fractionation of 127I in wet and air-dried soil (Experiment II) 

 

 

Concentrations of soluble iodine, 127IN, determined after plant harvest on 

moist potted soil ranged between 6.51 and 12.6 µg kg -1
dw. However, this 

range was significantly (p<0.01, multiple t test) lower than 127IN 

concentrations in the same soil when it was air-dried prior to measurement 
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(86.8 - 273 µg kg -1
dw); 20-25 times greater than values for wet soils. 

Mineralization of iodine resulting from drying the soil could be one reason 

 for such a disparity. A higher value of 127IN in control soils planted with 

lettuce was observed compared to the other two treatments to which 129I 

was added but for the soils on which celery and chard were grown this trend 

was not observed (Fig 5.7a).  

Similarly, the soil 127IP fraction measured in wet soils ranged from 41 to 58 

µg kg -1
dw which was significantly lower compared to air-dried soils which 
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ranged 78-124 µg kg -1
dw (Fig 5.7b). The ratio of 127IN:127IP was also affected 

as the change in 127IP as a result of drying was only 2 fold. 

The total amount of ‘available’ iodine (127IN + 127IP) as a fraction of 127ITot 

was 2.6% in the wet soils but 8.2% when measured on air-dried soils. 

Translating these findings into the field it may be implied that the 

availability of soil iodine is likely to change seasonally and possibly between 

irrigation events in farms - particularly in the study area with infrequent 

irrigation and the soil susceptible to drying out due to the climate.  

 

5.3.5 Soil 127I speciation measured on potted soil after harvest 

 

The speciation of 127IN on air-dried soil showed that 50-68% (mean=60%) 

of the iodine present in this fraction was inorganic and 32- 50% (mean= 

40%) was organic. This may confirm the mineralization of organic iodine 

during the air-drying soil preparation process.  The majority of inorganic 

iodine was iodide (3% 127IO3
- and 57% 127I- as a fraction of 127IN) (Fig 5.8a). 

The iodate and iodide concentrations were a fairly constant ratio of 127IN and 

were also significantly correlated.   

By contrast, for 127IP only 10% was found as inorganic iodine (3% 127IO3
- 

and 7% 127I-) and 90% was present as organic iodine (Fig. 5.8b). Soil 

inorganic iodate and iodide in both127IN and 127IP soil fractions were 

statistically different (P< 0.05) in soil on which different vegetables had 

been grown (discussed in experiment I).     



153 
 

 

 

 

 

5.3.6 Soil 129I fractionation of wet and dry soils 

 

The 129IN concentration measured in wet soils ranged from 0.275 to 2.38 µg 

kg -1
dw across all treatments whilst this range was 1.18-3.14 µg kg -1

dw in 

air-dried soils. Soils irrigated with 129I- had a significantly lower 129I 

concentration in the soluble fraction compared to those treated with 129IO3
- 

(Fig 5.9a). This difference could explain why plant 129I concentrations were 
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lower when grown in 129I- treated soils (Fig 5.9 and 5.4).  Iodide may be 

immobilized within humus faster than iodate. Dai et al. (2006) obtained a 

similar result when they applied 0.5, 1 and 2 mg kg-1 iodate and iodide to 

potted soils sown with spinach and reported a higher soil solution iodine 

concentration for iodate treatments. Soil 129IN concentrations also varied 

depending on which vegetable type had been grown, suggesting that plant 

factors also influenced 129I availability in soluble fractions. 

As was found for 127I, soil 129IN concentrations were increased following air 

drying in both the iodate and iodide treatments. Soils irrigated with 129I- 

were more affected by the drying process, producing a greater difference 

between iodine concentrations in the wet and air-dried soils compared to 

soils irrigated 129 IO3
-.  

The effect of air drying suggests that 129I- absorbed by organic matter during 

the growing season can be re-mineralized as a result of drying and re-

wetting. The mean proportion of 129IN as a fraction of soil 129ITot was 1.5% 

and 6% in wet soils and 5 and 9 % in dried soils for soils irrigated by 129I- 

and 129 IO3
- respectively.  

Soil 129Ip concentration ranged between 1.68-4.49 µg kg -1
dw in wet soils but 

was only slightly different (1.87-4.29 µg kg -1
dw) in air-dried soils. The mean 

proportion of 129Ip as a fraction of 129ITot was 8% and 12% for soils treated 

by 129 I- and 129 IO3
-  respectively in both wet and air-dried soils.  Values of 

129Ip for iodide treatments  
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were greater than values of 129IN but they were still lower than those 

irrigated by 129 IO3
- (Fig 5.9 A&B). The differences between iodate and iodide 

treatments were smaller in 129IP compared to 129IN however they were 

statistically significant (α=0.05, p<0.01). The air drying process had no 

significant effect on 129IP concentration in both iodate and iodide treatments 

(α=0.05, p =0.63).  
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The combined concentrations of (129IN +129IP), representing ‘available’ iodine 

for plant uptake were 12 and 19% (iodide and iodate) measured in wet soils 

whilst these values for air dried soils were 13 and 21%  (iodide and iodate) 

which shows a much higher availability of 129I spiked compared to soil native  

127I. 

The mean concentration of 129I in TMAH extractions representing total 

organic iodine (129ITMAH) was 23.8 and 24.5 µg kg -1
dw for wet and air-dried 

soil respectively. There was no significant difference between soils receiving 

iodide or iodate and also no significant difference between dried and wet 

soils (α=0.05, p>0.064). However the total iodine concentration 

(129IN+129IP+129ITMAH) was 27.8 and 29.6 µg kg -1
dw in wet and dry soils. More 

details will be discussed in the recovery section (section 5.3.8).  

 

5.3.7 Soil 129I speciation in 129IN and 129IP fractions 

 

 

Speciation of 129I showed that  the mean proportion of organic 129I in the 

129IN fraction accounted for 52% of  129IN  in soils irrigated with 129I- but only 

18%  for soils irrigated by 129IO3
- (Fig 5.10a). Thus almost half of the 

remaining soluble inorganic iodide of this fraction has been converted to a 

soluble organic form. By contrast, the majority of 129IN in the iodate-

irrigated treatment was inorganic in the end of growing season. Thus not 

only does a greater proportion of iodide become immobilized into organic-

bound forms in the solid phase (than iodate), but even in the soluble 

fraction the majority of the 129I-iodide originally added is in an organic form 

which may be unavailable to plants. Moreover, the whole 48% of inorganic 

iodine in the 129I- irrigated system was iodide whilst 82% of inorganic iodine 
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in the 129IO3
- irrigated system was distributed 60% and 22% as iodate and 

iodide respectively (Fig.5.10a). This implies that there was no 129I- oxidation  

 

 

to 129IO3
- in the 129I- irrigated system whereas 22% of 129IO3

- was transferred 

to 129I- in the 129IO3
- irrigated system. This is consistent with the finding that 

inorganic iodine was greater in the iodate irrigated system. 
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Shetaya et al. (2012) incubated a range of soils with 129IO3
- and 129I- and, 

after sequential extraction, they found that iodide sorption was faster than 

iodate. Also they reported greater  129IO3
- adsorption in low pH and in soils 

with high iron-oxide contents (20-36% adsorption in 1 h) whilst the slowest 

time-dependent 129IO3
- loss was found in soils with high pH and low organic 

carbon (detectable after 3975 h) – those characteristics are similar to the 

soils used in this study. In keeping with the result of this study they also 

found that in arable soils with low organic carbon and high pH values after 

800 h >60% of 129IN remained as 129IO3
-,  By contrast in grassland soils with 

higher organic matter contents all 129IO3
- was converted to soluble organic 

forms in 800 h. It should be acknowledged that 129I was added incrementally 

in this study, in daily applications of very small amounts but the overall 

pattern of fractionation and speciation appears still comparable with the 

results of the Shetaya study. In addition, Shetaya et al, did not observe any 

conversion of 129I- to 129IO3
- and reported the rate of conversion of 129I- to 

soluble organic iodine was greater than that of iodate which is comparable 

with result of this study.   

Speciation of 129IP (the adsorbed iodine fraction) in soils irrigated by 129I- 

indicated that 83% of adsorbed iodine remaining in the soil after the 

growing season was organic; by contrast the proportion was 43% in soils 

irrigated by 129IO3
-. Thus there was a greater proportion of organic iodine in 

129Ip compared to the speciation of 129IN . The proportion of inorganic iodine 

(17%) left in 129I- irrigated systems was all iodide whilst the 57% of 

inorganic 129I remaining in soils irrigated with 129IO3
- was distributed as 11% 

iodide and 46% iodate. 
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The proportion of organic 129IP for both iodate and iodide treatments was 

greater than in 129IN. This may suggest that the soluble fraction is composed 

of more recently added iodine which remains in an inorganic form or, 

alternatively, if equilibrium exists between adsorbed and soluble fractions, 

then it may simply mean that the kd value for organic iodine is higher than 

those of its inorganic counterparts (I- and IO3
-).  In the study of Shetaya et 

al. (2012) they found the majority of 129IP  (90%) was in inorganic from in 

arable soils but over time the proportion of inorganic iodine decreased to 

3% in iodate-spiked soils and (1.6 -6.6%) in iodide-spiked soils.  Those 

proportions are lower than in this study which probably reflects the 

incremental addition approach used in which inorganic iodine was 

effectively replenished via irrigation water in the current study. This is 

reasonable evidence that iodine bio-fortification via irrigation water may be 

more efficient in sustaining iodine supply to crops than applying a single 

iodine dressing.    

 

5.3.8 Soil-to-plant transfer factor (TF) 

 

The soil-to-plant transfer factors for 129I in the 129I- treatment were (0.23, 

0.24 and 0.47) for chard, lettuce and celery respectively - slightly higher 

than those of 127I at 0.07 for chard and lettuce and 0.16 for celery. In 

contrast the TF for 129I in the 129IO3
- treatment was considerably higher than 

that of 127I from native sources of iodine: 1.75, 2.36 and 15.5 for 129I uptake 

by celery, lettuce and chard respectively, compared with 0.14, 0.09 and 

0.11 for 127I uptake by the same plants.  Therefore the 129TF of chard was 

more than 100 times greater than 127TF whilst this ratio was 26 and 12 for 
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lettuce and celery (Fig 5.11). This was expected due to greater availability 

of 129I added incrementally in an inorganic form even though the 

concentration of soil 127I was approximately 100 times greater than 129I 

when measured at the end of the experiment. Values of 129TF for soils 

irrigated with 129I- were lower than those of 129IO3
- . The root transfer factors 

were greater than the shoot TF values for all vegetables and both 

treatments, except for chard (α=0.05, p>0.0001). The variable TF for 

different plant types can imply different inherent affinities of those plants 

for iodine uptake suggesting either (i) different physiological uptake 

mechanisms or (ii) simply differences in uptake capacity caused by, for 

example, different densities of root adsorption sites or transporters.  
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Figure 5-11. Soil to plant transfer factors for soil native iodine (127I) and added 129I in shoots and roots 
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As in section 3.4.7.3 role of irrigation water iodine content in plant iodine 

content was demonstrated suggesting iodine from native soil is not the only 

source of iodine for plant uptake as irrigation water can be an important 

source of plant iodine.  In current experiment due to using milli-Q water as 

an irrigation water and low iodine background of milli-Q water (mean= 

0.163 µg L-1) it doesn’t seems to be an influential in plant uptake. However, 

after calculation of accumulative 127I added during the growing season and 

the whole 127I taken up by plant biomass found that irrigation water 

potentially able to support a partial iodine requirement of plant even when 

milli-Q water used. The amount of 127I taken up by plant biomass was 

calculated as 0.63, 0.96 and 1.41µg for celery, lettuce and chard 

respectively whilst the amounts of 127I added in irrigation water during the 

whole season were 0.40, 0.54 and 0.46 µg for celery, lettuce and chard. It 

is not clear how much of the plant 127I content originated from irrigation 

water, rather than the soil, but considering the much greater availability of 

iodine added in water it seems likely that a considerable proportion of the 

iodine in irrigation water would be available for plant uptake. This in turn 

suggests that the disparity in 127TF and 129TF seen may not fully reflect 

differences in the availability of soil and irrigation water and the availability 

of soil iodine may be considerably lower than suggested by the value of 

127TF.  

In agreement with the TF result,  Dai et al. (2006)  biofortified soil-grown 

spinach and found that the TF of spinach leaves increased significantly from 

0.04 to 2.32 with application of iodate. They also reported that the TF values 

for spinach leaves over several different iodate treatments were tenfold 

greater than those for iodide treatments. Weng et al. (2009) also measured 
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a TF value of of 2.63 for the whole plant and a maximum value of 13.85 for 

the roots in iodine-biofortified cabbage in a soil-based pot experiment.  

 

5.3.9 The recovery of 129I 

 

The recovery of 129I was determined from the accumulative irrigation water 

applied during the growing season, the amount of 129I taken up by plant 

biomass and total 129I soil analysis following the growing season. There were 

some differences in total recovery of 129I depending on the plant type grown 

and the iodine species used in the 129I treatments. The apparent recovery 

rate ranged between 63-95% and 65-97% calculated according to the 

analysis of moist and dried soil from the pot trial. Details are shown in Table 

5.2. The 129I recoveries in pots irrigated by 129IO3
- were less than in 129I- 

irrigated soils suggesting more missing iodine from iodate irrigated 

systems. There should not have been any iodine loss from leaching of 

irrigation water as this was conserved within the pot. Iodide transformation 

to organic-I could be one reason for this difference if organic matter 

adsorption of iodine is a mechanism that prevents transformation to 

gaseous forms and volatilization from the soil surface.  Oxidation of I- to I2 

can occurs in acidic pH and presence of organic acids on the other hand, in 

aerobic situation reduction of IO3
- to I2 occurs relatively easy in the soils or 

root surface (Fuge and Johnson, 1986).  

However, incorporation into soil humus under acidic conditions of moorland 

woodland soils seem unlikely to apply in the calcareous soils used in this 

experiment.  It may be that the apparent loss of 129I was incorporation into 
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CaCO3 and, although still present in the soil at harvest, the extraction with 

10% TMAH was inadequate to solubilize such fixed forms of iodine. 

Soils in which celery had been grown had greater 129I recovery compared 

to those used to grow chard and lettuce.  This suggests lower losses of 

iodine from soils in which vegetables with relatively small biomass had been 

grown. One of the reason could be that plants with a greater leaf surface 

area, such as lettuce and chard, can volatilize iodine from their leaves 

(Amiro and Johnston, 1989).   

The amount of 129I recovered by plant biomass (≈ 1%) was negligible 

compared to soluble and adsorbed fractions except for chard grown in 

iodate irrigated system. Also, 129I recovery was slightly higher when 

calculated from analysis of air-dried soils compared to analysis of moist soil 

samples. The largest difference was seen in a higher amount of iodine in 

the soluble and adsorbed fractions after air-drying which translated into a 

greater overall value of 129ITot compared to analysis of moist soils. In general, 

in a iodate-irrigated system 8-35% iodine was missing depending on the 

vegetable varieties; in iodide-irrigated pots this range was 3-25%.   

Weng et al. (2009) fortified cabbages grown in potted soils with 125I and 

found that paddy soils and sandy soils exhibited strong retention for spiked 

125I with most of the iodine applied remaining in the surface 10 cm of soil. 

Kashparov et al. 

Kashparov et al. (2005) applied 125I in a field experiment and found that 

97% of the radioiodine was absorbed by soil over the course of 30 days. It 

can be suggested to apply higher concentration of iodine as a bio 
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fortification in studied calcareous soils as the low concentration of 5 µg L-1 

of 129I was applied as a tracer in this study. 

Ujowundu (2010) applied 10, 40 and 80 µg L-1 iodate in irrigation water 

applied to Nigerian vegetables and obtained the most significant iodine was 

observed in the 40 µg L-1 treatment compared to other two treatments. 
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                          Table 5.2. The recovery rate of 129I applied during growing season according to iodine spacious treatments and in wet and air-dried soils 

  
 129I Irrigated  Water  129I  Biomass Wet Soil Dry soil Wet Soil Dry soil 

vegetables species water  129I Con Added  129I uptaken 129ITot recovery recovery 

  treatment L µg L-1 µg Pot-1  µg  µg  µg % % 

Celery 129IO3
- 2.15 6.89 14.8 0.0922 11.7 13.5 79.9 91.6 

 129I-  5.56 11.9 0.0291 11.3 11.6 94.9 97.2 

Chard 129IO3
- 3.30 6.89 22.7 1.11 13.1 13.6 62.7 64.6 

 129I-  5.56 18.4 0.120 13.2 14.4 72.4 79.0 

Lettuce 129IO3
- 2.80 6.89 19.3 0.196 12.8 13.5 67.2 70.7 

  129I-   5.56 15.6 0.0326 11.2 11.6 72.0 74.8 



166 
 

5.4 Conclusion 

 

The results of this study demonstrate that both plant physiological 

characteristics, or growth pattern, and speciation of iodine applied will affect 

plant iodine concentration. Plant 127I concentration originating from soil 

native iodine and irrigation water varied between different plant types. This 

was also true for 129I plant concentration originating from spiked 129I added 

via irrigation water. The ratio of 129I/127I in plants also varied which suggests 

differences in plant affinity for iodine uptake but also differences in timing 

of uptake during the growth period. The majority of the plant iodine was 

from soil native 127I and from irrigation water sources, except in the case of 

chard in which more than half of the shoot iodine content originated from 

spiked 129iodine. Generally iodine concentrations in roots were greater than 

in shoots for all treatments and plants. The iodine concentrations in plants 

irrigated with iodide were significantly lower than in those irrigated with 

iodate.  

The soluble iodine fraction in soil varied with plant type grown. Soluble 

iodine was greater in soils in which plants had generated a greater root 

mass suggesting some specific rhizosphere effect on iodine solubility. This 

effect was also seen for the adsorbed iodine fraction but to a lesser extent.  

The concentration of 127I in the soluble fraction was considerably increased 

as a result of air-drying the soil prior to analysis, compared to analysis of 

moist soils following harvesting. This difference was also observed in the 

adsorbed fraction but to a lesser extent. Mineralization of immobilized 

organic iodine, or microbial biomass, during the drying process could be one 
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possible reason. The 129I concentration in the soluble fraction, but not the 

adsorbed fraction, was also found to be affected as a result of soil drying.  

The 129I concentration in the soluble and adsorbed fractions were low in 

iodide-irrigated systems compared to soils subject to iodate-spiked 

irrigation water. Speciation results demonstrated that at the end of the 

growing season almost half of the 129I- in the soluble fraction was converted 

to soluble organic forms whilst only 18% of 129IO3
- was in the form of organic 

iodine. By contrast, in the adsorbed fraction, the majority (>80%) of 129I- 

was converted to organic forms whilst almost half of the 129IO3
- was organic 

iodine. There was no conversion of 129I- to 129IO3
- in iodide-irrigated systems 

but some of the 129IO3
- was converted to iodide (129I-) where iodate had 

been added in irrigation water. Generally iodate was more efficient in 

biofortifying crop plants. 

The overall recovery rate of applied 129I ranged from 64-97% depending on 

iodine species and the type of vegetable crop grown.  In soils irrigated with 

iodide more 129I was recovered suggesting greater loss of iodate but it was 

unclear whether a hidden form of iodine, perhaps included within CaCO3 

matrices, remained unaccounted for by TMAH extraction of the soil. 

Nevertheless, soils in which plants produced less biomass, and less roots, 

exhibited greater retention of iodine possibly indicating foliar volatilization.  

The role of irrigation water 127I should be considered as a source of plant 

iodine uptake in all trials utilizing enriched isotope spikes of iodine.  The 

current study showed substantial potential for plant uptake of ‘incidental’ 

127I from irrigation water, even when Milli-Q water was used for irrigation.   



168 
 

The ratio of 129I/127I differed between plant types and was generally very 

low. The different in ratio could be because of physiology of plants but the 

low ratio can be resulted by very low 129I concentration of irrigation water. 

It could be suggested using iodate species in higher concentration for this 

soils. The Haigh calcium carbonate content (35%) of studied soil could be 

a reason to restrict the bioavailability of added iodine during the growing 

season. More investigation is required to better understanding of 

physiological role in iodine uptake in other plant species.  
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6 IODINE AND SELENIUM DIETARY SOURCE 

APPORTIONMENT AND EVALUATION OF URINARY IODINE 
AND SELENIUM IN THE IRAQI-KURDISTAN POPULATION.  

 

 

 

6.1 Introduction 

 

Iodine and selenium are essential micro-nutrients important for the function 

of several physiological processes in the body (Fordyce et al., 2000). Iodine 

is a vital component of thyroid hormones. Iodine deficiency is a significant 

global public health issue (Kučera, 2009). Low dietary intake of iodine can 

lead to functional and developmental abnormalities categorized as iodine 

deficiency disorders (IDD) of which the most well-known are goitre and 

mental retardation (WHO, 2004). Excessive iodine intake may result in 

pathological issues, including hypo and hyperthyroidism (Burgi, 2010). 

Selenium acts as an enzymatic cofactor of glutathione peroxidase and its 

deficiency has been suggested to increase cardiovascular disease and 

muscle weakness (Cohen and Avissar, 1994). It has been reported that 

selenium deficiency may be important in the onset of IDDs (Arthur et al., 

1999).  

There are several approaches to assessing the micro-nutrient intake of 

individuals including 24 h dietary recall or history surveys, food amount or 

frequency questionnaires (FAQ and FFQ), total diet studies, and ‘duplicate’ 

portion studies (Kučera, 2009). Nutritional iodine status can also be 

determined by measuring urinary iodine excretion as over 90% of ingested 

iodine is excreted in urine (WHO, 2013). 
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Foods typically contain low concentrations of both iodine and selenium, with 

the exception of dairy products and seafood which are rich in iodine (Dahl 

and Meltzer, 2009). To address IDDs in their populations many countries, 

including Iraq, encourage the use of iodized salt.   

Locally generated food composition data to enable the assessment of I and 

Se status are not available for many countries, including for Iraq. The aim 

of this study was therefore to assess the I and Se status of the Iraqi 

population, specifically those living in the mountainous Kurdish controlled 

areas.   

The main aim of this project was: 

a) To determine the daily dietary intake of selenium and iodine by 

people and dietary source apportionment of these elements using a food 

amount questionnaire according to local and traditional food of that region. 

b. To assess iodine and selenium nutrition status using human 

biomarkers (urine samples) and understand possibly relations with dietary 

intake or other sources 

 

6.2 Material and methods 

 

6.2.1 Survey of local foods  

 

Vegetable crops, including leafy and non-leafy (fruit vegetables) vegetables 

and tubers, were collected from 40 farms across Sulaimani province in April-

May 2014. A total of 300 plants covering 27 species commonly consumed 

in Kurdish diet were collected.  Upon collection samples were placed in 

plastic bags and transported to the laboratory where they were weighed, 



171 
 

washed in deionised water, oven dried (50 C°) and then milled (ultra-

centrifugal mill, Retch, Model ZM200, Germany). Ground samples (c. 250 

mg) were microwave digested (Anton Paar, Multiwave) with conc HNO3 for 

determination of total Se or extracted with 5% tetra methyl ammonium 

hydroxide (TMAH) for iodine prior to analysis using ICP-MS (Thermo Fisher, 

Model ICap Q) and employing 5 µg L-1 72Ge as an internal standard.  The I 

and Se concentration of commonly consumed food crops from local farms 

in Kurdistan were measured to generate food composition data for the 

region  

 

6.2.2 Dietary intake  

 

A semi-quantitative FAQ based on the typical Kurdish diet was constructed 

and including 80 commonly consumed food items. Ethical approval for the 

questionnaire was granted by both the University of Nottingham (UK) 

(Ethics Reference No. OVS10022017; Feb-2017) and Sulaimani Polytechnic 

University (Iraq).  Healthy participants (n = 410) were interviewed from 

volunteers family (n = 115) during March-April 2017.  All members of the 

family older than 6 years were included.  The questionnaire recorded the 

frequency and amount of food purchased, cooked and eaten by the family. 

The daily intake of each food item was calculated (g d-1) for each family 

member.  

Food waste and seasonal availability of some foods was also accounted for.  

From each family a sample of drinking water, rice (a widely consumed staple 

food) and salt were also collected for analysis of I and Se content. Salt 

iodine content was determined in 0.4 % a w/v salt solution by ICP-MS. 
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Samples of bread and yoghurt were purchased from shops in the area and 

analysed as described above.  Dietary (µg d-1) of Se and I and energy (kcal 

d-1) intakes of food items were calculated for each survey participant, 

excluding school aged children under 14 years of age (n = 88) where 

information on intake was unreliable, using micro-nutrient concentrations 

in the locally collected foods and, where data was unavailable, food 

composition information compiled from literature databases .  

 

6.2.3 Urine sampling 
 

Each participant provided a first void urine sample on the morning after the 

dietary questionnaire was completed. Samples were collected, transported 

to the laboratory and frozen (-18 °C) pending analysis. Urinary creatinine, 

a breakdown product of creatine which is typically excreted at a relatively 

constant rate in urine (Soldin, 2002), was measured using (Randox RX-

imola) spectrophotometrically.  

Correction of measured urinary concentrations for hydration and adequacy 

of 24 h urine was tested using both creatinine and osmolality (Middleton et 

al., 2016)  For creatinine: Eq 6.1 

𝐶𝑐𝑟𝑡−𝑎𝑑𝑗 =  𝐶𝑚 𝐶𝑐𝑟𝑡⁄   

Where Cm is urinary analyte concentration (µg L-1) and Ccrt is the 

corresponding urinary creatinine concentration (g L-1). Urinary osmolality 

was determined by freezing-point depression (Cryoscopic Osmometer, 

Model Osmomat 030 series M). Urine concentrations were corrected for 

osmolality by applying a Levine-Fahy specific gravity adjustment: 
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𝐶𝑜𝑠𝑚−𝑎𝑑𝑗 =  𝐶𝑚 ×  (𝑂𝑠𝑚𝑟𝑒𝑓 𝑂𝑠𝑚𝑚⁄ ) 

Where Osmref was the median osmolality for all urine samples (674 mOsmol 

kg-1; n = 410) and Osmm was the osmolality measured in an individual 

sample (mOsmol kg-1) (Middleton et al., 2016).  Urinary I, Se and Na 

concentrations were measured by ICP-MS (0.5ml of urine diluted with 9.5 

mL 1% TMAH).  

 

6.2.4 Quality control 

 

Standard reference materials 1573a - Tomato leaves, (NIST), 1567b-Wheat 

Flour (NIST) were digested/extracted in triplicate alongside crop samples.   

Seronorm L-1 & L-2 for urine trace element analysis were prepared and 

analysed alongside the urine samples. 

6.3 Results and Discussion 
 

Results for reference standards are given in Table 6.1. Recovery for both I 

and Se was within the quoted acceptable uncertainty range. 

 

Table 6.1. Analytical results for certified reference materials 

  I  
(µg L-1) 

Se  
(µg L-1) 

Na  
(mg L-1) 

1573a - Tomato leaves Measured: 844 59.0  
 Certified: 850 54.0  
 Recovery: 99% 109%  
1567b-Wheat Flour Measured:  1130  
 Certified:  1140  
 Recovery:  99%  
Seronorm L-1 Measured: 90a 14.4 2310 
 Certified: 105 13.9 2330 
 Recovery: 86% 104% 99% 
Seronorm L-2 Measured: 263b   
 Certified: 297   
 Recovery: 89%   

a. (84-126 µg L-1)   b. (237-356 µg L-1) analytical uncertainty with 95% confidential interval 

 



174 
 

 

6.3.1 Iodine and selenium content of local foods 
 

 

Iodine and selenium concentrations of local crops and drinking water are 

given in Table 6.2. The mean concentration of iodine for all leafy vegetables 

was 92 µg kg-1
fw and for fruit vegetables it was 74 µg kg-1

fw. Lower 

concentrations were found in roots and tubers, 25.3 µg kg-1
fw. The iodine 

content of locally grown wheat and imported rice was 12.5 and 17.8 µg kg-

1
dw respectively and rice iodine concentrations were generally lower than 

those of the vegetable crops.  Mean drinking water iodine was 2.18 µg L-1.  

The mean of Se concentration of leafy, non-leafy (fruit) vegetables and 

roots/tubers was 23.1, 13.1 and 32.1 µg kg-1
fw respectively.   Unlike iodine, 

selenium content in rice was typically greater (115 µg kg-1) than that in 

vegetable crops, wheat concentrations were lower than rice (49.4 µg kg-1) 

but comparable to some vegetable crops e.g. cow pea, tarragon and celery.   

The Se concentration in locally sourced bread was 25.6 µg kg-1 which is 

lower than values reported in the literature (MAFF, 1997, Anke et al., 1993, 

Fordyce, 2003). Mean drinking water Se was 0.308 µg L-1.  Table 6.3 gives 

information on I and Se concentration in other common foods from a range 

of sources. It demonstrates foods high in protein are richer sources of Se 

than cereal crops and vegetables. 
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Table 6.2. Iodine and selenium content of foods and drinking water, this study. 

 

 

 

 

 

 

 

      Iodine Selenium 
Food items  n Mean (SD) Median Mean (SD) Median 

      µg kg-1 FW µg kg-1 FW µg kg-1 FW µg kg-1 FW 

Basil Leaf 4 63.0 (8) 62.8 10.9 (2) 11.60 
Celery Leaf 20 157 (101) 94.9 59.8 (49) 47.7 

Chard Leaf 20 112 (63) 85.5 23.4 (16) 15.0 

Cress Leaf 4 77.2 (24) 57.6 13.2 (6) 11.6 

Dill Leaf 17 93.5 (53) 76.4 36.1 (21) 32.9 

Leek Leaf 16 141 (77) 48.8 31.0  (24) 17.6 

Mint Leaf 2 157 (130) 158 16.7 (8)  

Parsley Leaf 10 184 (73) 117 35.3 (15) 28.6 

Pennyroyal Leaf 1 55.3  12.0  

Purslane Leaf 14 83.3 (53) 74.3 6.34 (2) 4.48 

Radish Leaves Leaf 6 101 (43) 64.7 20.2 (9) 20.7 

Spinach Leaf 1 52.7  13.4  

Sp-Onion Leaf 13 33.9 (23) 28.4 20.3 (10) 18.6 

Tarragon Leaf 4 86.7 (64) 86.4 43.0 (33) 38.7 

Thyme Leaf 2 31.8 (6) 31.8 12.1 (1)  

Courgette Fruit 6 24.4 (19) 16.3 4.43 (2) 3.96 

Cucumber Fruit 11 25.0 (10) 9.64 11.4 (14) 4.53 

Egg plant Fruit 10 52.2 (36) 42.9 10.1 (13) 3.90 

melon Fruit 2 37.9 37.9 3.26 (3)  

Okra Fruit 15 86.3 (34) 82.8 13.1 (12) 8.17 

Pepper Fruit 13 72.9 (42) 53.8 10.4 (9) 6.91 

Tomato Fruit 8 65.5 (32) 58.2 13.1 (8) 10.7 

Water melon Fruit 4 17.8 (9) 15.7 6.89 (6) 7.10 

Cow pea Pod 9 270 (128) 253 44.9 (27) 45.1 

Fava Bean Pod 6 84.2 (65) 81.9 13.8 (9) 10.5 

Garlic Tuber 1 18.2  67.7  

Onion Tuber 5 26.7 (16) 6.64 8.92 (5) 8.43 

Radish Root 5 31.0 (2) 11.4 19.7 (22) 7.68 

Bread Cereal 50   25.6 (10) 23.0 

Rice Cereal 82 14.7 (20) 7.94 115 (100) 94.3 

Wheat Cereal 13 12.5 (12) 9.83 49.4 (27) 40.8 

Yogurt Dairy 9 52.0 (57) 31.8 10.9 (6) 7.94 

Water(µg L-1)   82 2.18 (1) 2.17 0.308 (0.3) 0.233 
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Table 6.3 Iodine and selenium content of common foods 

 

*uncooked, #USDA (2017) 

 

 

6.3.2 Dietary energy intake 
 

Cereals and grains, oils and proteins supplied almost 70% of daily energy 

intake (DEI). Vegetables (leafy and fruit) collectively supplied only 6% of 

DEI although 60% of daily food consumption by weight (1019 g) was from 

this food group. The mean total DEI according to the questionnaire 

responses was 2432 kcal d-1 per person which is in line with the normal 

range reported by the FAO/WHO of 2000 - 3000 kcal d-1 (FAO, 2001). 

Food  
 

I* Reference(s) Se*# 
  

µg kg-1 
 

µg kg-1 

Bread Cereal 31.2 MAFF (1997); Anke et al. (1993); Fordyce (2003) 
 

Spaghetti Cereal 44.4 Haldimann et al. (2005) 121 

Bulgur Grain 107 Fordyce (2003) 120 

Chickpea Grain 164 Hou et al. (1997) 118 

Lentil Grain 186 Fordyce (2003) 119 

White bean Grain 104 Fordyce (2003) 117 

Red meat Protein 115 Hou et al. (1997); Haldimann et al. (2005);  

Fordyce (2003) 

133 

Chicken Protein 117 Pennington and Young (1990);Anke et al. (1995); 

Haldimann et al. (2005); MAFF (1997);  

180 

Fish Protein 282 Fordyce (2003); Haldimann et al. (2005)  

Mahesh et al. (1992) 

403 

Egg Protein 398 Dahl and Meltzer (2009); Haldimann et al. (2005); Hou 

et al. (1997); Fordyce (2003) 

219 

Fresh fruits Fruit 32.1 Leufroy et al. (2015); Anke et al. (1993);  

Hou et al. (1997) 

8.9 

Nuts Fruit 172 Fordyce (2003); Haldimann et al. (2005) 335 

Cheese Dairy 77.1 Dahl and Meltzer (2009); Fordyce (2003); Anke et al. 

(1993); H. Larsen et al. (1999) 

58.3 

Cream Dairy 78.5 Larsen et al. (1999); Dahl and Meltzer (2009) 16.0 

Milk Dairy 120 Larsen et al. (1999); Dussault (1993); Fordyce (2003); 

Hou et al. (1997); Haldimann et al. (2005) 

18.8 

Oil Additives 67 Fordyce (2003); Dahl and Meltzer (2009) 0 

Sugar Additives 57.3 Fordyce (2003); Hou et al. (1997) 1.0 

Tea (µg L-1) Beverage 11 Fordyce (2003) 0.308 
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6.3.3 Dietary iodine and selenium intake 
 

The daily dietary intake of I from all foods excluding salt intake was 119 µg 

d-1 (Table 6.4).  Vegetables and fruits supplied 48%, protein sources 25%, 

cereal and grains 9%, dairy products 8% and water 2% of daily I intake 

(Figure 6.1a).  Excluding salt intake, cereal and grains provide only 9% of 

total iodine intake whereas the high consumption of fruits and vegetables 

such as tomato, potato, courgette and egg-plant, provide almost half of the 

daily iodine intake. Low consumption of dairy products in the Kurdish diet 

results in only 8% of I intake coming from these sources. The daily intake 

of salt estimated from the questionnaire was 13.8 g indicating a high 

consumption. The majority (>90%) of salt samples collected were iodised 

with a median I concentration of 43 mg kg-1 (mean= 40 mg kg-1, range 8.4 

- 77 mg kg-1). This is a typical iodine concentration for iodized salt; the U.S. 

Food and Drug administration (USDFA) recommended 46 - 76 mg I kg-1 

(Dasgupta et al., 2008).  Accounting for this high salt intake, daily iodine 

intakes increase to 668 µg d-1, considerably greater than the recommended 

dietary allowance of 150 µg d-1, with salt supplying 82% of the I intake 

(Table 6.4, Figure 6.1b). 

  



178 
 

Table 6.4. Iodine and selenium intake by food groups in the Kurdish population. 

 

 

 

 

Food group Description  Consumption I -  intake Se-intake 

g d-1 µg d-1 µg d-1 

Cereal and grains 
    

  Rice Long and short grain  white rice 114 1.67 13.1 

  Bread Naan bread 95.1 2.96 2.43 

  Beans and grains Bulgur, Chick pea, Lentil,  White bean 45.25 5.71 5.52 

Meat and protein 
    

  Red meat Beef, Lamb, Veal 30.9 3.55 4.11 

  Poultry Chicken 91.3 10.6 16.4 

  Fish Freshwater fish 19.3 5.44 7.79 

  Egg Whole egg 24.8 9.87 5.43 

Fruits and vegetables 
    

  Fresh fruits Apple, Apricot, Banana, Cherry, Date 

Grape, Grapefruit, Kiwi, Lemon, Melon, 

Orange, Peach, Pear, Pomegranate, 

Watermelon 

449 13.6 2.99 

 Leafy vegetables Basil, Celery, Chard, Cress, Dill, Leek, 

Lettuce. Mint, Parsley, Purslane, Radish 

leaves, Spinach, Spring onion, Tarragon 

105 16.2 2.42 

 Non-leafy  vegetables Carrot, Courgette, Cowpea, Cucumber, 

Eggplant, Fava bean, Garlic, Okra, Onion, 

Pepper, Potato, Tomato 

465 25.1 4.69 

  Nuts and seeds Mixed nuts, Sunflower seed, Walnut 15.47 2.17 4.11 

Dairy products 
    

  Cheese All available cheese  11.3 0.873 0.66 

  Cream Mostly industrially produced cream 4.08 4.44 0.063 

  Milk Mostly industrially produced milk 37.9 0.310 0.696 

  Yogurt Industrial and locally made 75.5 3.93 0.824 

Additives and flavours 
    

  Oil Sunflower oil, Corn oil 55.3 3.71 0 

  Paste tomato Canned 24.8 1.60 1.29 

  Salt >90% Iodised salt 13.78 549 0 

  Sugar White Sugar 37.1 2.12 0.037 

Beverages 
    

  Water Tap and bottled water 1154 2.50 0.267 

  Tea 
 

282 3.04 0.072 

Total: Excluding iodised salt 
 

119 72.9 
 

Including Iodised salt  
 

668 
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Mean total daily intake of Se according to the questionnaire responses was 

72.9 µg d-1 (range from 25.6 to 170 µg d-1) with a median daily intake of 

65.3 µg d-1. These figures fall close to the recommended dietary allowance 

(RDA) of 55 µg d-1 (DRI, 2000) (Table 6.4).  Twenty nine percent of 

participants had a Se intake below the RDA.   Protein sources, cereals and 

grains supply c.75% of daily intake (46 and 29% respectively). Fruit and 

vegetables, nuts and dairy products supply 14, 6 and 3% of daily intake 

Protein
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while the amount of Se supplied by drinking water was negligible (0.4 %) 

(Figure 6.1c).  

 

6.3.4 Urinary iodine  
 

A good correlation (r = 0.70, p <0.0001) was observed between urinary 

creatinine and osmolality (Fig 6.2a) and adjusted urinary I concentrations, 

UICCRT and UICOSM, (r = 0.62; P<0.0001) (Fig 6.2b). Creatinine adjusted 

UICCRT (µg g-1), for all participants gave a mean and median of 417 and 379 

µg L-1 respectively (range 58-1380 µg L-1; n = 410) slightly lower than 

osmolality adjusted mean and median values, UICOSM, 470 and 424 µg L-1 

respectively (range 71-1990 µg L-1; n= 410) (Table 6.5) while mean and 

median uncorrected  UIC was 489 and 411 µg L-1 (20 - 2380 µg L-1 n=410) 

. A relationship was also observed between uncorrected UIC with both 

UICCRT and UICOSM (r = 0.50; P<0.0001) (r = 0.80; P<0.0001) (Fig 6.2c, 

6.2d).   According to (Mizéhoun-Adissoda et al., 2016, Jooste and Strydom, 

2010) 90% of ingested iodine is excreted in urine.   Accounting for the 10% 

non-renal loss and assuming a total urine volume over 24 h of 1.4 L, the 

estimated daily iodine intake was in the range 648-731 µg d-1 (according to 

creatinine and osmolality adjustment). This range is in a good agreement 

with the estimated daily iodine intake predicted from the dietary survey 

(668 µg d-1).  

School age children typically had the highest UIC and participants >60 years 

old had the lowest UIC (Table 6.5). Mean UICOSM suggested a decreasing 

UIC with increasing age which was not observed in mean UICCRT; overall no 
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correlation between age and UIC was observed when all participants were 

considered (Table 6.5). 

 

 

 

According to the WHO classification a UIC level in the range 100-199 µg  

L-1 indicates adequate I nutrition with values of UIC  ≥300 µg L-1 classified 

as excessive iodine intake which may result in consequences for health 

(WHO, 2013).  Based upon these guidelines c. 90% of school age children 

had excessive I intake and none had an adequate intake (Table 6.6).  Less 

0

200

400

600

800

1000

1200

1400

0 1000 2000 3000 4000

U
ri

n
e 

C
re

at
in

in
 (

µ
g 

L-1
)

Urine Osmolality  (MOsmol kg-1)

A

r= 0.70 
P<0.0001 
 

0

500

1000

1500

2000

0 500 1000 1500 2000

U
IC

C
R

T
(µ

g 
g-1

C
R

T)

UIC (µg L-1)

C

r= 0.50 
P<0.0001 
 

0

500

1000

1500

2000

0 500 1000 1500 2000

U
IC

 O
SM

(µ
g 

L-1
)

UIC CRT (µg g-1
CRT)

B

r = 0.62 
P<0.0001 
 

0

500

1000

1500

2000

0 500 1000 1500 2000

U
IC

O
SM

(µ
g 

 L
-1

)

UIC (µg  L-1)

D

r = 0.81 
P<0.0001 
 

Figure 6-2 . (a) Correlation of urine creatinine and osmolality values (b) Correlation of UIC between both 
justification method of creatinine and osmolality (C) Correlation of uncorrected UIC and creatinine corrected 
values (d) Correlation of uncorrected UIC and osmolality corrected values 
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than 13% of participants had UIC in the adequate range with 80-90% 

classed as having intakes that were above requirements or excessive. Over 

55% of participants had iodine intakes classed as excessive (Table 6.6).  

 Table 6.5. Summary of urinary iodine concentration (UIC) by age group. 

 

 

 

Table 6.6. Iodine intake status based on measured UIC level and WHO classification for each age group. 

 

Age group Population UICCRT UICOSM  

Mean (SD) Median Mean (SD) Median 

% µg L-1 µg L-1 µg L-1 µg L-1 

6-14 20.3 565 (250) 503 533 (268) 469 

15-24 18.1 370 (200) 331 522 (256) 480 

25-39 29.8 393 (189) 363 470 (209) 434 

40-60 18.1 418 (204) 390 446 (205) 394 

 >60 13.7 351 (173) 320 344 (139) 312 

All 100 417 (221) 379 470 (233) 424 

  Percentage (%) 
   
Age (yr) UIC (µg L-1):  < 100 100-199 200-299 ≥ 300 
  Insufficient Adequate Above 

Requirements 
Excessive 

Creatinine Corrected: 
   6-14  0 3 4 92 
   15-24  5 13 27 55 
   25-39  1 13 22 65 
   40-59  0 11 16 72 
   ≥60  4 7 33 56 
Osmolality Corrected: 
   6-14  0 1 12 87 
   15-24  1 7 8 84 
   25-39  0 5 18 77 
   40-59  0 6 14 79 
   ≥60  4 4 37 56 
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Iodine Global Network (2017) reported on the iodine status of 177 countries 

worldwide and found that in 63% of countries iodine intake was adequate, 

11% had insufficient intake and 6% had excessive intakes.  There was no 

data on which to assess the iodine status of the populations in 20% of the 

countries, including Iraq. The lowest and highest median UIC recorded were 

for Angola and Uganda; 29 and 464 µg L-1 respectively. The median UIC 

recorded in the current study would place Iraq third in a list of countries 

ranked according to UIC after Uganda and Somalia.   

Figure 6.3 demonstrates a correlation between measured iodine 

concentrations in salt and the mean UICCRT of the family consuming that 

salt. This suggests that iodized salt is likely to be the main source of dietary 

iodine. Salt iodine concentrations have been shown to vary due to storage 

time. Dasgupta et al. (2008) reported a 50% and >90% loss of iodine from 
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Figure 6-3. Correlation of salt iodine concentration and mean UIC of each 
family 
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iodized salt after 20 days exposure to air with 50% and 85% humidity 

respectively.   

6.3.5 Urinary Sodium  
 

Urinary Na concentration (UNaC) was analysed and adjusted using 

measured creatinine or osmolality (Table 6.7).  A normal of urinary Na 

concentration has been reported as 20 mmol L-1 in spot samples and 

humans can excrete urinary Na within the range 40 - 220 mmol d-1 

(MedlinePlus, 2017).  The mean concentration of UNaC in this study was 

c.160 mmol L-1.  Assuming a total daily urine volume of 1.4 L this  suggests 

that the daily Na excretion is c. 224 mmol L-1,  which is at the high end of 

the normal range. The volume of urine excreted (1.4 L d-1) is estimated 

based upon the observation that normal urinary excretion  is in the range 

0.8 - 2 L or 1 mL kg (body weight)-1 h-1 and from other studies where 24 h 

urine volume was measured. The average volume of urine excreted in a  24 

h period by 711 participants in a Mexican study was 1.56 L(Vallejo et al., 

2017). A study of 119 Moroccan adults reported a 24 h urine values of1.12 

L (Derouiche et al., 2017) and in similar study the average of 242 sample  

24h urine volume reported as 1.7L (Kim et al., 2014).  

Table 6.7. Summary of urinary sodium concentration (UNaC) by age group. 

Age group Population UNaCCRT UNaCOSM  

Mean (SD) Median Mean (SD) Median 

% mmol g-1 mmol g-1 mmol g-1 mmol g-1 

6-14 20.3 193 (96) 186 167 (54) 170 

15-24 18.1 110 (70) 92 144 (51) 138 

25-39 29.8 145 (86) 130 159 (49) 158 

40-59 18.1 174 (88) 168 172 (48) 184 

≥ 60 13.7 167 (83) 146 154 (45) 161 

All 100 158 (107) 136 161 (60) 160 
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6.3.6  Relationship between iodine and sodium 
 

 

A significant correlation was observed between UICCRT and UNaCCRT for all 

participants and within each age group (Fig 6.4). Du et al. (2014) reported 

that salt is a major source of dietary sodium with only 6.8% of sodium 

originated from processed food which are uncommon in Iraq. The 

correlation between UICCRT and UNaCCRT supports the suggestion that 

iodized salt intake is the main source of iodine to this population.  If this is 

the case then dietary iodine intake calculated from UNaC might be expected 

to correlate with dietary intake calculated from measured UIC.  Figure 6.5 

demonstrates that a good correlation does exist between these variables. 

In this figure the daily salt intake of individual participants has been 

calculated according to UNaC of individuals and consequently the daily 

iodine intake estimated according to iodine concentration of salt consumed 

by correspond individuals. A good correlation in this graph can implies that 

estimation of iodine intake using urinary Na is an acceptable and efficient 

method in the areas where their iodine intake dependant on iodized salt due 

to urinary Na gives an estimation of salt intake in very recent time to urine 

samples whilst salt intake from questionnaire gives an average for longer 

time.  
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Figure 6-4. Correlation between of urinary sodium and iodine in different age groups and the 
population as a whole. 
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Both UNaCCRT and UNaCOSM averages were close to 160 mmol g-1 (3680 mg 

L-1) (Table 6.7). Salt consumption was estimated considering all sodium 

originated from NaCl (Mill et al., 2012). Measurement of 24 h sodium 

excretion in urine is estimated to account for 85-90% of dietary intake of 

Na from all sources (Derouiche et al., 2017).  Accounting for a 15% non-

renal loss and using 1.4 L as the 24 h urine volume, the mean estimated 

Na intake of participnats was 263 mmol d-1 which equates to a salt intake 

of 15.3 g d-1. This amount is comparable to the daily salt intake established 

in the dietary survey (13.78 g d-1). This intake is considerably higher than 

the WHO recommended salt intake 5 g d-1 equivalent to < 2000 mg d-1 Na 

(WHO, 2012).  The reported salt intake in this study is comparable to values 

reported for other countries in the region which share similar diets and 

culinary practices; for example Turkey, Iran and Kuwait have reported 
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dietary salt intakes of 15, 10.6 and 8.8 g d-1 , the UK, US and France have 

intakes of 8.1, 8.8 and 8.4 gd-1 with the lowest reported salt intakes in 

Cyprus and Malaysia; 5 and 6.4 g d-1 respectively (Trieu et al., 2015). 

High salt intake may predispose a population to disease.  Du et al. (2014) 

found that adults (n = 16869) with greatest sodium intake had the most 

rapid increase of hypertension.  Mozaffarian et al. (2014) estimated the 

mean level of global salt consumption was 9.9 g d-1 (3.95 g d-1 Na). They 

also reported that globally there are 1.65 million cardiovascular related 

death annually attributed to consumption of more than 5 g d-1 salt intake (2 

g d-1 Na), representing 1 of 10 death from cardiovascular disorders. Similar 

studies have estimated that a reduction in salt intake from 10 to 5 g d-1 

would decrease overall cardiovascular and stroke rate by 17 and 23% 

respectively (Cook et al., 2007).  

 

6.3.7 Urinary Selenium  
 

 

Mean and median creatinine adjusted urinary selenium concentration 

(USeCCRT) for all participants was 21.2 and 19.7 µg g-1
CRT respectively. 

Osmolality adjusted values (USeCOSM) were 24.8 and 23.2 µg L-1 

respectively. The USeCCRT of school age children (6-14 yr) was significantly 

higher than for other age groups (P < 0.0001) which all had similar USeCCRT. 

A different pattern was suggested by USeCOSM with a general decline in 

USeOSM with increasing age (Table 6.8).  
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Table 6.8. Summary of urinary selenium concentration (USeC) by age group. 

 

A correlation was observed between UIC and USeC (p<0.0001; r = 50) 

(Figure 6.6) but not when creatinine or osmolality adjusted values were 

considered.  Thomson et al. (1996) observed a similar correlation in both 

spot samples and 24 hr urine samples when they analysed UIC and USeC 

in samples from 62 adults but not when values were creatinine adjusted. 

Urinary Se is not the approved biomarker for assessing Se status (blood 

and serum Se are recommended) however a strong correlation has been 

observed between urinary Se and daily dietary Se intake (Sanz Alaejos and 

Diaz Romero, 1993, Hurst et al., 2013a). Doubling measured 24 h urinary 

Age group Population USeCCRT USeCOSM  

Mean (SD) Median Mean (SD) Median 

% µg L-1 µg L-1 µg L-1 µg L-1 

6-14 20.3 28.8 (9) 27.5 27.4 (11) 24.6 

15-24 18.1 19.3 (8) 18.4 28.3 (9) 27.0 

25-39 29.8 19.8 (6) 18.3 24.6 (9) 23.3 

40-60 18.1 19.2 (6) 17.3 21.4 (8) 19.8 

≥ 60 13.7 18.8 (4) 18.2 19.1 (7) 18.4 

All 100 21.2 (7) 19.7 24.8 (10) 23.2 
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excreted Se can give a reasonable estimation of Se intake which may be 

more accurate than food recording approaches (Robinson et al., 1989, 

Thomson et al., 1996). Using this approach the estimated dietary Se intake 

in this study is 59.4 µg d-1 which is in line with recommended levels of Se 

intake (55 µg d-1) but less than the Se intake estimated from the dietary 

survey of 79 µg d-1. Hurst et al. (2013b) in a study of dietary Se in Malawian 

population observed a linear relationship between Se dietary intake and 

USeC and developed an equation to predict daily Se intake from USeC. 

According to their equation (USeC (µg L-1) = 7.8 + 318 (Se mg d-1)) 

estimated Se intake in this study is 42 µg d-1 when all participants 

considered which is lower than the WHO recommended value and that 

estimated from the dietary survey also 59-76% (according to methods 

justification) of people had Se intake less than recommended value. 

Therefore, to determine more accurate level of Se status taking blood 

samples could be suggested.   

 

6.4 Conclusions 
 

The main source of dietary iodine in Iraqi-Kurdistan is iodized salt. Due to 

high salt consumption estimated dietary iodine intake is typically excessive 

and this was confirmed by elevated UIC. School age children had the highest 

UIC. Salt intake estimated from urinary Na confirmed the salt intake 

calculated from the dietary survey and established that dietary intake is 

considerably higher than WHO recommended amounts which may result in 

high blood pressure and cardiovascular problem.  
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To address the issue of high salt intake education of the population to 

increase awareness of the long term health effects of high salt consumption 

is recommended.  As changing dietary habits is a long term goal another 

option is to modify the salt composition to include KCl and reduce NaCl 

intake.  As iodine intakes are currently excessive reducing salt intake would 

also reduce iodine intake. 

Average daily selenium intake estimated from the questionnaire suggests 

that intake may be adequate in the majority of the population. Daily Se 

intake estimated from USeC differed depending upon the method selected 

and in one of the methods showed a se deficiency of population. Therefore 

confirmation of Se status from blood samples is recommended.    
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7 SUMMARY, CONCLUSION AND FUTURE WORK 
 

 

Overview 

This project was undertaken to provide an overview of the current status of 

Se and I in the terrestrial environment and the population of the Kurdistan 

region of Iraq. Data about these two important trace elements in this region 

was very limited with no national or local data available.  A survey of soil, 

plants and irrigation water from arable farms was therefore undertaken and 

factors controlling bioavailability and plant uptake in the calcareous soils of 

the region were investigated in a pot trial utilizing 77Se and 129I as tracers. 

A semi-quantitative dietary survey was also conducted to establish the daily 

intake of Se and I from the common traditional diet. Human biomarker 

samples were also taken and analysed as an index of nutritional status of 

population. The main conclusions of the work can be summarised in the 

following sections.  

7.1 Selenium status in Kurdistan region of Iraq  

 

The arable calcareous soil of the Kurdish region of Iraq can be classified as 

a slightly deficient in selenium (SeTot =309 µg kg-1). Some areas had SeTot 

within the region were close to global average values but in other areas 

SeTot was comparable with Se deficient areas reported in other countries. 

Total soil Se is however not an efficient measure of the availability of Se for 

plant uptake and no association between SeTot and plant Se concentration 

was observed.  The mean of Labile Se (soluble+adsorbed) accounted for a 

minor proportion of SeTot (2.57%) and was expected to be more available 

for plant uptake. Organic carbon influenced retention of Se and was 
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correlated with SeTMAH. However, the extractability of organic –bound Se 

(SeTMAH) has been shown to be vary with soil pH (Section 3.4.3.2). The 

%SeTMAH fell in range of 20.3-89% (mean 41%). Greater than 50% of Se 

was not extractable by TMAH and deemed recalcitrant. The form of Se that 

resists extraction by TMAH is not known but may involve elemental Se, 

selenides or possibly occluded forms within Fe oxides or other (possibly 

sulphide) minerals. In some of the studied areas pH was negatively 

correlated with %SeTMAH and positively correlated with labile Se. The reason 

for the areas where not correlated positively could be attributed to narrow 

range of soil pH in those samples. Overall soil pH and %OC were the 

influencing factors on Se availability. 

Locally crops grown exhibited a wide range of Se concentrations across 

different areas and plant varieties (4.34 – 678 µg kg-1). Different plant 

varieties grown in the same field and identical varieties grown in different 

fields had wide variation in Se concentration. The mean concentrations of 

Se grouped by crop type were 113, 112, 69 and 49 µg kg-1
dw for leafy 

vegetables, tubers, fruit vegetables and wheat respectively. Soil pH was the 

most important factor controlling Se availability for plant uptake. Plants 

grown in soils with pH>8 generally had higher Se concentrations compared 

to those grown in soils with lower pH values.  Overall no strong correlation 

between SeTot, SeTMAH, SeP and SeN with plant Se content was observed when 

all plants were considered. However there was a correlation between SeN 

and SeP with plant Se in a few vegetable varieties. The irrigation water Se 

concentration was in the range 0.05 to 0.859 µg L-1 (mean = 0.495 µg L-1) 

across all areas. Plant Se content does not seem to be affected by Sewater 
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concentrations perhaps due to the low Se concentration of the irrigation 

water.  

 Having established the source apportionment of Se in the Kurdistan region 

and its availability it is important to consider if the Se supplied by crops 

meet the Se requirement of population and if not   what portion of daily Se 

intake is supplied by these crops?  The food amount questionnaire indicates 

that the Se daily intake from all food items was 72.9 which is sufficient and 

in line with the WHO recommendation of 55 µg d-1. Of the 72.9 µg d-1 10 

µg d-1 was supplied by leafy and fruit vegetables (13.7% of daily intake or 

18% of the WHO recommended value). Protein sources, cereal and grains 

supplied 46 and 29% of daily Se intake respectively. Dairy products 

supplied 3% of daily intake and water only 0.3%.  

Urinary Se analysis gave a mean values of 21.2 or 24.8 µg L-1 when creatinine 

or osmolality corrected. Urinary Se is not the recommended biomarker for 

Se status assessment however a linear positive relationship with dietary 

intake of Se has been demonstrated and approaches have been suggested 

to estimate the Se intake from urinary Se. (see section 6.3.7). The mean 

estimated Se intake of participants was 59.4 µg d-1 and 42 µg d-1 depending 

upon whether creatinine or osmolality correction was applied.   This 

suggests that 59-76 % participants had a Se intake less than recommended 

level by WHO. This can be compared to an estimated 29% of the population 

having a less than optimum Se intake suggested by the food frequency 

questionnaire. As both approaches suggest that a significant proportion of 

the population may have a sub-optimal Se intake a Se biofortification 

program might be considered for the region. .  
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The feasibility of Se biofortification of a few local vegetable varieties was 

examined using a typical calcareous soil from the region. Application of 10 

g ha-1 of 77Se increased the Se concentration of vegetables. The success of 

biofortification was different for different species and for different ratios of 

fertilizer/soil Se. between 1 and 25% of added Se was recovered in the 

plants. Fractionation of soil 77Sef at the end of growing season showed that 

55 and 40% of 77Sef transformed to the organically-bound and recalcitrant 

77Sef respectively and only 5% of 77Sef remained  available for plant uptake 

(SeN+P). To reduce fixation of Se in a non-bioavailable form the timing of 

the Se application could be adjusted e.g. soil application when the crops are 

actively growing or foliar application may increase Se uptake.   

7.2 Iodine status in Kurdistan region of Iraq   

 

Mean I concentration of soil (ITot) in the areas was 4140 µg kg-1, comparable 

with reported global mean values. The average concentration of labile iodine 

(IN+P) was typically 10% of soil ITot and mainly comprised of soluble and 

adsorbed organic iodine. No clear relationship between ITot and %OC was 

observed; possibly due to the relatively narrow range of %OC. Soil ITot or 

soil iodine fractions did not appear to be affected by soil pH.  

The iodine concentration of plants grown in these soils varied according to 

plant species and between areas. Iodine concentration was greatest in leafy 

vegetables (439 µg kg-1
dw) compared to fruit vegetables, tubers and wheat 

which were 368, 140 and 12 µg kg-1
dw respectively. These values are 

comparable or in some cases higher than concentrations reported in other 

studies with the exception of iodine in grains which was found to be very 

low.  In a limited number of fruit vegetables a correlation was obsevred 
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between soil ITot and plant iodine concentration. In the majority of plants 

this relationship was very weak or absent. However, labile IN+P typically 

correlated with mean plant iodine content. Water I concentration varied 

from 2.49-36.21 µg L-1 (mean= 11.9 µg L-1). The geology of the region was 

an important influence on water iodine content as a strong correlation 

between soil %CaCO3 and groundwater iodine content was observed This 

may reflect a geogenic source of I in the underlying rocks e.g. trapped saline 

water.  A strong relationship between water iodine content and mean I 

concentration in the plants species that were irrigated with groundwater 

was also observed. Irrigation water may therefore be a significant 

contributor to plant iodine content in this region. 

The estimated daily intake of I supplied by food was 119 µg d-1 (excluding 

intake of iodized salt). Unlike Se, where the majority in the diet was 

supplied by dietary protein the majority of I was from vegetables with 

vegetables and fruits suppying 48% of the I, proteins 25%, cereal and 

grains 9%, dairy products 8% and water 2%. The typical Kurdish diet 

contains little sea food which would be an important source of I in other 

parts of the world.  However when consumption of iodized salt was 

considered the daily I intake increased to 668 µg d-1, considerably greater 

than the WHO recommended dietary allowance of 150 µg d-1.  Iodized salt 

therefore supplies 82% of total dietary I intake from an estimated salt 

intake of 13.5 g d-1 of iodized salt.   The mean concentration of I in iodized 

salt collected from households was 40 mg kg-1 which is in the recommended 

range.  

This excessive I intake was confirmed by measurement of urinary iodine 

concentration (UIC).. Median UIC was 379 µg g-1
CRT (range 58-1380 µg g-
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1
CRT) or 424 µg L-1 (range 71-1990 µg L-1 osmolality corrected). This 

concentration equates to an iodine intake of 648-731 µg d-1 which is in good 

agreement with estimated I intake established from the food frequency 

questionnaire (see section 6.3.4). According to the WHO recommended 

intakes, 90% of school age children and 55% of all participants had I intakes 

classed as excessive. Iodized salt was the main source of this excessive I 

intake confirmed by i) correlations between iodized salt I concentration for 

each household and mean UIC of the household and ii) a strong correlation 

between urinary sodium (originating from salt) and UIC. The high salt intake 

of the population estimated by the questionnaire was confirmed by 

calculation of I intake from urinary Na measurements (see sections 6.3.5 

and 6.3.6) and was 6 g d-1 sodium intake,  equivalent to  15.3 g d-1 salt, 

considerable higher than the WHO recommended Na intake. High 

consumption of iodized salt in this population therefore indicates that they 

may be susceptible to high I intake disorders and diseases resulting from 

high sodium intake including hypertension (high blood pressure) and 

cardiovascular problems. Reducing salt intake through education of the 

population to increase awareness of the long term health effects of high salt 

consumption is therefore recommended and would also reduce the I intake 

from ‘excessive’ to ‘sufficient’.   

Individuals who do not consume iodized salt, perhaps because of problems 

such as hypertension, are unlikely to have sufficient I intake and may 

require supplementation. Iodine biofortification could be considered as an 

alternative to iodized salt consumption.  A pot trial where 129I was supplied 

in irrigation water demonstrated that at the end of growing season 64-97% 

of applied iodine was recovered from soil. The recovery amount varied 
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according to the iodine species applied and the plant variety. More 129I was 

recovered from soils irrigated with iodide suggesting greater retention of I 

in the soil and consequently less availability for plant uptake.  In this system 

the majority of plant I originated from native soil I rather than the added 

129I.  Plants grown in the iodate irrigated system had greater I uptake and 

the majority of I in the plant was supplied by the added 129I. Variation in 

the ratio of 129I/127I in the plant can be attributed to an innate affinity of the 

plant species and low ratio of 129I/127I could be because of applied very low 

concentration of 129I compared to those applied in normal biofortification 

programs (see section 5.36 to 5.3.9).  An increase in labile I in air-dried 

soils at the end of growing season compared to similar soils at field capacity 

implies mineralization of I which has become immobilized during the 

growing season. This was partially confirmed when the majority of iodine 

was observed to be inorganic. This mineralization of I may be important in 

the field when soils dry out between irrigation events. 

7.3 Limitation 

 

The limitation factors during this project can be accounted as listed below: 

a) Due to difficulties of earning licence and need for trained team to 

collect the blood samples as a main biomarker for Se and TSH 

hormones, only urine sampling was carried out.  

b) The pot experiment cannot represent the field work in case of Se 

and I behaviour due to limitation of soil amount and other 

environmental factors.   

 



199 
 

7.4 Future work 

 

From the results of the work presented here, there are few areas of research 

that would benefit from further investigation.  First a wider survey of soil 

and water, covering of the entire Kurdish region of Iraq would be useful in 

order to generate soil I and Se geochemical maps.  This, together with soil 

maps of the area will enable predictions to be made of areas where e.g. 

biofortification may be beneficial. Alongside this survey approach an 

investigation of the changing fractionation of I in the plant rhizosphere as a 

result of wetting and drying cycles the field study is recommended. This will 

provide information on the changing availability of I for plant uptake and 

inform biofortification/irrigation approaches     

Second, in the current study the Se and I content of locally grown crops 

and other staple foods was measured but as a significant proportion of food 

items are imported from other countries building a database of Se and I 

content of all foods consumed in the region would be beneficial to enable 

better estimation of daily intake of trace elements would be possible.  Also, 

due to the seasonal availability of food consumed in the region it is 

recommended that additional dietary questionnaires and biomarker 

samples (urine and blood) are collected at other times of the year.  This 

would enable an overall picture of I and Se status of the population to be 

established. Future survey and biomarker collection would be particularly 

important alongside a recommendation to educate the population to reduce 

dietary salt intake to ensure I nutrition was sufficient.  In addition, other 

dietary survey methods such as cooking and analysing a duplicate portion 



200 
 

of foods consumed by households would improve reliability of the data 

obtained. 

                    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 



201 
 

   REFERENCES 
 

 

ABRAHAMS, P. W. 2002. Soils: their implications to human health. Sci Total 

Environ, 291, 1-32. 

AL-AHMARY, K. M. 2009. Selenium content in selected foods from the Saudi 

Arabia market and estimation of the daily intake. Arabian Journal of 

Chemistry, 2, 95-99. 

ALDAHAN, A., PERSSON, S., POSSNERT, G. & HOU, X. L. 2009. Distribution of 

127I and 129I in precipitation at high European latitudes. Geophysical 

Research Letters, 36, n/a-n/a. 

ALLAWAY, W. H. 1986. 11 - Soil–Plant–Animal and Human Interrelationships in 

Trace Element Nutrition A2 - MERTZ, WALTER. Trace Elements in Human 

and Animal Nutrition (Fifth Edition). San Diego: Academic Press. 

AMIRO, B. D. & JOHNSTON, F. L. 1989. Volatilization of iodine from vegetation. 

Atmospheric Environment (1967), 23, 533-538. 

ANDERSEN, S., GUAN, H., TENG, W. & LAURBERG, P. 2008. Speciation of Iodine 

in High Iodine Groundwater in China Associated with Goitre and 

Hypothyroidism. Biological Trace Element Research, 128, 95. 

ANDREN, A. W., KLEIN, D. H. & TALMI, Y. 1975. Selenium in coal-fired steam 

plant emissions. Environmental Science & Technology, 9, 856-858. 

ANKE, M., GROPPEL, B. & BAUCH, K.-H. 1993. Iodine in the Food Chain. In: 

DELANGE, F., DUNN, J. T. & GLINOER, D. (eds.) Iodine Deficiency in 

Europe: A Continuing Concern. Boston, MA: Springer US. 

ANKE, M., GROPPEL, B., MÜLLER, M., SCHOLZ, E. & KRÄMER, K. 1995. The iodine 

supply of humans depending on site, food offer and water supply. 

Fresenius' Journal of Analytical Chemistry, 352, 97-101. 

ARO, A., ALFTHAN, G. & VARO, P. 1995. Effects of supplementation of fertilizers 

on human selenium status in Finland. Analyst, 120, 841-3. 

ARTHUR, J. R., BECKETT, G. J. & MITCHELL, J. H. 1999. The interactions between 

selenium and iodine deficiencies in man and animals. Nutr Res Rev, 12, 

55-73. 

ASHWORTH, D. J. 2009. Chapter 11 - Transfers of Iodine in the Soil–Plant–Air 

System: Solid–Liquid Partitioning, Migration, Plant Uptake and 

Volatilization A2 - Preedy, Edited byVictor R. In: BURROW, G. N. & 

WATSON, R. (eds.) Comprehensive Handbook of Iodine. San Diego: 

Academic Press. 

BARCLAY, M. N. I., MACPHERSON, A. & DIXON, J. 1995. Selenium Content of a 

Range of UK Foods. Journal of Food Composition and Analysis, 8, 307-318. 

BARWARY, A. M. S., N. A. . 1993. Geological map of Khanaqin Quadrangle Sheet 

NI-38-7, 1: 250 000. Baghdad, Iraq: State Establishment of Geological 

Survey and Mining (National Library Catalogue No. (423/1993)  

BEESON, K. C. & MATRONE, G. 1976. The soil factor in nutrition: animal and 

human, New York, Marcel Dekker, Inc. 

BERDING, F. 2001. Reconnaissance Soil Map of The Three Northern 

Governorates, IRAQ 1: 1,000,000. FAO Co-ordination Office, Erbil Mapping 

Unit. 

BEVIS, L. E. M. 2015. Soil-to-Human Mineral Transmission with an Emphasis on 

Zinc, Selenium, and Iodine. Springer Science Reviews, 3, 77-96. 

BITTERLI, C., BAÑUELOS, G. S. & SCHULIN, R. 2010. Use of transfer factors to 

characterize uptake of selenium by plants. Journal of Geochemical 

Exploration, 107, 206-216. 

BROADLEY, M. R., ALCOCK, J., ALFORD, J., CARTWRIGHT, P., FOOT, I., 

FAIRWEATHER-TAIT, S. J., HART, D. J., HURST, R., KNOTT, P., MCGRATH, 

S. P., MEACHAM, M. C., NORMAN, K., MOWAT, H., SCOTT, P., STROUD, J. 

L., TOVEY, M., TUCKER, M., WHITE, P. J., YOUNG, S. D. & ZHAO, F.-J. 



202 
 

2010. Selenium biofortification of high-yielding winter wheat (Triticum 

aestivum L.) by liquid or granular Se fertilisation. Plant and Soil, 332, 5-

18. 

BROWN, T. A. & SHRIFT, A. 1982. SELENIUM: TOXICITY AND TOLERANCE IN 

HIGHER PLANTS. Biological Reviews, 57, 59-84. 

BUDAY, T. 1980. The Regional Geology of Iraq, Baghdad. 

BU ̈LOW PEDERSEN, I., LAURBERG, P., KNUDSEN, N., JØRGENSEN, T., PERRILD, 

H., OVESEN, L. & RASMUSSEN, L. B. 2006. Increase in Incidence of 

Hyperthyroidism Predominantly Occurs in Young People after Iodine 

Fortification of Salt in Denmark. The Journal of Clinical Endocrinology & 

Metabolism, 91, 3830-3834. 

BURGI, H. 2010. Iodine excess. Best Pract Res Clin Endocrinol Metab, 24, 107-15. 

BUSINELLI, D., D'AMATO, R., ONOFRI, A., TEDESCHINI, E. & TEI, F. 2015. Se-

enrichment of cucumber (Cucumis sativus L.), lettuce (Lactuca sativa L.) 

and tomato (Solanum lycopersicum L. Karst) through fortification in pre-

transplanting. Scientia Horticulturae, 197, 697-704. 

CARPENTER, L. J. 2003. Iodine in the Marine Boundary Layer. Chemical Reviews, 

103, 4953-4962. 

CHAPMAN, D. 1996. Water Quality Assessments: A Guide to the Use of Biota, 

Sediments and Water in Environmental Monitoring, Spon Press. 

CHILEAN IODINE EDUCATIONAL BUREAN 1952. Iodine content of foods, London, 

Shenval Press. 

CHILIMBA, A. D. C., YOUNG, S. D., BLACK, C. R., MEACHAM, M. C., LAMMEL, J. & 

BROADLEY, M. R. 2012. Agronomic biofortification of maize with selenium 

(Se) in Malawi. Field Crops Research, 125, 118-128. 

CHILIMBA, A. D. C., YOUNG, S. D., BLACK, C. R., ROGERSON, K. B., ANDER, E. 

L., WATTS, M. J., LAMMEL, J. & BROADLEY, M. R. 2011. Maize grain and 

soil surveys reveal suboptimal dietary selenium intake is widespread in 

Malawi. Sci Rep, 1. 

CHOI, Y., KIM, J., LEE, H.-S., KIM, C.-I., HWANG, I. K., PARK, H. K. & OH, C.-H. 

2009. Selenium content in representative Korean foods. Journal of Food 

Composition and Analysis, 22, 117-122. 

CHOW, C. C., PHILLIPS, D. I., LAZARUS, J. H. & PARKES, A. B. 1991. Effect of low 

dose iodide supplementation on thyroid function in potentially susceptible 

subjects: are dietary iodide levels in Britain acceptable? Clin Endocrinol 

(Oxf), 34, 413-6. 

COHEN, H. J. & AVISSAR, N. 1994. Extracellular Glutathione Peroxidase:A Distinct 

Selenoprotein. In: BURK, R. F. (ed.) Selenium in Biology and Human 

Health. New York, NY: Springer New York. 

COMBS, G. F., JR. 2001. Selenium in global food systems. Br J Nutr, 85, 517-47. 

COMBS, G. F., JR., CLARK, L. C. & TURNBULL, B. W. 2001. An analysis of cancer 

prevention by selenium. Biofactors, 14, 153-9. 

COOK, N. R., CUTLER, J. A., OBARZANEK, E., BURING, J. E., REXRODE, K. M., 

KUMANYIKA, S. K., APPEL, L. J. & WHELTON, P. K. 2007. Long term effects 

of dietary sodium reduction on cardiovascular disease outcomes: 

observational follow-up of the trials of hypertension prevention (TOHP). 

Bmj, 334, 885-8. 

DAHL, L., JOHANSSON, L., JULSHAMN, K. & MELTZER, H. M. 2004. The iodine 

content of Norwegian foods and diets. Public Health Nutrition, 7, 569-576. 

DAHL, L. & MELTZER, H. M. 2009. Chapter 37 - The Iodine Content of Foods and 

Diets: Norwegian Perspectives A2 - Preedy, Edited byVictor R. In: 

BURROW, G. N. & WATSON, R. (eds.) Comprehensive Handbook of Iodine. 

San Diego: Academic Press. 

DAI, J. L., ZHU, Y. G., HUANG, Y. Z., ZHANG, M. & SONG, J. L. 2006. Availability 

of iodide and iodate to spinach (Spinacia oleracea L.) in relation to total 

iodine in soil solution. Plant and Soil, 289, 301-308. 



203 
 

DASGUPTA, P. K., LIU, Y. & DYKE, J. V. 2008. Iodine nutrition: iodine content of 

iodized salt in the United States. Environ Sci Technol, 42, 1315-23. 

DAVIES, B. E. & HOUGHTON, N. J. 1983. The selenium content of Welsh soils with 

special reference to bedrock and contamination from sulphide ores. 

Minerals and the Environment, 5, 67-70. 

DE BENOIST, B., ANDERSSON, M., TAKKOUCHE, B. & EGLI, I. 2003. Prevalence 

of iodine deficiency worldwide. Lancet, 362, 1859-60. 

DE TEMMERMAN, L., WAEGENEERS, N., THIRY, C., DU LAING, G., TACK, F. & 

RUTTENS, A. 2014. Selenium content of Belgian cultivated soils and its 

uptake by field crops and vegetables. Science of The Total Environment, 

468, 77-82. 

DELANGE, F. 1997. Neonatal screening for congenital hypothyroidism: results and 

perspectives. Horm Res, 48, 51-61. 

DELANGE, F., DE BENOIST, B. & ALNWICK, D. 1999. Risks of iodine-induced 

hyperthyroidism after correction of iodine deficiency by iodized salt. 

Thyroid, 9, 545-56. 

DEROUICHE, A., EL-KARDI, Y., MOHTADI, K. & JAFRI, A. 2017. Salt intake 

assessed by 24hour urinary sodium excretion of Moroccan adults: A pilot 

study. Nutrition Clinique et Métabolisme, 31, 207-211. 

DÍAZ-ALARCÓN, J. P., NAVARRO-ALARCÓN, M., LÓPEZ-GARCÍA DE LA SERRANA, 

H. & LÓPEZ-MARTÍNEZ, M. C. 1996. Determination of selenium in cereals, 

legumes and dry fruits from southeastern Spain for calculation of daily 

dietary intake. Science of The Total Environment, 184, 183-189. 

DU, S., BATIS, C., WANG, H., ZHANG, B., ZHANG, J. & POPKIN, B. M. 2014. 

Understanding the patterns and trends of sodium intake, potassium 

intake, and sodium to potassium ratio and their effect on hypertension in 

China. Am J Clin Nutr, 99, 334-43. 

DUMONT, E., VANHAECKE, F. & CORNELIS, R. 2006. Selenium speciation from 

food source to metabolites: a critical review. Anal Bioanal Chem, 385, 

1304-23. 

DUSSAULT, J. H. 1993. Iodine Intake in Canada. In: DELANGE, F., DUNN, J. T. & 

GLINOER, D. (eds.) Iodine Deficiency in Europe: A Continuing Concern. 

Boston, MA: Springer US. 

ELRASHIDI, M. A., ADRIANO, D. C., WORKMAN, S. M. & LINDSAY, W. L. 1987. 

Chemical Equilibria Of Selenium In Soils: A Theoretical Development1. Soil 

Science, 144, 141-152. 

ENGLUND, E., ALDAHAN, A., HOU, X. L., POSSNERT, G. & SÖDERSTRÖM, C. 

2010. Iodine (129I and 127I) in aerosols from northern Europe. Nuclear 

Instruments and Methods in Physics Research Section B: Beam 

Interactions with Materials and Atoms, 268, 1139-1141. 

EUROPEAN COMMISSION HACPD-GSCOF. 2002. Opinion of the Scientific 

Committee on Food on the tolerable upper level of intake of iodine. 

Brussels. 

FAIRWEATHER-TAIT, S. J., BAO, Y., BROADLEY, M. R., COLLINGS, R., FORD, D., 

HESKETH, J. E. & HURST, R. 2011. Selenium in human health and disease. 

Antioxid Redox Signal, 14, 1337-83. 

FAO 2001. Human energy requirements.Report of a Joint FAO/WHO/UNU Expert 

Consultation. Rome. 

FORDYCE, F. 2005. Selenium deficiency and toxicity in the environment. In: 

SELINUS, O. (ed.) Essentials of medical geology. Elsevier. 

FORDYCE, F. M. 2003. Database of the Iodine Content of Food and Diet Populated 

with Data From Published Literature. Nottingham, UK: British Geological 

Survey. 

FORDYCE, F. M., JOHNSON, C. C., NAVARATNA, U. R. B., APPLETON, J. D. & 

DISSANAYAKE, C. B. 2000. Selenium and iodine in soil, rice and drinking 

water in relation to endemic goitre in Sri Lanka. Science of The Total 

Environment, 263, 127-141. 



204 
 

FUGE, R. 1988. Sources of halogens in the environment, influences on human and 

animal health. Environmental Geochemistry and Health, 10, 51-61. 

FUGE, R. 1996. Geochemistry of iodine in relation to iodine deficiency diseases. 

Geological Society, London, Special Publications, 113, 201-211. 

FUGE, R. 2013. Soils and Iodine Deficiency. In: SELINUS, O. (ed.) Essentials of 

Medical Geology: Revised Edition. Dordrecht: Springer Netherlands. 

FUGE, R. & JOHNSON, C. C. 1986. The geochemistry of iodine — a review. 

Environmental Geochemistry and Health, 8, 31-54. 

FUGE, R. & JOHNSON, C. C. 2015. Iodine and human health, the role of 

environmental geochemistry and diet, a review. Applied Geochemistry, 63, 

282-302. 

FUNES-COLLADO, V., MORELL-GARCIA, A., RUBIO, R. & LÓPEZ-SÁNCHEZ, J. F. 

2013. Selenium uptake by edible plants from enriched peat. Scientia 

Horticulturae, 164, 428-433. 

GEERING, H. R., CARY, E. E., JONES, L. H. P. & ALLAWAY, W. H. 1968. Solubility 

and Redox Criteria for the Possible Forms of Selenium in Soils1. Soil 

Science Society of America Journal, 32, 35-40. 

GISSEL-NIELSEN, G. 1975. Selenium Concentration in Danish Forage Crops. Acta 

Agriculturae Scandinavica, 25, 216-220. 

GISSEL-NIELSEN, G. G., UC;  LAMAND, M & WESTERMARCK;. 1984. Selenium in 

Soils and Plants and Its Importance in Livestock and Human Nutrition. 

Advences in Agronomy, 37. 

GOLDHABER, S. B. 2003. Trace element risk assessment: essentiality vs. toxicity. 

Regulatory Toxicology and Pharmacology, 38, 232-242. 

GREGO, S. M., ANDREA 2004. Water purification in the Middle East crisis A survey 

on WTP and CU in Basrah (Iraq) area within a research and development 

program. Desalination, 165, 73-79. 

GUPTA, U. C., WINTER, K. A. & SANDERSON, J. B. 1993. Selenium content of 

barley as influenced by selenite and selenate‐enriched fertilizers. 

Communications in Soil Science and Plant Analysis, 24, 1165-1170. 

H. LARSEN, E., KNUTHSEN, P. & HANSEN, M. 1999. Seasonal and regional 

variations of iodine in Danish dairy products determined by inductively 

coupled plasma mass spectrometry. Journal of Analytical Atomic 

Spectrometry, 14, 41-44. 

HALDIMANN, M., ALT, A., BLANC, A. & BLONDEAU, K. 2005. Iodine content of 

food groups. Journal of Food Composition and Analysis, 18, 461-471. 

HAMILTON, S. J. 2004. Review of selenium toxicity in the aquatic food chain. 

Science of The Total Environment, 326, 1-31. 

HARTIKAINEN, H. 2005. Biogeochemistry of selenium and its impact on food 

chain quality and human health. Journal of Trace Elements in Medicine and 

Biology, 18, 309-318. 

HAWKESFORD, M. J. & ZHAO, F.-J. 2007. Strategies for increasing the selenium 

content of wheat. Journal of Cereal Science, 46, 282-292. 

HE, Z. L., SHENTU, J. & YANG, X. E. 2010. Manganese and Selenium. Trace 

Elements in Soils. John Wiley & Sons, Ltd. 

HONG, C.-L., WENG, H.-X., QIN, Y.-C., YAN, A.-L. & XIE, L.-L. 2008. Transfer of 

iodine from soil to vegetables by applying exogenous iodine. Agronomy for 

Sustainable Development, 28, 575-583. 

HOU, X., CHAI, C., QIAN, Q., LIU, G., ZHANG, Y. & WANG, K. 1997. The study of 

iodine in Chinese total diets. Science of The Total Environment, 193, 161-

167. 

HU, Q., MORAN, J. E. & BLACKWOOD, V. 2009. Chapter 10 - Geochemical Cycling 

of Iodine Species in Soils A2 - Preedy, Edited byVictor R. In: BURROW, G. 

N. & WATSON, R. (eds.) Comprehensive Handbook of Iodine. San Diego: 

Academic Press. 

HURST, R., SIYAME, E. W., YOUNG, S. D., CHILIMBA, A. D., JOY, E. J., BLACK, C. 

R., ANDER, E. L., WATTS, M. J., CHILIMA, B., GONDWE, J., KANG'OMBE, 



205 
 

D., STEIN, A. J., FAIRWEATHER-TAIT, S. J., GIBSON, R. S., KALIMBIRA, A. 

A. & BROADLEY, M. R. 2013a. Soil-type influences human selenium status 

and underlies widespread selenium deficiency risks in Malawi. Sci Rep, 3, 

1425. 

HURST, R., SIYAME, E. W. P., YOUNG, S. D., CHILIMBA, A. D. C., JOY, E. J. M., 

BLACK, C. R., ANDER, E. L., WATTS, M. J., CHILIMA, B., GONDWE, J., 

KANG'OMBE, D., STEIN, A. J., FAIRWEATHER-TAIT, S. J., GIBSON, R. S., 

KALIMBIRA, A. A. & BROADLEY, M. R. 2013b. Soil-type influences human 

selenium status and underlies widespread selenium deficiency risks in 

Malawi. Scientific Reports, 3, 1425. 

HUSSEIN, L. & BRUGGEMAN, J. 1999. Selenium analysis of selected Egyptian 

foods and estimated daily intakes among a population group. Food 

Chemistry, 65, 527-532. 

ICCIDD. 2002. International Council for the control of Iodine Deficiency Disorders 

[Accessed]. 

IGN. 2017. Global Scorecard of Iodine Nutrition Switzerland Iodine Global 

Network. 

INSTITUTE OF MEDICINE ACADEMY OF SCIENCES USA 2001. Dietary Reference 

Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, 

Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and 

Zinc. Washington (DC): Institute of Medicine (US) Panel on Micronutrients. 

IODINE GLOBAL NETWORK 2017. Global Scorecard of Iodine Nutrition in 2017 in 

the general population and in pregnant women,. . Zurich,Switzerland: 

Iodine Global Network. 

JOHNSON, C. C. 2003. The geochemistry of iodine and its application to 

environmental strategies for reducing the risk from iodine deficiency 

disorders (IDD). Nottingham, UK: British Geological Survey. 

JOHNSON, C. C., FORDYCE, F. M. & RAYMAN, M. P. 2010. Symposium on 

'Geographical and geological influences on nutrition': Factors controlling 

the distribution of selenium in the environment and their impact on health 

and nutrition. Proc Nutr Soc, 69, 119-32. 

JOOSTE, P. L. & STRYDOM, E. 2010. Methods for determination of iodine in urine 

and salt. Best Practice & Research Clinical Endocrinology & Metabolism, 

24, 77-88. 

KABATA-PENDIAS, A. 2004. Soil–plant transfer of trace elements—an 

environmental issue. Geoderma, 122, 143-149. 

KADRABOVA, J., MADARIC, A. & GINTER, E. 1997. The selenium content of 

selected food from the Slovak Republic. Food Chemistry, 58, 29-32. 

KAPOLNA, E. & FODOR, P. 2007. Bioavailability of selenium from selenium-

enriched green onions (Allium fistulosum) and chives (Allium 

schoenoprasum) after 'in vitro' gastrointestinal digestion. Int J Food Sci 

Nutr, 58, 282-96. 

KARIM, L. E. A. F. K. H. 2000. Lithostratigraphic Map of Northern Iraq, 500000. 

FAO, Northern Iraq, Coordination Office. Groundwater Unit of WRI Sub-

Sector and mapping Unit. 

KASHPAROV, V., COLLE, C., ZVARICH, S., YOSCHENKO, V., LEVCHUK, S. & 

LUNDIN, S. 2005. Soil-to-plant halogens transfer studies 1. Root uptake of 

radioiodine by plants. J Environ Radioact, 79, 187-204. 

KESKINEN, R., EKHOLM, P., YLI-HALLA, M. & HARTIKAINEN, H. 2009. Efficiency 

of different methods in extracting selenium from agricultural soils of 

Finland. Geoderma, 153, 87-93. 

KESKINEN, R., RÄTY, M. & YLI-HALLA, M. 2011. Selenium fractions in selenate-

fertilized field soils of Finland. Nutrient Cycling in Agroecosystems, 91, 17-

29. 

KIM, Y. C., KOO, H. S., KIM, S. & CHIN, H. J. 2014. Estimation of Daily Salt 

Intake through a 24-Hour Urine Collection in Pohang, Korea. Journal of 

Korean Medical Science, 29, S87-S90. 



206 
 

KLAPEC, T., MANDIĆ, M. L., GRGIĆ, J., PRIMORAC, L., PERL, A. & KRSTANOVIĆ, 

V. 2004. Selenium in selected foods grown or purchased in eastern 

Croatia. Food Chemistry, 85, 445-452. 

KNUDSEN, N., BULOW, I., JORGENSEN, T., PERRILD, H., OVESEN, L. & 

LAURBERG, P. 2001. Serum Tg--a sensitive marker of thyroid 

abnormalities and iodine deficiency in epidemiological studies. J Clin 

Endocrinol Metab, 86, 3599-603. 

KOROBOVA, E. 2010. Soil and landscape geochemical factors which contribute to 

iodine spatial distribution in the main environmental components and food 

chain in the central Russian plain. Journal of Geochemical Exploration, 

107, 180-192. 

KUČERA, J. 2009. Chapter 2 - Assay of Iodine in Foodstuffs: Methods and 

Applications A2 - Preedy, Edited byVictor R. In: BURROW, G. N. & 

WATSON, R. (eds.) Comprehensive Handbook of Iodine. San Diego: 

Academic Press. 

LANDINI, M., GONZALI, S. & PERATA, P. 2011. Iodine biofortification in tomato. 

Journal of Plant Nutrition and Soil Science, 174, 480-486. 

LAZARUS, J. H. 2015. The importance of iodine in public health. Environmental 

Geochemistry and Health, 37, 605-618. 

LEMIRE, M., PHILIBERT, A., FILLION, M., PASSOS, C. J. S., GUIMARÃES, J. R. D., 

BARBOSA, F. & MERGLER, D. 2012. No evidence of selenosis from a 

selenium-rich diet in the Brazilian Amazon. Environment International, 40, 

128-136. 

LEUFROY, A., NOËL, L., BOUISSET, P., MAILLARD, S., BERNAGOUT, S., XHAARD, 

C., DE VATHAIRE, F. & GUÉRIN, T. 2015. Determination of total iodine in 

French Polynesian foods: Method validation and occurrence data. Food 

Chemistry, 169, 134-140. 

LI, H. F., MCGRATH, S. P. & ZHAO, F. J. 2008. Selenium uptake, translocation 

and speciation in wheat supplied with selenate or selenite. New Phytol, 

178, 92-102. 

LINHARES, D. P. S., GARCIA, P. V., ALMADA, A., FERREIRA, T., QUEIROZ, G., 

CRUZ, J. V. & RODRIGUES, A. D. S. 2015. Iodine environmental 

availability and human intake in oceanic islands: Azores as a case-study. 

Science of The Total Environment, 538, 531-538. 

LONGNECKER, M. P., STRAM, D. O., TAYLOR, P. R., LEVANDER, O. A., HOWE, M., 

VEILLON, C., MCADAM, P. A., PATTERSON, K. Y., HOLDEN, J. M., MORRIS, 

J. S., SWANSON, C. A. & WILLETT, W. C. 1996. Use of selenium 

concentration in whole blood, serum, toenails, or urine as a surrogate 

measure of selenium intake. Epidemiology, 7, 384-90. 

LONGVAH, T. & DEOSTHALE, Y. G. 1998. Iodine content of commonly consumed 

foods and water from the goitre-endemic northeast region of India. Food 

Chemistry, 61, 327-331. 

LYONS, G. H., JUDSON, G. J., ORTIZ-MONASTERIO, I., GENC, Y., STANGOULIS, 

J. C. R. & GRAHAM, R. D. 2005. Selenium in Australia: Selenium status 

and biofortification of wheat for better health. Journal of Trace Elements in 

Medicine and Biology, 19, 75-82. 

MAFF 1997. Dietary intake of iodine and fatty acids Ministry of Agriculture, 

Fisheries and Food, . Food Surveillance Information Sheet  

MAHESH, D. L., DEOSTHALE, Y. G. & RAO, B. S. N. 1992. A sensitive kinetic 

assay for the determination of iodine in foodstuffs. Food Chemistry, 43, 

51-56. 

MANJUSHA, R., DASH, K. & KARUNASAGAR, D. 2007. UV-photolysis assisted 

digestion of food samples for the determination of selenium by 

electrothermal atomic absorption spectrometry (ETAAS). Food Chemistry, 

105, 260-265. 

MARTENS, D. A. & SUAREZ, D. L. 1997. Selenium Speciation of Soil/Sediment 

Determined with Sequential Extractions and Hydride Generation Atomic 



207 
 

Absorption Spectrophotometry. Environmental Science & Technology, 31, 

133-139. 

MATHERS, A. 2015. Modeling the Fate of Selenium Added to Soil to Improve 

Biofortification Efficiency. University of Nottingham. 

MATHERS, A. W., YOUNG, S. D., MCGRATH, S. P., ZHAO, F. J., CROUT, N. M. J. & 

BAILEY, E. H. 2017. Determining the fate of selenium in wheat 

biofortification: an isotopically labelled field trial study. Plant and Soil. 

MCNAUGHTON, S. A. & MARKS, G. C. 2002. Selenium Content of Australian 

Foods: A Review of Literature Values. Journal of Food Composition and 

Analysis, 15, 169-182. 

MEDLINEPLUS. 2017. Sodium urine test [Online]. U.S: U.S National library of 

Medicine.  [Accessed 2017]. 

MEHRA, A., SAIKAT, S. Q. & CARTER, J. E. 2014. Bioavailability of iodine in the 

UK-Peak District environment and its human bioaccessibility: an 

assessment of the causes of historical goitre in this area. Environ Monit 

Assess, 186, 987-99. 

MIDDLETON, D. R. S., WATTS, M. J., LARK, R. M., MILNE, C. J. & POLYA, D. A. 

2016. Assessing urinary flow rate, creatinine, osmolality and other 

hydration adjustment methods for urinary biomonitoring using NHANES 

arsenic, iodine, lead and cadmium data. Environmental Health, 15, 68. 

MIKKEISEN, R. L., HAGHNIA, G. H. & PAGE, A. L. 1987. Effects of pH and 

selenium oxidation state on the selenium accumulation and yield of alfalfa. 

Journal of Plant Nutrition, 10, 937-950. 

MILL, J. G., SILVA, A. B., BALDO, M. P., MOLINA, M. C. & RODRIGUES, S. L. 

2012. Correlation between sodium and potassium excretion in 24- and 12-

h urine samples. Braz J Med Biol Res, 45, 799-805. 

MIZÉHOUN-ADISSODA, C., DESPORT, J.-C., HOUINATO, D., BIGOT, A., DALMAY, 

F., PREUX, P.-M., BOVET, P. & MOESCH, C. 2016. Evaluation of iodine 

intake and status using inductively coupled plasma mass spectrometry in 

urban and rural areas in Benin, West Africa. Nutrition, 32, 560-565. 

MORAN, J. E., OKTAY, S. D. & SANTSCHI, P. H. 2002. Sources of iodine and 

iodine 129 in rivers. Water Resources Research, 38, 24-1-24-10. 

MOZAFFARIAN, D., FAHIMI, S., SINGH, G. M., MICHA, R., KHATIBZADEH, S., 

ENGELL, R. E., LIM, S., DANAEI, G., EZZATI, M. & POWLES, J. 2014. 

Global Sodium Consumption and Death from Cardiovascular Causes. New 

England Journal of Medicine, 371, 624-634. 

MUNIER-LAMY, C., DENEUX-MUSTIN, S., MUSTIN, C., MERLET, D., BERTHELIN, J. 

& LEYVAL, C. 2007. Selenium bioavailability and uptake as affected by four 

different plants in a loamy clay soil with particular attention to 

mycorrhizae inoculated ryegrass. Journal of Environmental Radioactivity, 

97, 148-158. 

MURAMATSU, Y. & HANS WEDEPOHL, K. 1998. The distribution of iodine in the 

earth's crust. Chemical Geology, 147, 201-216. 

MURAMATSU, Y., YOSHIDA, S., FEHN, U., AMACHI, S. & OHMOMO, Y. 2004. 

Studies with natural and anthropogenic iodine isotopes: iodine distribution 

and cycling in the global environment. J Environ Radioact, 74, 221-32. 

NAVARRO-ALARCON, M. & CABRERA-VIQUE, C. 2008. Selenium in food and the 

human body: a review. Sci Total Environ, 400, 115-41. 

NEAL, R. H. & SPOSITO, G. 1989. Selenate Adsorption on Alluvial Soils. Soil 

Science Society of America Journal, 53, 70-74. 

OLDFIELD, J., E. 1999. Selenium world atlas Belgium, Selenium-Tellurium 

Development Association. 

ORMIZYARI, G. 2009. The role of urban agriculture in kirkuk, Iraq. urban 

agriculture mahazine, 21, 24-25. 

PALMER, C. J., ANDERS, T. L., CARPENTER, L. J., KÜPPER, F. C. & MCFIGGANS, 

G. B. 2005. Iodine and Halocarbon Response of Laminaria digitata to 



208 
 

Oxidative Stress and Links to Atmospheric New Particle Production. 

Environmental Chemistry, 2, 282-290. 

PAPPA, E. C., PAPPAS, A. C. & SURAI, P. F. 2006. Selenium content in selected 

foods from the Greek market and estimation of the daily intake. Science of 

The Total Environment, 372, 100-108. 

PARSAD, D. & SAINI, R. 1998. Acneform eruption with iodized salt. Int J 

Dermatol, 37, 478. 

PAULING, L. 1970. Generak geochemistry, San Fransisco, W.H. Freeman &Co. 

PEAK, D. & SPARKS, D. L. 2002. Mechanisms of selenate adsorption on iron 

oxides and hydroxides. Environ Sci Technol, 36, 1460-6. 

PENNINGTON, J. A. T. & YOUNG, B. 1990. Iron, zinc, copper, manganese, 

selenium, and iodine in foods from the United States total diet study. 

Journal of Food Composition and Analysis, 3, 166-184. 

PÉREZ-SIRVENT, C., MARTÍNEZ-SÁNCHEZ, M. J., GARCÍA-LORENZO, M. L., 

MOLINA, J., TUDELA, M. L., MANTILLA, W. & BECH, J. 2010. Selenium 

content in soils from Murcia Region (SE, Spain). Journal of Geochemical 

Exploration, 107, 100-109. 

PLESS, J. D., BENJAMIN CHWIRKA, J. & KRUMHANSL, J. L. 2007. Iodine 

sequestration using delafossites and layered hydroxides. Environmental 

Chemistry Letters, 5, 85-89. 

POBLACIONES, M. J., RODRIGO, S. M. & SANTAMARIA, O. 2013. Evaluation of the 

potential of peas (Pisum sativum L.) to be used in selenium biofortification 

programs under Mediterranean conditions. Biol Trace Elem Res, 151, 132-

7. 

PUCCINELLI, M., MALORGIO, F., ROSELLINI, I. & PEZZAROSSA, B. 2017. Uptake 

and partitioning of selenium in basil (Ocimum basilicum L.) plants grown in 

hydroponics. Scientia Horticulturae, 225, 271-276. 

PULFORD, I. F., H 2006. Environmental Chemistry at a Glance, Oxford, Blackwell. 

RAYMAN, M. P. 2000. The importance of selenium to human health. The Lancet, 

356, 233-241. 

RAYMAN, M. P. 2005. Selenium in cancer prevention: a review of the evidence 

and mechanism of action. Proc Nutr Soc, 64, 527-42. 

REDEKER, K. R. & CICERONE, R. J. 2004. Environmental controls over methyl 

halide emissions from rice paddies. Global Biogeochemical Cycles, 18, n/a-

n/a. 

REILLER, P., MERCIER-BION, F., GIMENEZ, N., BARRÉ, N. & MISERQUE, F. 2006. 

Iodination of humic acid samples from different origins. Radiochimica Acta. 

REILLY, C. 2006. Selenium in health and disease I: The agricultural connection. 

Selenium in Food and Health. Boston, MA: Springer US. 

REMINGTON, R. E., CULP, F. B. & KOLNITZ, H. V. 1929. The Potato As An Index 

Of Iodine Distribution. Journal of the American Chemical Society, 51, 

2942-2947. 

RÍOS, J. J., ROSALES, M. A., BLASCO, B., CERVILLA, L. M., ROMERO, L. & RUIZ, 

J. M. 2008. Biofortification of Se and induction of the antioxidant capacity 

in lettuce plants. Scientia Horticulturae, 116, 248-255. 

RISHER, J. F. S., KEITH.L.; 2009. Iodine and inorganic iodides : human health 

aspects. World Health Organization. 

ROBINSON, M. F., JENKINSON, C. P., LUZHEN, G., THOMSON, C. D. & WHANGER, 

P. D. 1989. Urinary Excretion of Selenium (Se) and Trimethyl-selenonium 

(TMSe) by NZ Women During Long Term Supplementation with Selenate 

or Selenomethionine (Semet). In: WENDEL, A. (ed.) Selenium in Biology 

and Medicine. Berlin, Heidelberg: Springer Berlin Heidelberg. 

ROS, G. H., VAN ROTTERDAM, A. M. D., BUSSINK, D. W. & BINDRABAN, P. S. 

2016. Selenium fertilization strategies for bio-fortification of food: an agro-

ecosystem approach. Plant and Soil, 404, 99-112. 

ROSE, N. R., BONITA, R. & BUREK, C. L. 2002. Iodine: an environmental trigger 

of thyroiditis. Autoimmun Rev, 1, 97-103. 



209 
 

ROUSSEL-DEBET, S., DENEUX-MUSTIN, S. & MUNIER-LAMY, C. 2005. Screening 

the importance of soil micro-organisms on radionuclides mobility. 

Radioprotection, 40, S87-S91. 

SAINI, H. S., ATTIEH, J. M. & HANSON, A. D. 1995. Biosynthesis of halomethanes 

and methanethiol by higher plants via a novel methyltransferase reaction. 

Plant, Cell & Environment, 18, 1027-1033. 

SAIZ-LOPEZ, A., PLANE, J. M. C., BAKER, A. R., CARPENTER, L. J., VON GLASOW, 

R., GÓMEZ MARTÍN, J. C., MCFIGGANS, G. & SAUNDERS, R. W. 2012. 

Atmospheric Chemistry of Iodine. Chemical Reviews, 112, 1773-1804. 

SALBE, A. D. & LEVANDER, O. A. 1990. Effect of various dietary factors on the 

depostion of selenium in the hair and nails of rats. Journal of Nutrition, 

120, 200-206. 

SANZ ALAEJOS, M. & DIAZ ROMERO, C. 1993. Urinary selenium concentrations. 

Clin Chem, 39, 2040-52. 

SCHILLING, K., JOHNSON, T. M. & MASON, P. R. D. 2014. A sequential extraction 

technique for mass-balanced stable selenium isotope analysis of soil 

samples. Chemical Geology, 381, 125-130. 

SCHLEGEL, M. L., REILLER, P., MERCIER-BION, F., BARRÉ, N. & MOULIN, V. 

2006. Molecular environment of iodine in naturally iodinated humic 

substances: Insight from X-ray absorption spectroscopy. Geochimica et 

Cosmochimica Acta, 70, 5536-5551. 

SHACKLETTE, H. T., BOERNGEN, J. G. & SURVEY, G. 1984. Element 

Concentrations in Soils and Other Surficial Materials of the Conterminous 

United States, U.S. Department of the Interior, Geological Survey. 

SHEPPARD, S. C. & EVENDEN, W. G. 1995. Toxicity of soil iodine to terrestrial 

biota, with implications for 129I. Journal of Environmental Radioactivity, 

27, 99-116. 

SHEPPARD, S. C., LONG, J. M. & SANIPELLI, B. 2010. Plant/soil concentration 

ratios for paired field and garden crops, with emphasis on iodine and the 

role of soil adhesion. Journal of Environmental Radioactivity, 101, 1032-

1037. 

SHEPPARD, S. C. & MOTYCKA, M. 1997. Is the akagare phenomenon important to 

iodine uptake by wild rice (Zizania aquatica)? Journal of Environmental 

Radioactivity, 37, 339-353. 

SHETAYA, W. H., YOUNG, S. D., WATTS, M. J., ANDER, E. L. & BAILEY, E. H. 

2012. Iodine dynamics in soils. Geochimica et Cosmochimica Acta, 77, 

457-473. 

SHIMAMOTO, Y. S., TAKAHASHI, Y. & TERADA, Y. 2011. Formation of Organic 

Iodine Supplied as Iodide in a Soil−Water System in Chiba, Japan. 

Environmental Science & Technology, 45, 2086-2092. 

SIGRIST, M., BRUSA, L., CAMPAGNOLI, D. & BELDOMÉNICO, H. 2012. 

Determination of selenium in selected food samples from Argentina and 

estimation of their contribution to the Se dietary intake. Food Chemistry, 

134, 1932-1937. 

SIRICHAKWAL, P. P., PUWASTIEN, P., POLNGAM, J. & KONGKACHUICHAI, R. 

2005. Selenium content of Thai foods. Journal of Food Composition and 

Analysis, 18, 47-59. 

SMOLEŃ, S., KOWALSKA, I. & SADY, W. 2014. Assessment of biofortification with 

iodine and selenium of lettuce cultivated in the NFT hydroponic system. 

Scientia Horticulturae, 166, 9-16. 

SMOLEŃ, S., LEDWOŻYW-SMOLEŃ, I. & SADY, W. 2016. The role of exogenous 

humic and fulvic acids in iodine biofortification in spinach (Spinacia 

oleracea L.). Plant and Soil, 402, 129-143. 

SMRKOLJ, P., POGRAJC, L., HLASTAN-RIBIČ, C. & STIBILJ, V. 2005. Selenium 

content in selected Slovenian foodstuffs and estimated daily intakes of 

selenium. Food Chemistry, 90, 691-697. 



210 
 

SMYTH, D. & JOHNSON, C. C. 2011. Distribution of iodine in soils of Northern 

Ireland. Geochemistry: Exploration, Environment, Analysis, 11, 25-39. 

SOLDIN, O. P. 2002. Controversies in urinary iodine determinations. Clinical 

Biochemistry, 35, 575-579. 

SPADONI, M., VOLTAGGIO, M., CARCEA, M., CONI, E., RAGGI, A. & CUBADDA, F. 

2007. Bioaccessible selenium in Italian agricultural soils: Comparison of 

the biogeochemical approach with a regression model based on 

geochemical and pedoclimatic variables. Science of The Total Environment, 

376, 160-177. 

STROUD, J. L., BROADLEY, M. R., FOOT, I., FAIRWEATHER-TAIT, S. J., HART, D. 

J., HURST, R., KNOTT, P., MOWAT, H., NORMAN, K., SCOTT, P., TUCKER, 

M., WHITE, P. J., MCGRATH, S. P. & ZHAO, F. J. 2010. Soil factors 

affecting selenium concentration in wheat grain and the fate and 

speciation of Se fertilisers applied to soil. Plant and Soil, 332, 19-30. 

SUNDE 2000. Selenium. Biochemical and Physiological aspects of human 

nutrition. New york: W.B Sounders Company. 

SUPRIATIN, S., WENG, L. & COMANS, R. N. J. 2015. Selenium speciation and 

extractability in Dutch agricultural soils. Science of The Total Environment, 

532, 368-382. 

TAN, J. A., ZHU, W., WANG, W., LI, R., HOU, S., WANG, D. & YANG, L. 2002. 

Selenium in soil and endemic diseases in China. Science of The Total 

Environment, 284, 227-235. 

TERRY, N., ZAYED, A. M., DE SOUZA, M. P. & TARUN, A. S. 2000. SELENIUM IN 

HIGHER PLANTS. Annu Rev Plant Physiol Plant Mol Biol, 51, 401-432. 

THOMSON, C. D., SMITH, T. E., BUTLER, K. A. & PACKER, M. A. 1996. An 

Evaluation of Urinary Measures of Iodine and Selenium Status. Journal of 

Trace Elements in Medicine and Biology, 10, 214-222. 

TOLU, J., LE HÉCHO, I., BUENO, M., THIRY, Y. & POTIN-GAUTIER, M. 2011. 

Selenium speciation analysis at trace level in soils. Analytica Chimica Acta, 

684, 126-133. 

TRIEU, K., NEAL, B., HAWKES, C., DUNFORD, E., CAMPBELL, N., RODRIGUEZ-

FERNANDEZ, R., LEGETIC, B., MCLAREN, L., BARBERIO, A. & WEBSTER, J. 

2015. Salt Reduction Initiatives around the World - A Systematic Review 

of Progress towards the Global Target. PLoS One, 10, e0130247. 

TRUESDALE, V. W. & JONES, S. D. 1996. The variation of iodate and total iodine 

in some UK rainwaters during 1980-1981. Journal of Hydrology, 179, 67-

86. 

UCHIDA, S. & TAGAMI, K. 2011. Iodine transfer from agricultural soils to edible 

part of crops. Proceedings in Radiochemistry A Supplement to 

Radiochimica Acta. 

UJOWUNDU, C. O. U., A. L.;  AGHA, C. N.; NWACHUKWU, N. 2010. Effects of 

Potassium Iodate Application on the Biomass and Iodine concentration of 

Selected Indigenous Nigerian Vegetables. African Journal of Biotechnology, 

9, 7141-7147. 

UPADHYAY, G., SINGH, R., SHARMA, R., BALAPURE, A. K. & GODBOLE, M. M. 

2002. Differential action of iodine on mitochondria from human tumoral- 

and extra-tumoral tissue in inducing the release of apoptogenic proteins. 

Mitochondrion, 2, 199-210. 

USDA 2017. USDA Food Composition Databases. USA: National Agricultural 

Library, https://ndb.nal.usda.gov/ndb/nutrients/index. 

VALLEJO, M., COLIN-RAMIREZ, E., RIVERA MANCIA, S., CARTAS ROSADO, R., 

MADERO, M., INFANTE VAZQUEZ, O. & VARGAS-BARRON, J. 2017. 

Assessment of Sodium and Potassium Intake by 24 h Urinary Excretion in 

a Healthy Mexican Cohort. Arch Med Res, 48, 195-202. 

VENTURA, M. G., DO CARMO FREITAS, M., PACHECO, A., VAN MEERTEN, T. & 

WOLTERBEEK, H. T. 2006. Selenium content in selected Portuguese 

foodstuffs. European Food Research and Technology, 224, 395. 

https://ndb.nal.usda.gov/ndb/nutrients/index


211 
 

VENTURA, M. G., STIBILJ, V., FREITAS, M. D. C. & PACHECO, A. M. G. 2009. 

Determination of ultratrace levels of selenium in fruit and vegetable 

samples grown and consumed in Portugal. Food Chemistry, 115, 200-206. 

VOOGT, W., HOLWERDA, H. T. & KHODABAKS, R. 2010. Biofortification of lettuce 

(Lactuca sativa L.) with iodine: the effect of iodine form and concentration 

in the nutrient solution on growth, development and iodine uptake of 

lettuce grown in water culture. Journal of the Science of Food and 

Agriculture, 90, 906-913. 

VOUTCHKOVA, D. D., KRISTIANSEN, S. M., HANSEN, B., ERNSTSEN, V., 

SØRENSEN, B. L. & ESBENSEN, K. H. 2014. Iodine concentrations in 

Danish groundwater: historical data assessment 1933–2011. 

Environmental Geochemistry and Health, 36, 1151-1164. 

WAHEED, S., ZAIDI, J. H., AHMAD, S. & SALEEM, M. 2002. Instrumental neutron 

activation analysis of 23 individual food articles from a high altitude 

region. Journal of Radioanalytical and Nuclear Chemistry, 254, 597-605. 

WALLISER, Y. 2010. Agriculture in Iraqi Kurdistan. Between Destruction and 

Reconstruction. Etudes rurales, 186, 148. 

WANG, S., LIANG, D., WANG, D., WEI, W., FU, D. & LIN, Z. 2012. Selenium 

fractionation and speciation in agriculture soils and accumulation in corn 

(Zea mays L.) under field conditions in Shaanxi Province, China. Science of 

The Total Environment, 427, 159-164. 

WATTS, M., JOY, E., YOUNG, S., BROADLEY, M., CHILIMBA, A. & GIBSON, R. 

2015a. Iodine source apportionment in the Malawian diet. Sci Rep, 5. 

WATTS, M. J., JOY, E. J., YOUNG, S. D., BROADLEY, M. R., CHILIMBA, A. D., 

GIBSON, R. S., SIYAME, E. W., KALIMBIRA, A. A., CHILIMA, B. & ANDER, 

E. L. 2015b. Iodine source apportionment in the Malawian diet. Sci Rep, 5, 

15251. 

WATTS, M. J. & MITCHELL, C. J. 2008. A pilot study on iodine in soils of Greater 

Kabul and Nangarhar provinces of Afghanistan. Environmental 

Geochemistry and Health, 31, 503. 

WATTS, M. J. & MITCHELL, C. J. 2009. A pilot study on iodine in soils of Greater 

Kabul and Nangarhar provinces of Afghanistan. Environ Geochem Health, 

31, 503-9. 

WATTS, M. J., O'REILLY, J., MARICELLI, A., COLEMAN, A., ANDER, E. L. & WARD, 

N. I. 2010. A snapshot of environmental iodine and selenium in La Pampa 

and San Juan provinces of Argentina. Journal of Geochemical Exploration, 

107, 87-93. 

WENG, H.-X., LIU, H.-P., LI, D.-W., YE, M., PAN, L. & XIA, T.-H. 2014. An 

innovative approach for iodine supplementation using iodine-rich 

phytogenic food. Environmental Geochemistry and Health, 36, 815-828. 

WENG, H.-X., YAN, A.-L., HONG, C.-L., QIN, Y.-C., PAN, L. & XIE, L.-L. 2009. 

Biogeochemical transfer and dynamics of iodine in a soil–plant system. 

Environmental Geochemistry and Health, 31, 401-411. 

WENG, H., HONG, C., XIA, T., BAO, L., LIU, H. & LI, D. 2013a. Iodine 

biofortification of vegetable plants—An innovative method for iodine 

supplementation. Chinese Science Bulletin, 58, 2066-2072. 

WENG, H., HONG, C., YAN, A. & JI, Z. 2013b. Biogeochemical transport of iodine 

and its quantitative model. Science China Earth Sciences, 56, 1599-1606. 

WENG, H. X., HONG, C. L., YAN, A. L., PAN, L. H., QIN, Y. C., BAO, L. T. & XIE, L. 

L. 2008. Mechanism of iodine uptake by cabbage: effects of iodine species 

and where it is stored. Biol Trace Elem Res, 125, 59-71. 

WHANGER, P., VENDELAND, S., PARK, Y. C. & XIA, Y. 1996. Metabolism of 

subtoxic levels of selenium in animals and humans. Ann Clin Lab Sci, 26, 

99-113. 

WHANGER, P. D. 2002. Selenocompounds in plants and animals and their 

biological significance. J Am Coll Nutr, 21, 223-32. 



212 
 

WHITE, P. J., BOWEN, H. C., PARMAGURU, P., FRITZ, M., SPRACKLEN, W. P., 

SPIBY, R. E., MEACHAM, M. C., MEAD, A., HARRIMAN, M., TRUEMAN, L. J., 

SMITH, B. M., THOMAS, B. & BROADLEY, M. R. 2004. Interactions between 

selenium and sulphur nutrition in Arabidopsis thaliana. J Exp Bot, 55, 

1927-37. 

WHITEHEAD, D. C. 1984. The Distribution and Transformation of Iodine in the 

Environment. Environment International, 10, 321-339. 

WHO 1996. Iodine Deficiency Disorders. In: /121, F. S. W. (ed.). Geneve, 

Switzerland: World Health Organization. 

WHO 2004. Iodine Status Worldwide. Geneva: Depertment of Nutrition for Health 

and Development World Health Organization. 

WHO 2007. Assessmentof the iodine deficiency disorders and monitoring their 

elimination. 2nd ed. Geneva: World Health Organization/International 

Council for the Control of the Iodine Deficiency Disorders/United Nations 

Childrens Fund (WHO/ICCIDD/UNICEF). 

WHO 2012. Guideline: sodium intake for adults and children. Geneva: World 

Health Organization. 

WHO 2013. Urinary iodine concentrations for determining iodine status in 
populations. Department of Nutrition for Health and Development (NHD) 

 

WILSON, M. A., BURT, R., LYNN, W. C. & KLAMETH, L. C. 1997. Total elemental 

analysis digestion method evaluation on soils and clays. Communications 

in Soil Science and Plant Analysis, 28, 407-426. 

WONG, G. T. F. 1991. The marine geochemistry of iodine. Rev. Aquat. Sci., 45, 

45. 

WU, S., FENG, X. & WITTMEIER, A. 1997. Microwave Digestion of Plant and Grain 

Reference Materials in Nitric Acid or a Mixture of Nitric Acid or a Mixture of 

Nitric Acid and Hydrogen Peroxide for the Determination of Multi-elements 

by Inductively Coupled Plasma Mass Spectrometry. Journal of Analytical 

Atomic Spectrometry, 12, 797-806. 

YANG, G., ZHOU, R., YIN, S., GU, L., YAN, B., LIU, Y., LIU, Y. & LI, X. 1989. 

Studies of safe maximal daily dietary selenium intake in a seleniferous 

area in China. I. Selenium intake and tissue selenium levels of the 

inhabitants. Journal of Trace Elements and Electrolytes in Health and 

Disease, 3, 77-87. 

YANG, H., LIU, W., LI, B., ZHANG, H., LIU, X. & CHEN, D. 2007. Speciation 

Analysis for Iodine in Groundwater Using High Performance Liquid 

Chromatography-Inductively Coupled Plasma-Mass Spectrometry (HPLC-

ICP-MS). Geostandards and Geoanalytical Research, 31, 345-351. 

YEH, T. S., HUNG, N. H. & LIN, T. C. 2014. Analysis of iodine content in seaweed 

by GC-ECD and estimation of iodine intake. Journal of Food and Drug 

Analysis, 22, 189-196. 

YOKOUCHI, Y., NOJIRI, Y., TOOM-SAUNTRY, D., FRASER, P., INUZUKA, Y., 

TANIMOTO, H., NARA, H., MURAKAMI, R. & MUKAI, H. 2012. Long-term 

variation of atmospheric methyl iodide and its link to global environmental 

change. Geophysical Research Letters, 39, n/a-n/a. 

YOSHIDA, S., MURAMATSU, Y., KATOU, S. & SEKIMOTO, H. 2007. Determination 

of the chemical forms of iodine with IC-ICP-MS and its application to 

environmental samples. Journal of Radioanalytical and Nuclear Chemistry, 

273, 211-214. 

YUITA, K., KIHOU, N., YABUSAKI, S., TAKAHASHI, Y., SAITOH, T., TSUMURA, A. 

& ICHIHASHI, H. 2005. Behavior of Iodine in a Forest Plot, an Upland Field 

and a Paddy Field in the Upland Area of Tsukuba, Japan. Iodine 

Concentration in Precipitation, Irrigation Water, Ponding Water and Soil 

Water to a Depth of 2.5 m. Soil Science & Plant Nutrition, 51, 1011-1021. 



213 
 

ZENG, H. & COMBS, G. F., JR. 2008. Selenium as an anticancer nutrient: roles in 

cell proliferation and tumor cell invasion. J Nutr Biochem, 19, 1-7. 

ZHANG, Y. & FRANKENBERGER, W. T. 2003. Determination of Selenium 

Fractionation and Speciation in Wetland Sediments by Parallel extraction. 

International Journal of Environmental Analytical Chemistry, 83, 315-326. 

ZHU, Y.-G., HUANG, Y., HU, Y., LIU, Y. & CHRISTIE, P. 2004. Interactions 

between selenium and iodine uptake by spinach (Spinacia oleracea L.) in 

solution culture. Plant and Soil, 261, 99-105. 

ZHU, Y. G., HUANG, Y. Z., HU, Y. & LIU, Y. X. 2003. Iodine uptake by spinach 

(Spinacia oleracea L.) plants grown in solution culture: effects of iodine 

species and solution concentrations. Environ Int, 29, 33-7. 

ZHU, Y. G., PILON-SMITS, E. A., ZHAO, F. J., WILLIAMS, P. N. & MEHARG, A. A. 

2009. Selenium in higher plants: understanding mechanisms for 

biofortification and phytoremediation. Trends Plant Sci, 14, 436-42. 

ZIA, M. H., WATTS, M. J., GARDNER, A. & CHENERY, S. R. 2015. Iodine status of 

soils, grain crops, and irrigation waters in Pakistan. Environmental Earth 

Sciences, 73, 7995-8008. 

ZIMMERMANN, M. B. 2008. Iodine requirements and the risks and benefits of 

correcting iodine deficiency in populations. J Trace Elem Med Biol, 22, 81-

92. 

ZIMMERMANN, M. B., ITO, Y., HESS, S. Y., FUJIEDA, K. & MOLINARI, L. 2005. 

High thyroid volume in children with excess dietary iodine intakes. Am J 

Clin Nutr, 81, 840-4. 

ZIMMERMANN, M. B., MORETTI, D., CHAOUKI, N. & TORRESANI, T. 2003. 

Development of a dried whole-blood spot thyroglobulin assay and its 

evaluation as an indicator of thyroid status in goitrous children receiving 
iodized salt. Am J Clin Nutr, 77, 1453-8. 

 

 

 

 

 

 

 



214 
 

APPENDICIES 

Appendix 1 . Concentration of common major and minor element in the soil samples of four main areas 

Sub 
areas 

Na Mg K Ca Al Mn Fe Ni Cu Zn Mo Cd Pb I Se 

mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 µg kg-1 µg kg-1 

Tanjaro 

2260 19800 8590 114000 39500 562 36400 174 28.1 83.1 0.417 0.303 10.5 4560 241 

2500 19600 8910 112000 38700 644 35800 172 28.9 29.9 0.516 0.301 10.3 4720 253 

2350 20000 8790 110000 39900 566 37300 183 28.9 78.9 0.513 0.287 10.5 4290 252 

2620 20400 9040 106000 40800 616 37700 186 29.3 76.1 0.468 0.306 10.8 4680 269 

2400 19800 8800 101000 39500 512 36800 181 28.6 68.5 0.445 0.313 10.7 3770 252 

2780 17500 9050 110000 38100 646 34900 141 33.2 84.1 0.522 0.336 15.0 4180 275 

2680 12500 7280 156000 29000 644 26900 94.4 27.7 70.1 0.510 0.293 11.1 2150 204 

2660 15400 8130 146000 32400 748 31100 119 31.1 73.8 0.449 0.326 12.7 4440 266 

2710 19800 9190 106000 40400 595 36900 171 30.9 74.5 0.430 0.322 12.0 3190 273 

2680 17700 9310 109000 39400 706 35700 142 34.8 98.9 0.520 0.340 19.4 5020 309 

2790 18200 9030 117000 39000 595 35400 151 29.8 70.6 0.434 0.300 11.2 3390 253 

2640 16700 9910 127000 46100 831 34700 126 35.5 131 0.585 0.405 15.5 3230 283 

3100 17400 12100 107000 52900 844 37900 134 32.6 99.5 0.769 0.564 14.2 2870 279 

2740 16800 9620 125000 41800 742 32500 135 32.5 102 0.504 0.351 17.0 2760 272 

2920 16700 9710 129000 41700 774 32100 134 32.1 91.4 0.498 0.350 16.0 2330 239 

Baziyan 
2640 16800 9910 127000 46100 831 34700 126 35.5 131 0.585 0.405 15.5 2800 246 

3100 17400 12100 107000 52900 844 37900 134 32.6 99.5 0.769 0.564 14.2 3800 219 

Zhalla 
2740 16800 9620 125000 41800 742 32500 135 32.5 101 0.504 0.351 17.0 2460 187 

2920 16700 9710 129000 41700 774 32100 134 32.1 91.4 0.498 0.350 16.0 2810 165 

Dukan 
3560 17900 11800 77700 54700 894 39600 158 30.3 88.5 1.00 2.00 14.4 1200 170 

4060 22500 11700 65600 57600 941 43100 226 30.6 87.7 0.744 0.522 14.0 2860 383 

SUL -
west 
area 

3050 16100 8970 118000 35100 759 33500 127 33.2 114 0.479 0.298 13.7 4310 246 

2910 14600 8270 119000 34100 708 31900 120 31.8 87.0 0.433 0.256 12.4 3610 254 

2880 14600 7750 135000 31800 639 30500 110 34.1 98.0 0.497 0.316 19.6 2470 236 

Industri
al 

2960 11600 7260 116000 27300 864 74900 123 100 537 6.5 6.50 66.8 2270 218 

2940 11600 6830 111000 27900 1120 117000 152 225 471 11.1 11.1 66.4 2250 226 

Kana 
Sura 

2420 17000 10700 87800 45200 672 39800 130 34.6 102 0.777 0.777 14.3 4100 227 

5280 30900 22200 66400 88900 1450 77200 250 60.4 150 0.153 0.153 29.7 5230 432 

3750 18600 13100 50200 53600 916 45300 149 34.9 85.6 0.771 0.771 14.4 7540 269 

3120 17500 12000 60000 48900 745 42900 142 35.9 113 0.751 0.751 15.2 4030 277 

3040 17100 11600 69600 47700 774 42300 143 32.8 90.8 0.599 0.599 13.4 4320 228 

2450 16000 8960 127000 42100 628 35700 117 25.7 91.7 4.29 4.29 10.8 4690 211 

2860 18200 11300 85800 49000 727 42000 143 31.1 77.7 0.961 0.961 12.7 4900 228 

2930 17700 11100 84800 47500 736 41000 139 30.6 76.2 0.644 0.644 12.5 4960 223 

2210 15500 8250 137000 39900 575 33500 108 23.6 61.9 0.545 0.545 10.4 4730 179 

Kani 
Goma 

2990 18400 10100 119000 37200 642 31800 111 26.8 75.4 0.463 0.298 13.7 4820 223 

2980 18800 10100 115000 38400 654 32500 112 26.9 73.1 0.458 0.310 13.1 5520 232 

3100 18200 9690 119000 36900 632 31400 109 26.5 79.7 0.483 0.333 13.4 5700 232 
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3000 19000 10000 118000 38700 649 32400 112 26.9 27.9 0.465 0.304 13.3 5620 234 

3290 18800 10700 119000 38700 609 32900 109 26.2 65.2 0.742 0.295 11.3 5730 197 

2840 17800 9500 115000 37100 551 30500 99.0 22.1 56.0 0.701 0.274 9.60 5010 192 

Sub 
areas 

Na Mg K Ca Al Mn Fe Ni Cu Zn Mo Cd Pb I Se 

mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 µg kg-1 µg kg-1 

Sharazo
or 

2800 14700 13800 52400 67800 1150 45700 136 32.9 114 1.87 0.568 19.0 2780 368 

2140 15000 11200 103000 54000 857 39000 124 29.5 93.7 1.3 0.470 16.2 2700 290 

2660 16800 12900 91000 57600 892 40700 131 30.9 88.3 1.12 0.516 16.1 2770 253 

3590 16400 14400 64500 62300 1000 44300 144 33.9 105 1.07 0.548 19.8 3140 264 

2540 16300 11800 104000 53400 841 38800 133 28.2 80.3 0.980 0.443 13.6 3330 231 

2410 21200 9900 101000 43400 888 36900 224 29.8 66.7 0.658 0.296 9.70 2910 252 

3080 17700 12200 63200 60600 968 43000 145 32.3 94.3 0.795 0.404 15.6 3480 232 

New 
Halabja 2560 16600 11100 98100 47400 905 35400 133 33.5 134 0.819 0.473 17.8 2470 260 

 

 

Sub areas 
Na Mg K Ca Al Mn Fe Ni Cu Zn Mo Cd Pb I Se 

mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 µg kg-1 µg kg-1 

Kalar 

3800 15000 9420 132000 38200 651 26400 85.1 21.8 61.2 0.874 0.289 9.43 2520 302 

4250 16700 8850 137000 38300 621 26700 86.4 20.5 56.3 0.888 0.220 8.59 2860 206 

3890 15000 9280 134000 38900 658 27400 84.1 19.9 20.9 0.839 0.244 9.66 2810 198 

4190 17400 9480 138000 40400 660 28300 88.2 20.6 57.9 0.829 0.276 9.17 2290 207 

3270 15400 10100 123000 39900 660 27200 89.0 22.4 59.7 0.911 0.275 9.00 2190 211 

3670 16000 10100 124000 40400 682 28000 89.7 23.3 64.0 0.891 0.326 9.52 2250 271 

2760 12300 8620 131000 32200 530 22000 68.9 19.5 52.8 0.742 0.272 7.97 2570 205 

3030 14000 9230 118000 35800 616 24800 77.8 22.3 63.3 0.787 0.736 9.96 2550 245 

3210 14200 8800 130000 35500 588 24500 79.9 19.8 54.3 0.880 0.354 8.36 2490 226 

3350 15000 9490 143000 38000 624 26100 85.7 21.9 56.2 0.878 0.308 8.76 2780 215 

4510 15500 11200 96000 46300 786 32700 98.3 24.1 66.8 0.891 0.242 11.8 1860 229 

6060 17100 13200 99000 50500 845 32800 77.1 25.2 69.2 0.535 0.212 12.2 1840 331 

3720 15400 12000 98300 45500 883 31300 83.7 28.7 64.0 0.725 0.179 9.96 1530 209 
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Sub areas 
Na Mg K Ca Al Mn Fe Ni Cu Zn Mo Cd Pb I Se 

                              

Kani Kolka 

3535 19547 4780 52656 23144 768 31501 116.0 39.11 213.59 2.4924 0.5987 31.0780 5055 528 

3268 19071 10429 50425 11383 655 31289 116.7 38.18 196.17 2.6552 0.5971 29.4823 5286 522 

3491 21573 7915 31750 18020 732 35277 135.3 37.67 142.05 2.8660 0.5785 21.4287 5512 480 

3450 21221 11078 37166 20394 735 34101 129.3 38.24 165.77 2.9189 0.5660 21.8270 5284 494 

3475 22650 11119 34421 33660 508 36099 138.7 36.26 106.85 3.1433 0.5583 17.3619 4674 433 

3771 20576 11499 37755 15583 786 33742 130.8 39.24 161.21 2.4052 0.5340 22.0955 5070 458 

3737 21665 11578 32927 32762 548 35815 142.9 35.84 94.61 2.4374 0.4898 15.5624 5701 383 

3589 20106 10915 59660 11335 797 31462 123.2 34.96 131.68 2.3472 0.5325 18.9033 5787 428 

3784 21480 8304 52813 15015 851 33697 132.1 38.51 119.46 2.4787 0.5929 17.0513 5684 402 

3688 21560 11446 28225 33110 462 35617 137.6 41.25 162.77 2.8181 0.5710 25.8316 5692 525 

3848 22611 12081 27602 25526 626 36717 144.4 40.15 145.90 2.8018 0.5380 20.3185 5986 476 

3435 19237 8311 59849 27232 716 33630 130.2 37.42 112.10 4.5529 0.6478 17.2596 4666 574 

3823 15741 8287 91011 33788 1081 37324 139.0 46.09 186.15 4.0688 0.7104 22.6632 4676 617 

Anab 

2043 13798 6663 101038 27940 505 21419 70.4 27.26 75.59 0.6125 0.2613 11.4520 7171 388 

1862 12615 7120 92004 24919 430 18931 60.9 23.40 68.83 0.5188 0.2208 10.1872 5984 403 

1527 12054 6797 96867 24345 421 18398 54.9 24.61 76.51 0.5960 0.2403 11.2594 6408 485 

2418 16323 7065 95024 31462 548 23487 84.3 28.11 75.16 0.6404 0.2758 12.3942 7802 367 

2375 15617 5047 52596 33727 545 24364 81.8 37.97 132.91 0.8394 0.3271 33.4126 5572 568 

3264 21761 1851 71086 11839 823 28201 105.5 31.47 78.20 0.8894 0.3163 13.0321 7009 388 

1809 13691 8739 99778 41005 906 34755 99.0 29.33 80.30 0.8998 0.3770 13.9499 9311 366 

1978 14106 9589 90462 40437 849 34444 98.2 32.16 96.22 1.4355 0.3730 17.4855 7339 414 

Kani Spi 

2809 16471 13969 69340 50299 871 42851 134.7 33.40 90.75 2.2269 0.5057 15.5297 5604 403 

2456 15933 12547 60396 51982 955 44829 138.6 34.79 120.35 2.8254 0.5754 19.0277 5627 432 

2466 15456 12004 63607 49659 948 43306 131.7 36.87 172.49 2.8875 0.5755 23.7306 5491 482 

2436 16501 11991 61960 53899 1002 46383 143.3 33.74 92.81 2.9074 0.5631 16.3486 7005 432 

2684 16609 13257 53694 53859 982 46479 142.2 36.21 133.34 2.7928 0.5790 19.5182 6074 457 

Bakrawa 

2890 16785 13693 31522 64840 1065 46813 150.8 36.68 113.66 1.4618 0.6275 18.1608 2743 308 

2816 16508 12719 47636 62344 1007 44625 143.2 39.45 112.96 1.3201 0.4904 18.2808 2686 301 

2632 16374 12970 39513 62996 1046 45548 149.5 33.81 105.36 1.2351 0.4905 17.1165 2968 285 

2601 16141 12591 43294 61877 1001 44405 145.8 33.64 106.07 1.2261 0.4707 17.3017 2932 280 

Zamaqi 
2794 15983 13284 85907 53764 962 38416 124.5 32.61 114.28 1.9936 0.5006 17.0166 3936 337 

2956 15638 12884 88440 52430 932 37738 124.0 30.22 96.31 1.8334 0.5712 16.9697 4003 312 

Ka Grdal 2643 12059 13001 105490 45139 828 32299 100.4 31.72 118.48 1.1358 0.4474 54.5180 3316 402 

Bia Wella 1599 12473 8347 124934 44947 836 32158 96.9 27.28 77.85 0.7154 0.3788 13.3336 4135 267 

Khormal 2685 13796 12990 17900 63169 1055 45828 135.5 38.72 101.90 0.8730 0.4603 16.6947 2161 283 
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