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ABSTRACT 

 

Selenium is an essential element for human and animals but non-essential 

for plants. Selenium availability from soil affects food chain selenium level, and 

it depends on selenium forms and distribution in soil. The pedogenic processes 

that control soil selenium distribution need further research. It was hypothesized 

that selenium contents differ with soil parent material and soil genesis may 

affect distribution of selenium forms in soil and bioavailability. The objectives 

of the study were to (i) determine the relationship between soil genesis and 

selenium forms in soils developed from different parent materials, (ii) determine 

relationship of selenite and selenate with soil development in each parent 

material, and (iii) determine which selenium form controls its bioavailability. 

Replicated profiles from each of the three relative development stages of soils 

from alluvium, loess, sandstone and shale were sampled at genetic horizons 

level. The soil was characterized for pH, total selenium, CaCO3, total and 

dissolved organic carbon, dithionite extractable iron and aluminum, amorphous 

iron and cation exchange capacity. Soil selenium was fractioned into ion 

exchangeable, metal oxides bound, organic, humic compounds bound, sulfide 

bound, and residual/recalcitrant selenium using the sequential extraction of 

Hagrova et al. (2005). Selenium in the soil extracts and acid digest of test plants 

was measured by using hydride generation atomic absorption spectrometry. 

Selenite and selenate in the 0.1 M NaOH soil extract was measured by using 

IC/ICPMS. The soil parameters, selenium forms, selenium ionic specie and 

selenium uptake data were analyzed statistically using multivariate analysis of 

variance repeated for depths. The total selenium content, exchangeable 
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selenium, metal oxides bound selenium organic selenium, humic bound 

selenium, sulfide bound selenium, and residual selenium varied with soil parent 

materials and weathering stages in each parent materials. Total selenium 

contents differed significantly with parent materials. Ion exchangeable, metal 

oxides bound and organic matter bound selenium was more in loess or equal 

with that of shale. 

 

Selenate was slightly greater than selenite. Selenate was equal in all 

parent materials except Murree soil in shale due to oxidized conditions. Selenite 

was greater in shale and alluvium than that of loess and sandstone, related to 

reduced condition in least weathered shale derived soil. Selenate increased at the 

surface with weathering where more oxidized conditions exist while selenite 

remained unchanged with weathering in alluvium and depleted with weathering 

in shale, loess and sandstone derived soils. Selenium concentration in maize was 

higher than berseem test crop in all four parent materials as berseem is poor 

accumulator of selenium. Selenium concentration in test crops increased with 

weathering from loess and shale than from alluvium and sandstone related to 

bioavailable forms of selenium. Selenium uptake and concentration correlated 

with ion exchangeable, organic, humic compounds, sulfide bound selenium, 

selenate and selenite species. Evaluation of the selenium forms and species 

enabled us to estimate the occurrence of selenium deficiency and toxicity in 

soils of Pakistan derived from various parent materials. Soil parent material 

provides the best sampling base for areas where selenium excess or deficiency 

problems occur.  

xvi 
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Chapter 1 

INTRODUCTION 

 

Selenium (Se) is a metalloid intermediate between metals and non-metals, 

an essential element for human and livestock. It plays important biological 

functions. It is toxic when high in concentration while its deficiency causes 

serious problems (Rayman, 2000; MacFarquhar et al., 2010). 

 

Total selenium contents in soils depends on the type of parent materials 

the soils are derived from, and soil forming processes which redistribute 

selenium (Mayland et al., 1989). Similarly, pedogenic processes control the 

spatial distribution of selenium contents and the continuity of and lithological 

properties (Hartikainen, 2005; Adriano, 2001). Selenium mineral phases found 

in soils are tiemannite (HgSe), clausthalite (PbSe), and naumannite ((Ag,Pb)Se) 

(Mikkelsen et al., 1989). In shale Ongoing soil forming processes play 

important role in redistribution of the selenium contents in shale (Kulp and 

Pratt, 2004). Selenium rich soils are formed from shale parent material because 

of their high total selenium (Fordyce, 2005; Plant et al., 2005). 

 

The amount of water available controls the selenium released through the 

weathering of minerals. The soils contain potentially toxic selenium 

concentrations, formed from rocks with high selenium contents where rainfall is 

less than 500 mm. The same parent material in humid regions will form a soi l 

with high selenium contents and bound to iron oxides. Parent material low in 

selenium will have deficient selenium concentration in soils even with the affect 

 



2 

 

of climate (Fleming, 1980). The ionic species of soil selenium are selenite 

(SeO3
2-

), selenate (SeO4
2-

), selenide (Se
2-

), elemental selenium (Se
0
), in soil 

solution. Organic selenium in soils includes selenomethionine, selenocystein, 

methyl-selenides, and trimethyl selenonium occurring as a part of molecular 

structures of organic compounds (Seed et al., 2000). The chemical forms of 

selenium control its reactivity, mobility, bioavailability and toxicity. Selenium 

transform in soils from: (1) selenate to selenite, a slow process, and (2) selenite 

to selenide, to elemental Se, and to organic compounds very slow (Masscheleyn 

et al., 1990). 

 

The predominant ionic form at high redox potentials (Oxidized condition) 

is selenate which has low adsorption and /or precipitation in soils (Alemi et al., 

1991; Elrashidi et al., 1989). In the moderately oxidized conditions, selenite is 

the dominant form, and its mobility is associated with sorption desorption 

processes on various phases including metal clays, organic matter and 

oxyhydroxides (Tam et al., 1995; Gustafsson and Johnsson, 1994). In reduced 

conditions selenium oxidized forms transform to elemental selenium 

(Masscheleyn et al., 1991). In strongly reduced conditions the dominant form of 

selenium is selenium (II) selenide (Masscheleyn et al., 1991; Elrashidi et al., 

1987). The selenite form strongly adsorbs on a soil surface whereas selenate is 

weakly adsorbs or leached (Neal and Sposito, 1989). Speciation of selenium is 

important due to differences in mobility, bioavailability and toxicity. The 

selenium behavior in highly calcareous soil is important because when soils are 

low in sesquioxides, the selenium becomes easily water soluble. Under well 

aerated soil condition selenium in soil solution exist as selenate, and is readily 
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available to crops and forages (Cary et al., 1967). 

 

Information on the selenium status is limited in the country. The available 

data suggest its deficiency. The mean selenium concentration reported in soil is 

0.041, and 0.035 mg kg
-1

 in forages, 0.036 mg L-1 in plasma and 0.0054 mg L
-1

 

in milk which are below the critical level for plant growth and animal 

requirements for various metabolic processes (Ahmad et al, 2009; Khan et al, 

2008b). On the other hand high selenium levels are reported in streams and 

springs in the Soan Sakesar Valley where average selenium concentration is 0.3 

mg L
-1

 in stream and 0.3 to 2.1 mg L
-1

 in lake water (Afzal et al., 2000). It is 

hypothesized that selenium contents differ with the soil parent materials and 

affects distribution of selenium fractions within a parent material weathering. 

The relationship between soil genesis, parent material and selenium contents in 

calcareous soil systems of arid regions need to be assessed. The current study 

quantifies the distribution of selenium forms in soils derived from various 

parent materials with the goal to predict the selenium available. The objectives 

of the study were to 

i. determine the relationship between soil genesis and selenium 

fractions of different parent materials, 

ii. determine relationship of selenite and selenate with soil 

properties, and, 

iii. determine which soil selenium fraction’s controls its 

bioavailability. 
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 Chapter 2 

REVIEW OF LITERATURE 

 

 Large animals depend on plants for their selenium requirement, and the 

critical level of selenium in feed is 0.04 mg kg
-1

, the optimum range 0.04 to 0.1 

mg kg
-1

 is and ˃ 3 mg kg
-1

 is toxic level (Terry et al., 2000). Therefore, the 

critical limit and toxic level of selenium in feed and fodder occur in rather a 

narrow range. Although selenium in plants poorly correlated with total 

selenium, total soil selenium < 0.125 mg kg
-1

 is deficient, 0.125 to 0.175 is 

marginal, 0.175 to 0.4 is sufficient, and 0.4 to 3 mg kg
-1

 is high (Tan, 1989).  

 

Different level of selenium in various parent materials is inherited from 

the source of different rocks (Cuvardic, 2003) and distribution of selenium soils 

is controlled by the age of parent material and the soil forming processes 

(Mayland et al., 1989). Shale inherently contains more selenium minerals, and 

therefore, high contents of total selenium are found in shale derived soil 

(Jefferis, 1984; Rosenfeld and Beath, 1964). The shale derived soils are rich in 

pyrite where selenium substitutes for sulfur (Mayland, 1985; Matamoros-Veloza 

et al., 2011). Selenium in soils is related to occurrence of sulfide minerals and 

the sedimentary rocks contain more selenium than the igneous rocks in most 

cases (Fordyce, 2005). Fine textured argillaceous clay, iron oxides, and humic 

compounds provide exchange sites for selenium causing it to increase in shale 

derived soils (Huayu and Zhisehng 1998).  

 

The sedimentary rocks have higher selenium contents than the igneous 
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rocks. Among the igneous rocks, granites, rhyolites, rhyolitic pumices, and the 

sedimentary limestone represent the low selenium rocks whereas in andesites, 

basalts, and Upper Cretaceous argillites are high selenium rocks (Wells, 1967). 

Since, high siliceous rocks have low selenium contents than maffic rocks, and 

therefore, sandy alluvium contains lower selenium than silty alluvium, silty 

loess and clay loam alluvium, although total selenium in soils derived from 

various parent materials proved to be a poor indicator of bioavailable selenium 

(Zhang, 2012).  

 

The volcanic soils and peat soils have been reported to have high 

selenium content than the gray lowland soils (Yamada et al., 2009), and the 

volcanic material with organic matter contents, govern total selenium where 

inorganic and organic selenium almost equal. Selenium release is faster from 

pyrite than from organic matter. Pyrite oxidation enhances selenium release 

during shale weathering (Matamoros et al., 2011). Soil genesis cause 

redistribution of selenium forms. In weathered soils selenium is present as 

selenite associated with iron oxides. Soil solution in weathered soils contains 

both selenite and selenate, as plant-available forms. The reduced selenium in the 

shale-parent material weathered to selenite-goethite type minerals, which further 

oxidize to selenate in the rhizosphere, and taken up by plants (Strawn et al., 

2002). Organic and humic-Se compounds are formed in shale during oxidative 

weathering, and are more likely to be retained by shale than chalk (Kulp and 

Pratt, 2004). 

 

Total selenium is also associated with an increase of clay and silt in soils 
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(Wang and Chen, 2003). In soil, clay fraction controls selenium with and 

without metal oxides and organic matter removal; and lower content in silt and 

sand fractions have been recorded (Wang and Chen, 2003). Selenium contents in 

wheat plants were highest on a lacustrine clay and glacial till, intermediate on 

lacustrine silt and lowest on aeolian sand. The change in parent materials 

influence total selenium in wheat plants is associated with the lithology (Doyle 

and Fletcher, 1977). 

 

Selenium adsorption on soil particles is controlled by texture, other 

competing ions and mineralogical composition. Clay provides surface for 

adsorption, and adsorbed selenium increases with clay fractions (Huang et al., 

2009) leading to a lesser leaching loss although plants absorbed twice selenium 

in sandy soils than in loamy soils (Mikkelsen et al., 1989) probably related to 

change in ionic forms due to redox differences. Phosphate anions competed with 

selenite for sorption sites. Adsorption in the presence of different concentrations 

sulphate, nitrate, or phosphate suggest selenite adsorption maxima decrease 

more in the presence of phosphate ions than sulfate and nitrate (Dhillon and 

Dhillon, 2000). 

 

Amorphous iron oxides are more reactive but less stable than crystalline 

oxide phases in soils (John et al., 1976). Synthetic ferrihydrite, goethite, and 

lepidocrocite were compared for adsorption of selenate (Das et al., 2013), and 

ferrihydrite was reported to have an order of magnitude higher than goethite 

leading to the higher adsorption capacity. The selenium is reduced in leachate 

by using of goethite and ferrihydrite (Donovan and Ziemkiewicz, 2013).   
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Iron and manganese oxides bound selenium accounts for most of the total 

selenium in high selenium soils derived from pyritic, black carbonaceous slate, 

and volcanic material (Kunli et al., 2004). Selenate forms outer sphere 

complexes with amorphous and crystalline hydroxides of iron (Peak and Sparks, 

2002) and on hematite selenate directly interact with iron by inner sphere 

complex. 

 

 Over the argillaceous clay, sesquioxides play dominant role in adsorption 

in acid soils which decreases at pH values above 6 (Hyun et al., 2006). 

Adsorption on oxides and hydroxides of aluminum, iron and manganese is due 

to development of positive charges in acidic environment and negative charges 

in alkaline conditions (Balistrieri and Chao, 1990).  Active aluminum and iron 

oxides are considered the major adsorbents of selenium (Nakamaru et al., 2005). 

Selenite is strongly adsorbed by soil clay minerals (Gissel-Nielsen et al., 1984). 

Under moderate soil redox conditions selenite is the dominant selenium species, 

and it is strongly adsorbed by iron and aluminum oxides and hydroxides 

(Elrashidi et al., 1987) leading to lesser leaching through soil. 

 

Other than the ionic species in soil solution, selenium exists as 

exchangeable or carbonate bound, manganese-iron bound, organic matter bound, 

humic compounds bound, and sulfide bound, and residual selenium in soils. The 

distribution of these forms change during soil genesis (Strawn et al., 2002; Kulp 

and Pratt, 2004). Chao and Sanzalone (1989) separated soil Se into five 

fractions, soluble, ligand exchangeable, acid extractable, oxidizable, residual.  

The above extraction scheme was applied for the Scottish soils and sewage 
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sludge (Macleod et al., 1998). But this extraction scheme not provides 

information on the organic selenium which play role in selenium availability.  

 

The forms and ionic species of selenium better correlates with 

bioavailability and toxicity rather than total selenium. The chemical forms are 

controlled by the soil properties including pH, the oxidation potential and the 

iron oxides content (Johnsson, 1991). The transformation of selenium forms i.e. 

(i) selenate to selenite and (ii) selenite to selenide, to elemental Se, and to 

organic compounds is slow and these ionic species coexist simultaneously in 

soil solution (Masscheleyn et al., 1990). In an un-amended native acid sulfate 

soil selenium occurs both as selenite and selenate, with a higher percentage of 

selenate in the jarosite compared to the iron oxide dominant soils (Strawn et al., 

2002).  

 

Phosphate buffer extractable selenium correlates with plant available 

selenium (Zhao et al., 2005). Organic selenium has been reported to be more up 

taken than inorganic selenium (Kikkert and Berkelaar, 2013; Eich-Greatorex et 

al., 2007; Abrams et al., 1990). However, selenium content of timothy (Phleum 

pratense L.) best correlates with the total Se (Sippola, 1979). Similarly selenium 

content in rye-grass positively correlates with the total soil selenium 

(Robberecht et al., 1982). A selenate form of selenium has positively relation 

with organic carbon (Singh et al., 1981). According to Bisbjerg, (1972) the 

amount of soils soluble selenium contents are not correlated with the 

concentration found in the clover plants. Sodium hydroxide (0.5 M) extracts 

both fulvic acid and humic acid in which selenium occurs in the form of 
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selenoamino acids in the proteins or peptides (Kang et al., 1991). Fulvic acid 

adsorbes on goethite surfaces over a wide range of pH (Filius et al., 2000). 

 

Oxidation-reduction controlled by weathering and microbial processes, 

changes the selenium species (McNeal and Balistrieri, 1989; Wang and Chen, 

2003). Selenate is more bioavailable than selenite (Gissel-Nielsen, 1986; 

Mayland 1989; Eich-Greatorex et al., 2007), contrarily, Lemly (1993) and Li et 

al., (2008) reported selenite to be more bioavailable. Selenium availability is a 

function of the redox potential (Eh) of the soil along with total selenium in soil 

(Lakin, 1973). In acidic soils environment, selenite to selenate oxidation is 

difficult whereas at neutral and alkaline pH this transformation is easy and faster 

(Lakin, 1961). The acidic soils have more affinity to adsorb selenite than the 

alkaline soil, resulting in high selenium availability to plants on an alkaline than 

acidic soil (Dhillon and Dhillon 1999). The drier lands where less irrigation 

water is available, soil selenium is above the normal soil levels and in alkaline 

soils, the level of selenium, is normal (Yadav et al., 2005). Selenium adsorption 

increases with decreasing soil pH due to development of positive charges on soil 

surfaces (Gissel-Nielsen, 1971). As the pH decreases selenium binds more 

strongly (Johnsson, 1992). Therefore, availability of selenium increases with 

increase in soil pH.  

 

The single step extraction by phosphate buffer extracts soluble, adsorbed, 

ligand exchange and plant protein bound selenium, but sequential extraction by 

Hagrova et al., 2005 provides detailed information on selenium fractions which 

help to assess the amount of selenium (Hagrova et al., 2005) where as low 
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recovery of selenium 3 to 12 % by phosphate buffer (Mao and Xing, 1999). 

 

Organic selenium in andisols may be as high as 40 % of the total 

selenium, which decrease at high temperatures and other forms are against 

variations soil temperature regimes (Yamada et al., 1998). Extractable selenium 

associated with organic matter contents represents the potentially plant available 

selenium (Abrams et al., 1990). Metal oxide and organic matter contents of soil 

affect the amounts of various solid-phases selenium and their distribution in 

different depths (Wang and Chen 2003). In mineral soils, the metal oxide-bound 

form of selenium was the largest, exceeding 30-50 % of the total selenium. 

Aluminum and iron bound selenium recovered may go as high as 80 - 100 % of 

the adsorbed selenium (Nakamaru et al., 2005). The amount of aluminum bound 

selenium is due to high Kd values, though the relative contribution of iron 

bound Se tended to increase with decreasing Kd values. In the upland soil iron 

manganese oxide-bound selenium is dominant fraction whereas in paddy soils 

organic matter bound selenium is largest part of total selenium. Concentrations 

of soluble, exchangeable, and carbonate-bound selenium forms are higher in 

paddy soil than upland soil, attributable to the release of selenium from iron 

manganese oxide during flooding (Wang et al., 2012). 

 

Plants take up selenate through the sulfur pathway (Dhillon and Dhillon, 

2004) i.e. via the high affinity of sulphate transporters (Terry et al., 2000). 

Selenite uptake mechanism or pathways is little known one proposed pathway is 

passive diffusion through plant roots (Arvy, 1993). Selenite can also be taken up 

by phosphate transporters via a metabolically-dependent active process (Li et 
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al., 2008). 

 

 Selenium uptake decrease with an increase in clay and organic carbon 

contents in shale soils similar results has been reported by Yläranta, (1983) that 

increase in clay and organic matter content reduces plants selenium uptake. 

Similarly, spring wheat (Triticum aestivum L.) and winter rape plants (Brassica 

napus L) uptake highest selenium from the sandy soil and the lowest uptake 

from clay soil.  

 

Cation exchange capacity is an important measure to retain cations, the 

relation with sulfate, arsenate and phosphate is indirect as adsorption of selenate 

and selenite is influenced positively by organic matter, clay content, both the 

parameters contribute to cation exchange capacity (Mayland et al., 1988; 

Jhonsson, 1992). Supriatin et al., (2016) reported selenium uptake by wheat 

correlate with soil pH and dissolved organic carbon, and Sillanpaa and Jansson 

(1992) also reported selenium uptake correlate strongly with cation exchange 

capacity. 

 

The differences between the Se uptake pattern of selenate and selenite on 

pakchoi were the comprehensive function of the crop uptake ability (Guo et al., 

2013). Different plant species differ in selenium accumulation e.g. sunflower 

(Helianthus annuus) accumulated lower concentrations of Se than lupin 

(Lupinus albus) or mustard (Brassica juncea) (Xime´nez-Embu´n et al., 2004). 

Raya (Brassica juncea), maize (Zea mays L.) and rice (Oryza sativa) absorbed 

Se in levels toxic for animal consumption (i.e. > 5 mg Se kg
-1

) when the soil had 
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more than 1.5 μg Se g
-1

 (Rani et al., 2005).  

 

Out of thirty countries the highest total selenium contents are reported 

from Pakistan with mean values 35.8 mg kg
-1

 extracted with AAAc-EDTA 

solution (Sillanpaa and Jansson, 1992). High selenium levels are reported in 

streams and springs in the Soan Sakesar Valley where selenium concentration 

average is 0.3 mg L
-1

 in stream and 0.3 to 2.1 mg L
-1

 in lake water (Afzal et al., 

2000). While selenium concentration in soil, forage, blood plasma, and milk is 

0.041, 0.035 mg kg
-1

, 0.036, 0.0054 mg L
-1

, respectively; and this is reported to 

be lower than the critical levels in forage for animal requirements (Khan et al., 

2008a).  
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 Chapter 3 

MATERIALS AND METHODS 

 

3.1. SITE AND SOIL DESCRIPTION 

 

Soils at different stages of development were taken from four parent 

materials occurring in the Pothwar Plateau (Pakistan). The soils at different 

stages of weathering were taken from four parent materials. Loess is the 

dominant source of parent material in the study area where change in relief has 

created the hierarchy of soils with respect to development. The loess was 

deposited during Pleistocene period and sub-Recent erosion and deposition 

created the present land morphology. On very gentle sloping to level plains in 

sub-humid subtropical continental climate well-drained, decalcified up to 100 

cm depth, moderately fine to fine texture soil with structural B horizon 

(Chakwal series is formed). On level to nearly level to gently sloping area, 

Rawalpindi soil is formed which is consist of moderately deep, well-drained, 

decalcified up to 60 cm depth, fine texture soil with structural B horizon. Rajar 

soil occurs on gullied land and is the least develop with no cambic B horizon.  

 

Alluvium occurs as narrow strips along courses of the Indus river 

tributaries. Soil development alluvial sediments depend upon the age of 

deposition. The Gujranwala soil is developed in alluvium deposited during the 

late Pleistocene period. It is very deep, fine textured and non-calcareous soil. 

The Argan soil is developed in alluvium of Sub-recent age. It is deep, calcareous 

and medium textured soil. The Shahdara formed in Recent alluvium, and has no 

13 
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structural cambic B horizon. It deep, calcareous and coarse textured soils. 

Shahdra formed in Recent alluvium, and has no structural cambic B horizon. It 

deep, calcareous and coarse textured soil. 

 

The Siwalik formation of Pliocene period and the Murree formation of 

Miocene period comprise of sandstone and shale-sandstone admixture, 

respectively. Both the formations host residual soils where genesis is driven by 

surface relief. In sandstone the Kahuta soil is developed on level area in sub-

humid, sub-tropical, continental climate. It consists of very deep, well-drained, 

noncalcareous, moderately fine and medium texture soil with argillic B horizon. 

In low lying areas the Balkasar soil is developed in calcareous sandstone. It is 

deep, calcareous and moderately fine textured. The Qazian soil is developed in 

the foothills and it has no cambic B horizon. 

 

In the Murree formation consists of red and purple tertiary shale with 

admixture of sandstone. The Murree soil is developed at level areas and is 

decalcified due to effective rainfall. The Tirnul soil series consists of 

moderately deep and deep, moderately well drained. It is strongly calcareous 

throughout the depth developed in Subhumid climate occupy undulating ridges 

and troughs therefore is less developed from the Murree soil. The Ghoragali soil 

series less weathered consists of moderately deep, moderately drained, 

calcareous without Cambic B horizon. The soil occupies mountain slopes and 

alpine forests developed in the residuum therefore least differentiated.   
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Table 1. The Selected soil series with USDA classification 

  

Parent material Least weathered soil Moderately weathered soil Weathered soil 

Loess Rajar, Typic Ustorthents Rawalpindi, Udic Haplustepts Chakwal, Typic Haplustalfs  

Alluvium Shahdra, Typic Ustifluvents Argan, Fluventic Haplustepts Gujranwala, Typic Haplustalfs  

Sandstone residuum Qazian, Lithic Ustipsamments Balkasar, Typic Haplustalfs Kahuta , Udic Haplustalfs  

Shale residuum Ghoragali, Typic Udorthents Tirnul, Typic Haplustepts Murree, Typic Hapludolls  
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3.2. SOIL SAMPLING  

 

Replicated profiles for each soil series were dug (Table 1) and described. 

The soil was sampled from each genetic horizon level. The soil was air dried 

and passed through 2 mm sieve. 

 

3.3. SOIL CHARACTERIZATION 

 

The basic soil properties include texture, pH, redox potential, CaCO3 

content, total and dissolved organic carbon, dithionite extractable iron, and 

oxalate extractable iron. The soil texture was determined by dispersing weighed 

sample in (NaPO3)6 and liquid density was recorded by hydrometer at specific 

time intervals (Gee and Bauder, 1986).  

 

Soil pH was determined for saturated soil paste (McLean, 1982) after 30 

min equilibrium time. Redox potential was determined for soil to water 

suspension 1:1 by combined electrode before calibrating with ZoBell’s solution. 

Calcium carbonate was determined by a procedure based on CH3COOH 

consumption (Loepert et al., 1984).  Twenty five mL of 0.4 M CH3COOH is 

added to 2 g of soil, shaken for 8 h on an end to end shaker, centrifuged for 10 

min, and pH of supernatant was measured after complete dissolution of the solid 

phase carbonate. Separately, pH of 0, 10, 100, 200, 300, 400, 500 mg laboratory 

grade CaCO3 in centrifuge tube and 25 mL of 0.4 M CH3COOH was added, pH 

was determined by the same procedure for soil samples. Log CaCO3 (mg) was 

plotted against soil pH, and soil CaCO3 was determined from plot and converted 
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into g kg
-1

. 

 

Total organic carbon was determined for each soil sample by wet 

digestion in K2Cr2O7 solution and concentrated H2SO4 and titrating against 

Fe(NH4)2(SO4)2 solution (Walkley, 1947). One gram soil was digested in 10 mL 

of 1 N K2Cr2O7 solution and 20 mL of concentrated H2SO4, 5 mL of  H3PO4 for 

clear end point and titrated against 0.5 N Fe(NH4)2(SO4)2 solution till the green 

end point with 1% (C6H5)2NH indicator. Dissolved organic carbon (DOC) was 

determined by extracting soluble organic carbon in K2SO4, digestion in K2Cr2O7 

and concentrated H2SO4, and measurement of excess K2Cr2O7 with 

Fe(NH4)2(SO4)2  Ferrous ammonium sulfate (Nelson and Sommers, 1982). 

 

Total extractable iron was extracted by C6H5Na3O4.2H2O, and NaHCO3 

buffer in the presence of Na2S2O4 soil iron (Mehra and Jackson, 1960). One g 

soil was added to 40 mL of 0.3 M C6H5Na3O4.2H2O solution in 50 mL 

centrifuge tubes, and 5 mL of 1 M NaHCO3 solution was added. The soil 

suspension was heated at 80 
o
C adding 1 g Na2S2O4. Soil suspension was 

centrifuged for 30 min at 3000 rpm. Iron concentration in the extract was 

analyzed by Atomic Absorption Spectrometer (AAS) using air-C2H2 flame. 

 

Amorphous iron was extracted in acidified (NH4)2C2O4.H2O solution 

(Jackson et al., 1986). The 0.5 g soil was added in 20 mL of 0.2 M acidified 

(NH4)2C2O4.H2O solution in 50 mL centrifuge tubes, shaken for 4 h on an end to 

end shaker and centrifuged for 30 min at 3000 rpm, iron concentration in the 

extract was and analyzed for iron on AAS. 
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Cation exchange capacity of the soils was measured by adding four gram 

soil into a 40-mL centrifuge tube and 33 mL of 1 N sodium acetate trihydrate 

solution was added and shaken for 5 minutes for sodium adsorption on exchange 

sites. The soil residue was washed with 95 % ethanol repeated for three times 

until the electrical conductivity (EC) of the supernatant goes below <400 

μS/cm). Sodium was replaced with NH4+ by 1 N ammonium acetate solution. 

Sodium concentration in soil extract was measured by a Flame Photometer 

through emission readings at 767 nm wavelength. 

 

3.4. SOIL TOTAL SELENIUM  

 

One gram of finely ground soil was digested with acid mixture (1: 1) of 

nitric acid and hydro fluoric acid. The soil sample was destroyed at 160 
o
C in a 

drying box for 6 h and sample was evaporated to dryness on a sand bath. After 5 

mL of 10 % HCL the sample was evaporated for a while. Then solution was 

made to 50 mL volume with de-ionized and filtered through (Whatman 42) to 

polyethylene tubes and stored (4 °C) until selenium analysis on HVG (Hagrova 

et al., 2005).  Sodium selenate was used for standard reference to evaluate the 

recovery percentage of the method which was above 97 %. 

 

3.5. PHOSPHATE BUFFER EXTACTABLE SELENIUM  

 

Twenty five milliliter of 0.1 molar KH2PO4 + K2HPO4 of buffer solution 

(pH 7) was added to the 5 gram soil and shaken for 24 hr on mechanical shaker. 

Supernatant was filtered through 0.45 µm after centrifugation. The filtrate of the 
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sample was stored at 4 °C until the selenium analysis (Hagrova et al., 2005). 

 

3.6. SOIL SELENIUM FRACTIONS  

 

Total soil selenium was fractionated into six fractions viz. ion exchange 

and carbonate bound selenium, manganese-iron oxide bound selenium, organic 

matter bound selenium, humic compounds bound selenium, sulfide bound 

selenium and recalcitrant selenium in residues (Hagrova et al., 2005). Using a 

peristaltic pump each extract was injected into the reaction chamber to react 

with 0.4 M sodium borohydride and 5 M hydrochloric acid. The volatile hydride 

H2Se produces and sent to the optical cell (Quartz cell or absorption cell) via a 

high purity inert nitrogen gas to measure absorption at 196 nm wavelength for 

the selenium contents. The detection limit of the instrument was 3.5 to 7 µg /L 

as determined by standard deviation of 10 blanks (DT = Mean + 3SD/Slope). 

 

3.6.1. Ion Exchange and Carbonate Bound Selenium 

 

Two g soil with 40 mL of 1 M ammonium acetate (pH 5) was shaken for 

6 h on an end to end shaker at room temperature. The suspension was 

centrifuged at 3000 rpm on Hermle Z513K for 20 min, and decanted to a 

volumetric flask. The residue was washed with 2 mL of de-ionized centrifuged 

and decanted water to the first solution. The 50 mL final volume was made with 

distilled de-ionized water and filtered through 0.45 µm membrane and stored at 

4 °C in polyethylene tubes until the selenium analysis.  
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3.6.2. Selenium Bound to Metal Oxides 

 

The residue after extracting ion exchangeable selenium was added to 40 

mL of 1:1 mix solution of 1 M hydroxyl ammonium chloride and acetic acid 25 

%, and shaken for 6 h on an end to end shaker at room temperature. The 

suspension was centrifuged at 3000 rpm for 20 minutes and decanted to a 

volumetric flask. The residue was washed with 2 mL of de-ionized water, 

centrifuged, and decanted to the first solution. The 50 mL final volume was 

made and filtered through 0.45 µm membrane and stored at 4 °C in polyethylene 

tubes until the selenium analysis. 

 

3.6.3. Selenium Bound to Organic Matter 

  

Organically bound selenium was extracted from the residue of metal 

oxides bound selenium. Ten milliliter of 0.1 M HCl was added to the residue, 

and shaken for 6 h at room temperature. The soil suspension was centrifuged at 

3000 rpm for 20 min and decanted to a volumetric flask. The residue was 

washed with 2 mL of de-ionized water, centrifuged, and decanted to the first 

solution. Final volume of 25 mL was made and filtered through 0.45 µm 

membrane and stored at 4 °C until the selenium analysis. 

 

3.6.4. Selenium Bound to Humic Compounds 

 

The remaining solid phase after extracting organic selenium was in 

contact with 10 mL of 0.5 M NaOH, and shaken for 6 h at room temperature. 
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The soil suspension was centrifuged at 3000 rpm on Hermle Z513K for 20 min, 

and decanted to volumetric flask. The residue was washed with 2 mL of de-

ionized water, centrifuged, and decanted to the first solution. Final 25 mL 

volume was made and filtered through 0.45 µm membrane. One to two milliliter 

of extract was digested in a teflon autoclave vessel with 2:1 of acid mixture of 

concentrated HNO3 and concentrated HF at 110 °C temperature. The acid 

solution was diluted to 25 mL final volume, and refrigerated at 4 °C until the 

selenium analysis.  

 

3.6.5. Selenium Bound to Sulfides 

 

Sulfide bound selenium was extracted with nitric acid.  Ten milliliter of 8 

M HNO3 was added to the residue after extracting humic bound selenium. The 

teflon vessel was covered with teflon cover and the content was digested in 

water bath at 85 
o
C for 3 h with occasional manual shaking. The soil suspension 

was centrifuged at 3000 rpm for 20 min, and decanted to a volumetric flask. The 

residue was washed with 2 mL of de-ionized water, centrifuged, and decanted to 

the first solution.  The final 25 mL volume was made and stored at 4 
o
C until the 

selenium analysis. 

 

3.6.6. Selenium in Residues  

 

For residual/recalcitrant selenium the residue after extracting sulfide 

bound selenium was decomposed using 10 mL of an acid mixture 1:1 of 

concentrated HF and HNO3. The soil sample was destroyed at 160 
o
C in teflon 
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vessels for 6 h. The sample was evaporated to dryness and 5 mL of 10 % HCl 

was added to the sample. Then final 50 mL volume was made with de-ionized 

water and stored at 4 °C until the selenium analysis on atomic absorption 

spectrophotometer coupled with hydride vapor generator (Hagrova et al., 2005).  

Each sample was replicated three times. 

 

3.7. SELENITE AND SELENATE  

 

Selenite and selenate were extracted with 0.1 M NaOH added in 50 mL 

centrifuge tube with 1 g soil and shaken for 24 h and centrifuged. The 

supernatant was decanted into 100 mL volumetric flask. The final 100 mL 

volume was made with second repetition of extraction (Tolu, et al., 2011). The 

measurement was made using IC-ICP/MS Perkin Elmer Elan 9000 inductively 

coupled plasma (ICP) equipped with a mass spectrometer (MS) detector system. 

Chromatographic separation of selenium species was carried out using an 

Agilent 1100 series HPLC pump, equipped with an auto sampler. 

Chromatographic conditions were anion exchange on the analytical column of 

Hamilton PRPX-100, 10 µm particle size, 25 cm length, 4.1 mm internal 

diameter chromatographic separation performed using 5 mmol/L ammonium 

citrate buffer with adjusted pH (5.2). Injection volume was 100 µL. The two 

percent of methanol was added to mobile phase to improve the sensitivity. The 

mobile phase was delivered 1 mL/min isocratically. Detection limit for the 

selenium on ICPMS was 1 µg/L. Montana and San Joaquin soil series were used 

as reference material and recovery percentage was 95 - 97 % of total selenium 

on ICP-MS. 
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3.8. SELENIUM IN TEST CROPS 

 

Uniform-weight maize (Zea mays L.) seed was sown in plastic pot 

containing one kg sieved soil from the Ap/A and Bw/BA horizons of each 

replicate of each soil. Nitrogen, potassium, zinc, iron, sulfur and boron were 

applied as fertilizer at sowing. No selenium was applied. The seedlings were 

thinned to two plants per pot one week after germination. The pot watered to 

maintain soil moisture near field capacity during the growth of the plants. 

Twenty eight day old plant shoot was harvested, oven dried at 70 ºC, and 

weighed for biomass. Plant material was digested in nitric acid and perchloric 

acid with (1:1.5) for total plant selenium (Gupta, 1998). 

 

Berseem seeds were sown in plastic pot containing two kg sieved soil 

from the Ap/A and Bw/BA horizons of each replicate of each soil. Nitrogen, 

potassium, zinc, iron, sulfur and boron were applied as fertilizer at sowing. No 

selenium was applied. The pot watered to maintain soil moisture near field 

capacity during the growth of the plants. Twenty eight day old plant shoot was 

harvested, oven dried at 70 ºC, and weighed for biomass (Gupta, 1998). 

 

3.9. STATISTICAL ANALYSIS 

 

The variance in the soil parameters, total selenium, selenium forms, 

selenite, and selenate were ascribed to soil parent material at different depths 

collectively. The multivariate analysis (MANOVA) was implemented using 

Proc General Linear Model in SAS version 9.4. The parent material and 
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soil(parent material) were class variable and the soil depths were multiple 

dependent variables. 

 

 Similarly, the variance in selenium concentration and uptake by berseem 

and maize at three surface horizon levels was analyzed using MANOVA in 

GLM procedure of SAS. Class variable was parent material and soil(parent 

material) and the depths were multiple dependent variables. Selenium 

concentration (and uptake) in berseem and maize as two population, was tested 

for their equality of the variance using the t-test procedure.  
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Chapter 4 

RESULTS AND DISCUSSION 

 

The soils are derived from residuum of shale and sandstone of Miocene 

epoch, the Pleistocene loess, and the alluvium of Holocene and Pleistocene 

epochs. All the soils are moderate to weakly differentiated, low in organic 

carbon and extractedable iron, calcareous to decalcified upto 90 cm depth with 

pH mostly around 8 and CEC of 20 to 37 cmolc kg
-1

. The soils contain mostly 

25 to 90 µg kg
-1

 of bioavailable selenium with lower values in the sandstone 

derived soils. The dominant selenium form was released through digestion with 

mixture of HNO3 and HF acids after extracting the exchangeable, metal oxides, 

organic matter, humic compounds and, sulfide bound selenium. The soil parent 

materials controlled the total selenium. Soil weathering had affected the 

distribution of selenium forms and the ionic species; and consequently 

bioavailability which correlated with exchangeable, organic, and humic bound 

selenium. Starting with general characteristics of soil, the results are presented 

in more details in the following sections. 

 

4.1 SOIL CHARATERISTICS 

 

The shale soils had significantly greater CaCO3 content as decalcification 

in the alluvium, loess and sandstone derived soils drastically reduced the overall 

mean in each parent material. The mean CaCO3 as determined by the 

consumption of acetic acid is presented (Table 2). Overall the soils were 
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Table  2.  The basic characteristics for the soils developed in each parent martial   

 

CaCO3, soil CaCO3 equivalent (Loeppert et al., 1984); CEC, cation exchange capacity (Rhoades, 1982); TOC, total organic 

carbon by wet oxidation (Nelson and Sommers, 1982); CBD-Fe and CBD-Al, citrate bicarbonate dithionite-extractable 

iron(Mehra and Jackson, 1958) and oxalate extractable iron (Jackson et al., 1986); DOC, dissolved organic carbon (Olsen and 

Sommers, 1982).  

Means followed by the same letter within each column are statistically similar at p > 0.05 

Parent material  Clay CaCO3 CEC TOC DOC Eh pH Crystalline Fe Fed FeO 

 g 100g
-1

 % cmolc kg
-1

 g kg
-1

 mg kg
-1

 mV  ------------g kg
-1

--------------- 

Alluvium 26c 7.6b 21.3c 2.7b 39a 246c 7.59a 11.97b 12b 0.54b 

Loess 31b 6.9bc 28.2b 2.9b 38a  260b 7.66a 9.18c 10c 0.81a 

Sandstone 24c 5.5c 15.9d 3.0b 41a 244c 7.44b 7.45d 8d 0.48b 

Shale 40a 9.8a 37.5a 5.1a 44a 287a 7.30b 21.47a 22a 0.82a 
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non-calcareous to strongly calcareous where CaCO3 content varied with soil 

development. The Alfisols were deeply decalcified. The Hapludolls were also 

decalcified but limited to three surface horizons. The difference in CaCO3 

contents in the soil profiles was statistically significant (Wilk’s Lambda F 1.66, 

df 32, p ≥ 0.04). The wider plains in loess are decalcified due to greater 

effective rainfall. The sandstone soils were either decalcified or the parent 

sandstone was non-calcareous (Figure 1). In alluvium, the decalcification 

occurred in Pleistocene age sediments while the soils in Recent and Subrecent 

sediments were moderately to strongly calcareous throughout the profile depth. 

Calcium carbonate distribution in the soils at different weathering stages 

conformed to previously reported ranges (Amin and Ikram, 2007). The 

accumulation of calcium carbonate under leaching from the soil surface causes 

dilution of other mineral phases and ionic species (West et al., 1988). From here 

onward the mineral phases and ionic species are presented on calcium carbonate 

free basis to remove the dilution effect. 

 

The clay content in shale derived soils was high followed by loess, and 

alluvium and sandstone derived soils as determined by the particle size analysis 

using Bouyoucos Hydrometer Method. Table 2 presents mean clay content in 

the soils derived from the four parent material on calcium carbonate free basis. 

Shale is a clastic sedimentary rock with particle size < 2 µm. Loess is 

dominantly 8-20 µm particle size (Huayu and Zhisehng, 1998). The alluvium 

occurs as narrow belt along water courses, and the Recent alluvium is especially 

sandy with frequent lithological discontinuities. The sandstone is a clastic 

sedimentary rock represented by Siwalik group of geological formations of 
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Figure 1. Distribution of calcium carbonate in soils at different levels of 

weathering in each parent material indicating decalcification to variable depths 

related to soil development 
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Miocene epoch with particle size ˃ 50 µm (Abbasi et al., 1983). The shale and 

loess release more clay than sandstone upon weathering. Thus, the soils on shale 

parent material had inherently greater clay contents. The Alfisols in each parent 

material had a distinct zone of clay accumulation i.e. Typic Haplustalfs in 

alluvium and loess, Udic Haplustalfs in sandstone (Figure 2). The increased clay 

contents measured in laboratory was supported by the field observations of 

occurrence of clay cutans observed and previously reported (Ali, 1967; 

Aurangzab and Din, 1970). The increased clay content was statistically 

significant. However, the hypothesis of no depth x soil(pm) interaction effect 

was accepted (Wilk’s Lambda F 0.95, df 32, p  0.54) implying that clay 

content varied with soil type rather than profile depth. The expression of clay 

accumulation was related to topographic position in case of loess and sandstone 

and age of sedimentation in case of alluvium. The Alfisols occur on level plains 

in loess, basin in sandstone, and Pleistocene aged sediments in alluvium. 

  

Total organic carbon content, though limited to the surface horizons, was 

significantly high in the shale derived soils followed by those from the 

sandstone, loess and alluvium as determined by wet digestion. Table 2 presents 

mean of all the soils developed in each parent material. The Murree soil in shale 

had a mollic epipedon causing the mean to increase several folds; similarly, the 

Ghoragalli soil had very high organic carbon at the surface. Total organic 

carbon content, though limited to the surface horizons, was significantly high in 

the shale derived soils, shale had a mollic epipedon causing the mean to increase 

several folds; similarly, the Ghoragalli soil had very high organic carbon at the 

surface. The Murree and Ghoragalli soils occurred under coniferous forest in 
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subhumid to humid climate and had the highest total organic carbon which leads 

to high mean in the shale. The vegetation type is more important than direct 

effect of precipitation (Jobbagy and Jackson, 2000) and the total organic carbon 

contents averaged under each parent material was related to climate and land 

use. Soils under forest have greater organic matter content than those under 

cultivation (Wickland et al., 2007). 

 

The Alfisols of alluvium, loess and sandstone and the Hapludolls in shale 

parent material had relatively higher total organic carbon except for Ap/A and 

Bw/BA horizons levels than Inceptisols and Entisols in the respective parent 

materials (Table 3). Implying that the total organic carbon is lesser strong 

function of soil development, rather the vegetation type controls soil organic 

carbon with soil depth (Jobbagy and Jackson, 2000). No depth x parent material 

interaction effect for total organic carbon was rejected (F 3.47, df 12, p ≥ 

0.009). Therefore, the change in TOC with depth varied in all parent materials 

when averaged over the soils under each parent material (Figure 3). The 

difference in parent martial was significant at each depth in profile (p 0.01). The 

distribution of total organic carbon in soils at the three weathering stages in each 

parent material differed statistically as the hypothesis of no depth x soil(pm) 

interaction effect was accepted (Wilk’s Lambda F 1.58, df 32, p ≥ 0.06). It 

means that soil development stage represented by the soil type in each type of 

parent martial had significant differences in total organic carbon content at 

various genetic horizons level. For an example in shale parent material the 

Murree, Ghoragali, and Tirnul profiles, which represented development series, 

had differences in total organic carbon. The soil organic carbon contents  
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Figure 3. Distribution of total organic carbon averaged over the soils in each 

parent material indicating greater contents on surface. 
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  Table 3. Total organic carbon for each soil in the four parent materials  

 Alluvium Loess Sandstone Shale 

Horizon Shahdra Argan Gujranwala Rajar Rawalpindi Chakwal Qazian Balkssar Kahuta Ghoragali Tirnul Murree 

 ------------------------------------------------------------------- g kg
-1

 --------------------------------------------------------------------- 

Ap/A 4.9(0.6) 6.49(1.0) 3.43(0.9) 5.76(0.8) 5.01(1.0) 4.1(0.6) 3.6(0.5) 4.9(0.6) 3.4(0.4) 16(1.0) 7.1(0.9) 17(1.2) 

BA 2.3(0.3) 2.97(0.3) 2.95(0.4) 1.98(0.2) 3.84(0.3) 3.9(0.7) 2.9(0.3) 4.2(0.2) 3.05(0.3) 6.5(0.7) 2.4(0.3) 4.7(0.2) 

Bw/Bt 1.2(0.2) 2.28(0.3) 3.41(0.1) 2.09(0.4) 2.37(0.6) 3.6(0.3) 2.9(0.4) 4.2(0.3) 2.9(0.2) 4.2(0.3) 2.0(0.4) 4.2(0.3) 

Bt1/Bt2 1.0(0.3) 2.12(0.2) 2.97(0.2) 1.25(0.5) 1.64(0.5) 3.6(0.2) 2.3(0.2) 3.4(0.1) 2.5(0.3) 3.2(0.4) 1.4(0.3) 2.9(0.3) 

BC/BCk 1.0(0.2) 1.87(0.1) 2.17(0.2) 1.25(0.2) 1.06(0.2) 2.6(0.3) 1.1(0.1) 2.5(0.1) 1.7(0.1) 2.0(0.2) 0.8(0.1) 2.2(0.2) 
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changes with soil development have been reported (Jones et al., 1989).  

 

Mean dissolved organic carbon averaged over the soil type in each parent 

material was statistically similar (Table 4). No depth x parent material 

interaction effect for total organic carbon was rejected (F 7.71, df 12, p ≥ 

0.0001) implying that change in DOC with depth was not uniform in all parent 

material when averaged over the soils. The mean dissolved organic carbon 

slightly increased towards surface in each parent material. However, the mean 

dissolved organic carbon in case of shale was significantly greater at surface 

(Figure 4), and also differed significantly at fourth and fifth depths 

(BC/BCk/Cr) where shale soils had significantly greater DOC than the alluvium 

and sandstone derived soils. 

 

The Murree soil in shale had a mollic epipedon causing the mean to 

increase; similarly, the Ghoragalli soil had very high organic carbon at the 

surface. The dissolved organic carbon correlated to the mean total organic 

carbon as Pearson coefficient correlation was 0.81 (data not presented). Shale 

derived soils were high in clay; and clay have high DOC adsorption capacity 

(Kothawala et al., 2009). In higher clay content soils, DOC leaching may also 

be reduced while in sandier soils DOC is leached to greater depths (Sanderman 

and Amundson, 2009). Table 4 shows the DOC content in soils developed from 

different selected parent materials. The dissolved organic carbon in soils at 

different weathering stages in each parent material differed statistically as the 

hypothesis of no depth x soil(pm) effect was rejected (Wilk’s Lambda F 1.58, df  
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Figure 4. Distribution of dissolved organic carbon averaged over the soils in 

each parent material indicating greater contents on surface. 
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Table 4. Dissolved organic carbon for each soil in the four parent materials  

 Alluvium  Loess Sandstone Shale 

Horizon Shahdra Argan Gujranwala Rajar Rawalpindi Chakwal Qazian Balkssar Kahuta Ghoragali Tirnul Murree 

 ------------------------------------------------------------------- mg kg
-1

 --------------------------------------------------------------------- 

Ap/A 66(5) 66(6) 53(4) 70(5) 70(4) 42(5) 47(3) 91(2) 50(5) 116(8) 83(7) 135(3) 

BA 24(4) 35(3) 51(5) 50(4) 58(4) 34(6) 38(2) 70(4) 34(5) 52(3) 37(5) 33(4) 

Bw/Bt 38(3) 23(2) 49(3) 35(6) 33(6) 33(7) 27(4) 65(5) 31(3) 45(3) 34(4) 21(3) 

Bt1/Bt2 35(2) 23(1) 46(4) 25(4) 31(7) 23(3) 17(5) 52(3) 25(1) 12(2) 30(3) 12(2) 

BC/BCk 25(1) 22(2) 39(2) 26(2) 27(8) 22(2) 17(6) 32(1) 20(2) 18(2) 28(2) 12(1) 
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32, p ≥ 0.0569). Dissolved organic carbon increased towards surface in soils. 

Decrease in DOC with depth may relate to vegetation and intensive weathering 

and microbial activity at soil surface resulting in high DOC content at surface 

(Moore and Dalva, 2001).  

 

Soil pH ranged from 6.5 to 8.2 with mod value of 7.7, and was 

significantly high in alluvium and loess followed by the sandstone and shale. 

The shale derived soils had relatively low pH as two of three shale derived soils 

occur in high rainfall zone under coniferous vegetation. The soil pH at the three 

weathering stages in each parent material differed statistically as the hypothesis 

of no depth x soil (pm) effect was accepted (Wilk’s Lambda F 1.20, df 32, p ≥ 

0.26). The soils relatively at higher stage of development had lower pH than the 

young and moderately developed soils. The soils at relatively higher stage of 

development were non-calcareous which buffers pH change. Soil pH increased 

with depth when averaged over the parent material and stage of development.  

No depth x parent material effect for pH was accepted (F 1.36, df 12, p ≥ 0.21) 

implying that soil pH changed differently with depth in parent materials when 

averaged over the soils. Variation in soil pH at different weathering stages of 

development in selected parent materials presented in Table 5. Soil Survey of 

Pakistan reported similar range of pH values in profiles of these soils (Zeb et 

al., 1970). 

 

Soil redox potential (Eh) ranged from 218 to 400 mV and mod value of 

the dataset was 247 mV. The mean Eh (mV) was significantly high (F 165, df 3, 

p ≥ 0.0001) in shale and loess followed by alluvium and sandstone (Table 2). 
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Table 5. Soil pH for each soil in the four parent materials 

 Alluvium Loess Sandstone Shale 

Horizon Shahdra Argan Gujranwala Rajar Rawalpindi Chakwal Qazian Balkssar Kahuta Ghoragali Tirnul Murree 

 ------------------------------------------------------------------- mg kg
-1

 ---------------------------------------------------------------------------- 

Ap/A 7.60(0.2) 7.6(0.2) 7.27(0.2) 7.4(0.2) 7.3(0.1) 7.6(0.2) 7.6(0.2) 7.6(0.2) 6.4(0.2) 7.5(0.1) 7.5(0.2) 6.6(0.2) 

BA 7.73(0.1) 7.7(0.2) 7.27(0.3) 8.0(0.3) 7.6(0.2) 7.4(0.2) 7.7(0.3) 7.4(0.2) 6.4(0.3) 7.4(0.2) 7.5(0.2) 6.8(0.3) 

Bw/Bt 7.82(0.3) 7.7(0.3) 7.33(0.2) 8.1(0.3) 7.4(0.2) 7.4(0.2) 7.6(0.3) 7.4(0.3) 6.6(0.2) 7.4(0.3) 7.5(0.3) 7.0(0.2) 

Bt1/Bt2 7.82(0.1) 7.7(0.2) 7.31(0.1) 8.2(0.1) 7.4(0.2) 7.8(0.1) 7.7(0.2) 7.5(0.2) 6.7(0.3) 7.5(0.2) 7.7(0.1) 7.5(0.1) 

BC/BCk 7.85(0.2) 7.7(0.1) 7.47(0.01) 8.2(0.1) 7.8(0.1) 7.6(0.2) 7.7(0.3) 7.5(0.1) 6.7(0.2) 7.4(0.1) 7.7(0.1) 7.5(0.1) 
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Although mean Eh value for shale derived soils was significantly high yet 

the shale derived soil Tirnul had the lowest Eh (mV). The Eh value in Tirnul 

may relate to shale sediments geochemistry i.e. the anoxic depositional 

environment. Shale unexposed to atmosphere would have preserved mineral 

phases potentially oxidizable. The null hypothesis of no depth x parent material 

interaction effect for Eh was rejected (F 521, df 12, p ≥ 0.0001) implying that 

soil Eh changed differently with depth in the parent material when averaged 

over the soils (Figure 5). 

 

The parent materials shale and loess differed differently for Eh profile 

than the alluvium and sandstone. The sandstone and alluvium were non-

significant except at the BC/BCk level. In loess Eh slightly increased with depth 

and in shale Eh increased towards the surface. The variation in soil Eh at 

different weathering stages of development in the parent materials is presented 

in Figure 6. The soil Eh at the three weathering stages in each parent material 

differed significantly as the hypothesis of no depth x soil(pm) effect was 

rejected (Wilk’s Lambda F 200, df 32, p ≥ 0.0001). The weathered and 

developed soils had high Eh values implying that the reduced phases have been 

oxidized (Robert et al., 1988). 

 

Extractable iron oxides (dithionite extractable iron) were significantly 

greater in the shale soils followed by the alluvium, loess and sandstone. Table 2 

presents mean dithionite extractable iron oxides content in the soils derived 

from the four parent materials where the mean value (n 45) are on calcium 

carbonate free basis. High extractable iron content in the shale derived soils is  
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Figure 5. Redox potential averaged over the soils in each parent material. 
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related to lithogenic iron contents (Memon et al., 2011; Mehmood et al., 2014). 

No depth x parent material interaction for the extractable iron oxides content 

was accepted (F 1.33, df 12, p ≥ 0.23) implying that mean soil iron oxides 

contents at various depths remained unchanged when averaged over the three 

soils in each parent material. 

 

Therefore, the four parent material differed significantly at all depths 

when soil development was ignored (Figure 7). Further, iron oxides at three 

stages of development at various depths remain unchanged statistically as the 

hypothesis of no depth x soil(pm) interaction was accepted (Wilk’s Lambda F 

0.90, df 32, p ≥ 0.61). The result is contrary to general concept of greater 

pedogenic iron release in more weathered soils of the same parent material. A 

trend of extractable iron oxides accumulation noted in case of Haplustafls of 

alluvium and loess at Bt horizon level (Figure 8) was related to clay and iron 

oxides leaching from the surface horizon. Iron oxides were more uniformly 

distributed through depth in the Entisols and Inceptisols. Pearson coefficient 

correlation of dithionite iron oxide and clay was 0.66. The extractable iron 

oxides correlated with clay contents conformed by the previous studies 

(Mehmood et al., 2015; Memon, 2008). The extractable iron oxides increase is 

common phenomena in Alfisols (Moustakas and Barouchas, 2003). 

 

Poorly crystalline iron oxide extracted with ammonium oxalate solution 

ranged from 0.03 to 3.1 g kg
-1

 and mean of shale and loess derived soils was 

significantly high than that of sandstone and alluvium derived soils (Table 2). 

The mean FeO contents were high in shale and loess at the Ap/BA horizons.  
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Figure 7. Dithionite extractable iron averaged over the soils in each parent 

material. 
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Loess was statistically same as sandstone and alluvium at Bt/Bw horizon level 

(Figure 9). Oxalate extractable when averaged over the three development 

stages remained unchanged in each parent material with depth statistically. The 

null hypothesis no depth x parent material effect interaction was accepted 

(Wilks’ Lambda, F 1.58, df 12, p ≥ 0.12). Poorly crystalline iron contents 

increased with soil development. The mean FeO contents of three different soils 

in each parent material differed significantly where the hypothesis of no depth x 

soil(pm) interaction was accepted (Wilks’ Lambda, F 1.0, df 32, p ≥ 0.48).  

Soils at relatively higher stage of development had high FeO contents throughout 

the profile depth (Figure 10). 

 

Moustakas and Barouchas, (2003) also reported the poorly crystalline 

iron oxides increase with weathering processes or age of the soils. Oxalate 

extractable iron oxides were accumulated at Bt horizons level in soils at 

relatively higher stage of development in all parent materials except the shale 

derived Murree soil series (Figure 10). The clayey texture of shale leads to 

minimal leaching of the iron oxides. Oxalate extractable iron correlated 

significantly with soil pH (r -0.65) as amorphous iron oxides are common under 

humid conditions which result in decrease in pH due to decalcification. The 

poorly crystalline iron oxides extracted with ammonium-oxalate extractable to 

dithionite-citrate-bicarbonate extractable iron is used as a relative measure of 

the degree of soil aging or crystallinity (Moustakas and Barouchas, 2003).   

 

The crystalline iron oxide content determined by subtracting dithionite 

and oxalate extractable iron was significantly high in shale followed by  
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Figure 9. Oxalate extractable iron averaged over the soils in each parent material.  
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progressively and significant lower values in the alluvium, loess and sandstone 

derived soils (Table 2). The hypothesis no depth x parent material interaction 

could not rejected (Wilk’s Lambda, F 1.26, df 12, p ≥ 0.26) implying that the 

difference in crystalline contents remained unchanged with depth (Figure 11) in 

the parent materials. Crystalline iron contents increased with soil development. 

The soils at relatively higher stage of development in case of shale and alluvium 

had high crystalline iron contents where as in the loess and sandstone soils it 

remained unchanged with weathering stage (Figure 12). 

  

The mean crystalline iron oxides contents in soils of three different 

weathering stages of development in each parent material changed non-

significantly with depth. As the hypothesis of no depth x soil(pm) interaction 

effect could not be rejected (Wilks’ Lambda, F 1.0, df 32, p ≥ 0.47). The 

environmental conditions, type of parent material and rate of weathering 

influence the iron-bearing minerals and the proportions of the secondary oxides 

formed (Schwertmann, 1988; Moustakas and Barouchas, 2003). The contents of 

crystalline iron oxides increase with the soil age (Alamdari et al., 2010).  

 

The shale derived soils had the highest cation exchange capacity and the 

sandstone soils had lowest values (Table 2) which correlate with clay contents. 

The siliceous material sandstone and light texture alluvium contain dominantly 

quartz while shale containing argillaceous clays (semectite and vermiculite) 

creates the difference in CEC. Cation exchange capacity increases with the 

increase of mafic character in each of the parent material (Gray and Murphy, 

2002). Cation exchange capacity increased with advance weathering in this 
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Figure 11. Crystalline iron contents averaged over the soils in each parent 

material. 
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limited soil formation range from Entisols to Alfisols. No significant change in 

CEC with depth was recorded (Figure 13) when averaged over the soils in each 

parent material. No depth x parent material interaction for cation exchange 

capacity was accepted (F 1.74, df 12, p ≥ 0.07).  

 

The three weathering stages in each parent material had no change in 

CEC through the depths as the hypothesis of no depth x soil(pm) interaction was 

accepted (Wilk’s Lambda F 1.09, df 32, p ≥ 0.36). The Alfisols and Inceptisols 

of alluvium had similar cation exchange capacity at Ap/A and Bw/BA horizons 

(Figure 14). Cation exchange capacity of soils increases with weathering as a 

result of increased total organic carbon; dissolved organic carbon, organic acids 

and secondary clay minerals (Bockheim, 1980). Cation exchange capacity had 

significant (p < 0.0001) positive correlation with total organic carbon and clay 

but the Pearson Coefficient had low values. The CEC value reported conform 

the published values in the area for respective soil texture (Nizami et al., 1978; 

Khan et al., 2007). The CEC value increase with incorporation of farm yard 

manure (Murtaza et al., 2001). Cation exchange capacity is an important 

measure to retain cations, the relation with sulfate, arsenate and phosphate is 

indirect as adsorption of selenate and selenite is influenced positively by organic 

matter, clay content, both the parameters contribute to cation exchange capacity 

(Mayland et al., 1988; Jhonsson, 1992). Cation exchange capacity substantially 

influences portioning coefficient (kd) cation species and the amount of 

amorphous iron and aluminum oxides influence both cations and anions 

retention parameters (Carrillo-González et al., 2006). 
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Figure 13. Distribution of cation exchange capacity in different parent materials.  
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4.2. SOIL TOTAL SELENIUM 

 

Total selenium content in the soils ranged from 270 to 7050 µg kg
-1

, and 

the highest variability was associated with the source of parent material. The 

shale derived soils had the highest total selenium occurring in the range of 740 

to 7050 µg kg
-1

. The shale derived soils contained highest mean selenium (n 45) 

whereas the loess, alluvium and sandstone had statistically similar total  

selenium (Table 6). 

 

The hypothesis of no depth x parent material interaction was rejected 

(Wilk’s lambda F 11.37, df 12, p ≥ 0.0001), and the interaction was associated 

with significantly high total selenium content at the surface of the one of the 

shale derived soils contributed by organic selenium as discussed later (Figure 

15). Otherwise the difference in mean (n 15) for parent materials remained 

statistically significant throughout the depth. The variations in parent materials 

are inherited from the source of different rocks (Cuvardic, 2003). The shale 

inherently contains more selenium minerals causing the total selenium in shale 

to increase compared to the other parent materials, the high contents of total 

selenium in the shale may relate to lithology (Jefferis, 1984; Rosenfeld and 

Beath, 1964; Gissel-Nielsen et al., 1984).  

 

The sedimentary rocks have high selenium contents than the igneous 

rocks, and among the sedimentary rocks Upper Cretaceous argillites have high 

selenium (Wells, 1967). The igneous rocks granite, rhyolite and rhyolitic 

pumices, are low selenium rocks and andesite and basalt are high selenium
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Table 6. Distribution of selenium forms and species in soil developed in each parent material. 

 

Ca-Se, exchangeable soil selenium soil; Oxide Se, metal oxides bound selenium; Means followed by the same letter within each 

column are statistically similar at p > 0.05 

PM Ca-Se Oxide Se Organic Se Humic Se Sulfide Se Residual Se Total Se Selenite Selenate Available Se 

 ------------------------------------------------------µg kg
-1

---------------------------------------------------------------  

Alluvium 59b 30b 71b 37c 38c 184b 468b 30b 30b 45b 

Loess 74a 52a 137a 53b  102b 152b 518b 11d 25b 51a 

Sandstone 40c 25b 17c 18d 38c 177b 320b 14c 26b 37c 

Shale 77a 49a 51b 116a 224a 1013a 1578a 33a 212a 55a 

Percent fractions of total selenium  

Alluvium 12.3a 6.39b 15.1b 7.79c 8.2d 39.4c    9.00a 

Loess 12.8a 8.97a 22.8a 9.20b 17.4b 26.8d    10.0a 

Sandstone 12.3a 8.10a 5.3c 5.78d 11.9c 55.91a    11.5a 

Shale 7.84b 2.85c 3.3c 11.4a 23.8a 44.9b    3.43b 
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rocks in other words high siliceous rocks have low selenium contents than 

maffic rocks this also explain mean low values of selenium in sandstone and 

alluvium both consists of largely quartz. 

 

The soil genesis in each parent material change total selenium distribution 

differently. The difference in mean (n 3) total selenium at different depths 

varied with soil genesis in each parent material differently as no depth x 

soil(pm) interaction was rejected (Wilk’s lambda F 6.53, df 32, p ≥ 0.0001). In 

shale and loess soils total selenium increased toward the surface in relatively 

more developed soils (Figure 16). High organic matter at the surface of the 

Murree soils may have resulted in high total selenium. Pearson coefficient 

correlation between organic carbon and total selenium content was (r 0.48) 

which confirmed the previous research work of Eich-Greatorex et al. (2007). 

 

The Hapludoll on shale had a mollic epipedon causing the mean to 

increase several folds; similarly, the Ghoragalli soil had very high organic 

carbon at the surface. The Murree and Ghoragalli soils occurred under 

coniferous forest in subhumid to humid climate and had the highest total organic 

carbon which leads to high mean selenium in the shale (Jhonsson, 1992). 

Although less pronounced in the loess Alfisols, greater selenium at the surface 

of Chakwal soil series was observed, and was associated with the accumulation 

of organic matter. Later, we demonstrate that greater total selenium was due to 

greater organic selenium. The vegetation type is more important than the direct 

effect of precipitation on organic selenium accumulation (Jobbagy and Jackson, 

2000). Pedogenesis in the alluvium and sandstone cause little or no change in  
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Figure 16. Distribution of total selenium contents in the soils at different 

weathering stages in each parent material. 
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selenium in the profiles. The Haplustalfs and Ustifluvents/Psamments had no 

significant difference throughout the depth (Figure 16).  

 

4.3. PHOSPHATE BUFFER EXTRACTABLE SELENIUM 

 

The bioavailable selenium extracted with phosphate buffer at pH 7 

(Hagrova et al, 2005). The bioavailable selenium ranged from 25 to 90 µg kg
-1

 

soil in the dataset. The mean bioavailable/plant available selenium was 

significantly high in the shale derived soils followed by the loess, alluvium and 

sandstone (Table 6). The bio available selenium has a strong correlation with 

total selenium (Fordyce, 2005). There was a little change in bioavailable 

selenium with depth in different parent materials when averaged over the soils 

(Figure 17). The no depth x parent material interaction for bioavailable selenium 

was accepted (F 1.32, df 12, p ≥ 0.23).  

 

The distribution of bioavailable selenium in the soils remained constant 

throughout the depths in each parent material in the soils of different weathering 

stages. The hypothesis of no depth x soil(pm) interaction effect was accepted 

(Wilk’s Lambda F 1.51, df 32, p ≥ 0.07) implying that bioavailable selenium 

content profile varied with soil type rather depth (Figure 18). The bioavailable 

selenium in soils of each development stage remained significantly different in 

each parent martial throughout the dept.  

 

The phosphate buffer extractable selenium correlated with CEC (Pearson 

coefficient correlation r 0.51), and redox potential had a stronger relationship (r
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Figure 17. Distribution of available selenium contents in different parent 

materials.  
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Figure 18. Distribution of available selenium contents in the soils at different 

weathering stages in each parent material. 
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0.35). A positive relationship also existed between phosphate extractable 

selenium and exchangeable selenium fraction (r 0.98), total selenium (r 0.43), 

metal oxides selenium (0.41), humic and organic selenium (0.39) indicating that 

0.1 molar phosphate buffer extractant was able to extract the selenium from 

above mentioned fractions.  

 

For assessing potentially bioavailable selenium KH2PO4 + K2HPO4 

buffer of 0.1 molar is more suitable then water soluble and other fractions alone. 

The soils are calcareous with high pH yet the phosphate buffer extractable 

selenium relationship with pH and CaCO3 was non-significant. Rather, the 

single step extraction had high correlation with Eh that implies oxidized soils 

have more phosphate buffer extracted selenium (Hagrova et al., 2005). The 

bioavailable selenium relationship with selenium forms will be discussed later. 

 

4.4. SOIL SELENIUM FRACTIONS  

 

The total soil selenium partitioned into i.e. exchangeable, metal oxides 

bound, organic matter bound, humic acid bound, sulfide bound, and residual 

selenium determined through sequential extraction scheme of Hagrova et al. 

(2005) is present here. The distribution of these forms changed in the profile 

differently with parent material and soil genesis.  

 

4.4.1. Water Soluble and Exchangeable Selenium  

 

The selenium fraction extracted with ammonium acetate, known as water 
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soluble and exchangeable selenium, varied between 18 to 170 µg kg
-1

 soil in the 

dataset. However, as a fraction of total selenium, the soluble and exchangeable 

selenium was 2 to 8 % in the shale soils and 10 to 14 % in other parent 

materials. Gray et al. (2009) related the selenium fraction with clay content due 

to clays role for providing exchange sites for selenium adsorption, in this study 

however clay had non-significant correlation. The water soluble and 

exchangeable selenium had strong correlation with cation exchange capacity (r
 

0.44), organic selenium (r 0.36), humic selenium (r 0.35) and the relation with 

extractable, crystalline and amorphous iron was though significant but had very 

low correlation coefficient. 

 

The shale and loess derived soils had significantly greater mean water 

soluble and exchangeable selenium concentration than alluvial and sandstone 

soils. The sandstone derived soils had the lowest water soluble and 

exchangeable selenium concentration (Table 6). As a fraction of total selenium, 

water soluble and exchangeable selenium was lowest in the shale derived soils.  

The sandstone, alluvium and loess derived soils had water soluble and 

exchangeable selenium equally greater proportion of total selenium. 

 

The hypothesis of no depth x parent material interaction was accepted 

(Wilk’s lambda F 1.48, df 12, p ≥ 0.16) for water soluble and exchangeable 

selenium implying that the selenium fractions concentration at different depths 

varied non-significantly with the source of parent material. The water soluble 

and exchangeable selenium as fraction of total selenium was lowest in the shale 

below 10 % in other soils around 12 % (Figure 19a, Figure 19b) largely due to  
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organically bound selenium in case of shale. 

 

 The highly weathered soils derived from loess and shale had high water 

soluble and exchangeable selenium concentration especially in the surface 

horizons. The shahdara soils (Typic Ustifluents) occurs along the river courses 

contaminated by city effluents, and had high exchangeable selenium among the 

alluvial soils although it was the least homogenized (Figure 20). The hypothesis 

of no depth x soil(pm) interaction could not be rejected (Wilk’s lambda F 1.27, 

df 32, p  0.20) implying that overall water soluble and exchangeable selenium 

contents remained statistically similar throughout the profiles depth with 

weathering  stage indicated by the soil type in each parent material.  

 

However expressed as percent of total selenium, the trend of distribution 

of water soluble and exchangeable selenium with depth changed (Figure 21). 

The Hapludolls in shale which had highest concentration of water soluble 

selenium increasing towards the surface had lowest percentage towards the 

surface.  

 

Water soluble and exchangeable selenium increases with advanced 

weathering due to the fine textured argillaceous clay, iron oxides, and humic 

compounds providing exchange sites (Huayu and Zhisehng 1998). The release 

of exchangeable and soluble selenium from these solid phases reflects  their 

source to replenish the interstitial selenium. The sorption of selenium on organic 

matter and calcium carbonate is reported in calcareous system (Wang and Liu, 

2005).  
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The regression equation for predicting water soluble and exchangeable selenium 

had low r
2
 with limited soil parameters as determinants. The multiple regression 

equation selected by forward selection to predict water and exchangeable Se 

from soil parameters is: 

SeWSE = 45 + 0.11SeTotal + 1.12CaCO3 - 0.50Clay, r
2
 0.26 

where total selenium, CaCO3 and clay are the main determinant. This may 

contradict the greater role of metal and humic compounds controlling water 

soluble and exchangeable selenium as reported by Pettit (2004).  The soils are 

slightly differentiated containing low organic matter due to their occurrence 

Ustic moisture regime compared to the highly weathered soil which contains 

high humic and oxides contents. 

 

Water soluble and exchangeable selenium had relation with other 

selenium fractions and the following equation provides the best estimate for 

predicting water soluble and exchangeable: 

SeWSE = 59 + 0.46Sehumic - 0.11 SeResidual, r
2
 0.14,  

where sehumic is selenium bound with humic compounds extracted with 0.5 M 

NaOH, SeResidual is selenium fraction extracted with HF and HNO3 mixture (1:1). 

 

The water soluble and exchangeable selenium can better be predicted 

when the soils parameter and selenium fractions combined for multiple 

regression equation: SeWSE = 51 - 4.80TOC - 3.96FeCrys + 15.14FeO + 

0.11CaCO3 - 0.38SeOxides - 0.48SeOrg - 0.58SeSulfide - 0.50SeResidual + 0.48SeTotal, 

r
2
 0.55. The equation had lowest CP value in forward selection of the 

parameters. The equation includes FeO, CaCO3 and total selenium as positive 
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determinants whereas selenium fractions as negative. The equation also suggests 

that oxalate extractable iron has positive contribution towards water soluble and 

exchangeable selenium and crystalline iron oxides has negative impact. 

Amorphous iron oxides are more reactive but less stable than crystalline oxide 

phases in soils (John et al., 1976). The high selenium adsorption partitioning 

coefficient (Kd ) value is highly correlated with soil active-aluminum and active-

iron contents (Nakamaru et al., 2005).  Water soluble and exchangeable 

selenium positively correlated with phosphate buffer extractable selenium with 

Pearson coefficient (r 0.98). 

 

4.4.2. Metal Oxides Selenium  

 

Iron and manganese oxides bound selenium extracted during the 

dissolution of amorphous form of soil oxides by hydroxyl ammonium chloride 

treatment known as “metal oxides selenium”, ranged from 4 to 322 µg kg
-1

 soil 

with mean value 37 µg kg
-1

 soil. Metal oxides selenium concentration was the 

highest in shale and followed by a statistically similar mean value (n 45) in the 

loess parent material and significantly lower value in the alluvial and sandstone 

derived soils (Table 6). The highest metal oxides selenium may relate to high 

extractable iron and manganese oxides (Narwall and Singh, 2001). As presented 

earlier, the shale and loess soils had high extractable iron. The weathered loess 

soil profiles also had visible seen concentration of iron and manganese 

concretion and masses in the profiles. 

 

Selenium enriched bedrock provides material source for selenium in 
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shale parent material which inherently contain high selenium bearing minerals 

(Ren and Yang, 2014). When expressed as fraction of total selenium, the metal 

oxides selenium was the lowest in the shale where only 2.8 % of total selenium 

was bound to metal oxides while in sandstone and loess 8 to 9 % of total 

selenium was bound to metal oxides (Figure 24). 

 

The hypothesis of no depth x parent material interaction was rejected 

(Wilk’s lambda F 7.38, df 12, p  0.0001) implying that the trend of distribution 

of metal oxides selenium as absolute concentration with depth varied with the 

parent materials (Figure 22a). In the alluvium and sandstone soils, the change in 

oxides bound selenium with depth was statistically non-significant; and in loess 

and shale the oxides bound selenium fraction increased towards the surface. 

However, metal oxide selenium as a fraction of total selenium decreased 

towards the surface in the shales and was lowest in the alluvium (Figure 22b). 

This trend in metal oxides selenium correspond more with oxalate extractable 

iron oxides in the soils (Figure 23). 

 

The highly weathered soils of loess and shale had higher absolute values 

of concentration of metal oxides bound selenium than similar soils of sandstone 

and alluvium in several surface horizons (Figure 23). However, all the three 

development stages in alluvium, and sandstone had similar metal oxides 

selenium concentration. The highly weathered soils in loess (Typic Haplustalfs) 

and shale (Typic Hapludolls) had high selenium which increased towards the 

surface.
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Figure 22. Metal oxides selenium averaged over the soils in each parent material: (a) as percent fraction of total selenium 

and, (b) absolute concentration. 
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The hypothesis of no depth x soil(pm) interaction effect was rejected (Wilk’s 

lambda F 3.95, df 32, p  0.0001) implying that the variation in oxide bound 

selenium with depth changed with the weathering stage. The difference in soils 

in metal oxides bound selenium at different weathering stages was mostly non-

significant except in case of highly weathered soils of loess and shale.  

 

Does metal oxides bound selenium as a fraction of total selenium changes 

with soil development?. No change in shale, a decrease in alluvium and loess, 

and an increase in sandstone (Figure 23) this may be related to poorly crystalline 

iron oxides contents discussed later. The poorly ordered oxides are sensitive to 

redox gradients and transform to crystalline oxides resulting in high metal 

oxides selenium concentration (Cornell and Schwertmann, 1996). Iron and 

manganese oxides bound selenium accounts for most of the total selenium in 

high selenium soils derived from pyritic, black carbonaceous slate, and volcanic 

material (Kunli et al., 2004).  

 

The Pearson coefficient correlation between metal oxides selenium was 

significant with oxalate extractable iron (r 0.58; p < 0.0001) and non-significant 

with crystalline iron oxides suggesting a stronger association of the selenium 

fraction with poorly crystalline iron. Most of the selenium is adsorbed on clays 

and iron and manganese oxides (Mroz and Zoller, 1975). Synthetic ferrihydrite, 

goethite, and lepidocrocite were compared for adsorption of selenate (Das et al., 

2013) and reported ferrihydrite having an order of magnitude higher in surface 

area than goethite, leading to the higher adsorption capacity. The selenium
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removal from leachate reduces with the use of goethite and ferrihydrite is also 

reported (Donovan and Ziemkiewicz, 2013).  

  

Metal oxides selenium in the study of Hagrova et al. (2005) was below 

the detection limit ascribed to re-adsorption of the released selenium through 

hydroxyl ammonium chloride treatment. Compared to the limited samples and 

the selenium fraction below the detection limit in their study, this study 

comprised of 165 samples with 20 to 60 µg kg
-1

 soil selenium. Therefore, the re-

adsorption could be ruled out.  

 

 Metal oxides bound selenium fraction relates with the soil properties by 

using this regression equation: 

Seoxides = -51 - 1.67FeCrys - 18.5Ald + 7.17FeO + 0.19Eh + 0.42Clay + 0.16DOC 

+ 0.11SeTotal, r
2
 0.49, CP 6.1 

Given amorphous iron, Eh, clay, DOC and total selenium in this equation are the 

main positively controlling factors of metal oxides selenium. Crystalline iron 

oxides had negative parameter estimates. The surface area of poorly crystalline 

iron oxides is several folds greater than the crystalline iron oxides (Borggaard, 

1983). Amorphous iron oxyhydroxide adsorbs more selenate and selenite than 

manganese dioxide at a given pH and site concentration (Balistrieri and Chao, 

1990).  

 

The metal oxides selenium was related with other selenium fractions through the 

following equation: 

SeOxides = 31 + 0.13SeOrganic + 0.20Sehumic - 0.08 SeResidual, r
2
 0.35, 
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where SeOrganic is selenium bound with organic matter extracted with 0.1 M 

HCl, Sehumic is selenium bound with humic compounds extracted with 0.5 M 

NaOH, SeResidual is selenium fraction extracted with HF and HNO3 mixture (1:1). 

Suggesting that selenium bound with humic compounds positively related with 

metal oxides selenium while more residual selenium means lesser metal oxides.  

 

Combing the soil parameters with selenium fraction improved prediction of 

metal oxides bound selenium. The following multiple regression equation had 

the highest r
2
 and lowest cp in the forward selection of the parameters:  

SeOxides = -77 - 3.1TOC - 3.05FeCrys - 13.8Ald + 12.91FeO + 0.36Eh + 0.79Clay 

+ 0.32DOC – 0.22Calse – 0.31SeOrganic – 0.17SeHumic- 0.42SeSulfide - 

0.42SeResidual + 0.37SeTotal, r
2
 0.67.  

The equation includes FeO, Eh, clay, DOC and total selenium as positive 

determinants whereas selenium fractions as negative. The equation also 

suggested that oxalate extractable iron had positive contribution towards metal 

oxides selenium and crystalline iron oxides had negative impact as discussed 

earlier.  

 

 4.3.3. Organic Selenium 

 

 Soil selenium fraction extracted with hydrochloric acid, organic selenium, 

comprises of selenoaminoacids and organoselenium derived from plant tissues 

or inorganic selenium incorporated in organic fraction abiotically or by 

microbiological activity (Hagrova et al., 2005). The selenium fraction varied 

between 7 to 190 µg kg
-1

 of soil, and loess derived soils had the highest mean (n 
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45) concentration followed by statistically lesser concentration values in 

alluvium and shale and a further lower mean value in the sandstone derived soils 

(Table 6). The loess soils also had highest organic selenium as fraction of total 

selenium in these soils. Interestingly, the shale soils had the lowest organic 

selenium when expressed as fraction of total selenium. As presented later the 

shale soils had large proportion of total selenium as bound with sulfide or as 

recalcitrant form. 

 

The loess soils had significantly higher mean (n 15) organic selenium at each 

depth than the corresponding depths of profiles of other parent material (Figure 

25a) and loess also had highest organic selenium as fraction ( ≈ 20 to 24 %) of 

total selenium throughout the depth. The sandstone derived soil had lowest 

mean organic selenium concentration but organic selenium as fraction of total 

selenium was greater than the mean fraction of shale derived soils at 

corresponding depths (Figure 25b). The hypothesis of no depth x parent material 

interaction was rejected (Wilk’s lambda F 4.4, df 12, p ≥ 0.0001) implying that 

the mean of organic selenium when averaged over the three soils in each parent 

material had different distribution pattern with profile depth in at least in one 

parent material. In the shale and loess derived soils organic selenium increased 

towards the surface. The significant test statistics resulted mainly from higher 

organic selenium on surface in shale derived soils. 

 

Organic selenium was significantly correlated with oxalate extractable 

iron (poorly crystalline iron oxides) in the soils, Pearson coefficient correlation 

0.31 (p < 0.0001), and in non-significant correlation with TOC and clay. It 
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Figure  25. Organic selenium averaged over the soils in each parent material: (a) as percent fraction of total selenium and, (b) 

absolute concentration. 
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appeared organoselenium compounds are adsorbed on poorly crystalline iron 

oxides (Elrashidi, et al., 1989). Because of the heterogeneity and complexity of 

organic matter and adsorbent surfaces, the adsorption and desorption 

mechanisms of natural organic matter on mineral surfaces are not completely 

understood. Interaction through ligand exchange between iron oxides and 

natural organic matter surfaces through carboxyl and hydroxyl functional group 

was proposed (Gu et al., 1994). Organic selenium significantly correlated with 

dithionite extractable selenium, it may be noted that crystalline aluminum 

oxides may not exist in these soils of pH range 6.8 to 8.2 and the aluminum 

extracted with dithionite may have desorbed from organic matter. 

 

 The absolute concentration of organic bound selenium was affected by 

weathering especially in case of loess and shale derived soils, while the 

sandstone derived soils of various development stages differed non-significantly 

in terms of organic selenium contents. In alluvial soils, organic selenium 

remains unchanged with weathering as well. The hypothesis of no depth x 

soil(pm) interaction was rejected (Wilk’s lambda F 3.56, df 32, p  0.0001) 

implying that organic selenium contents changed differently with soil type in at 

least one parent material throughout the profile depth (Figure 26).  

 

Organic bound selenium as fraction of total selenium decreased with 

development stage in loess and there was no change in other parent materials as 

a fraction of total selenium (Figure 27). Organic selenium could serve as plant 

available selenium either directly or indirectly by mineralization,



80 

 

 

0

30

60

90

120

D
e
p

th
 (

c
m

)

Fluventic Haplustepts (Argan)

Typic Haplustalfs (Gujranwala)

Typic Ustifluents (Shahdra)

Alluvium

Typic Ustorthents (Rajar)

Udic Haplustepts (Rawalpindi)

Typic Haplustalfs (Chakwal)

Loess

0

30

60

90

120

0 50 100 150 200 250 300

D
e
p

th
 (

c
m

)

Lithic Ustipsamments (Qazian)

Typic Haplustalfs (Balkassar)

Udic Haplustalfs (Kahuta)

Sandstone

0 50 100 150 200 250 300

Typic Udorthents (Ghoragalli)

Typic Haplustepts (Tirnul)

Typic Hapludolls (Murree)

Shale

Figure 26. Distribution mean organic selenium contents in soils at different 

weathering stages in each parent material. 

Organic selenium (µg kg
-1

) 



81 

 

0

20

40

60

80

100

120

D
e
p
th

 (
c
m

)

Fluventic Haplustepts (Argan)
Typic Haplustalfs (Gujranwala)
Typic Ustifluents (Shahdra)

Typic Haplustalfs (Chakwal)
Typic Ustorthents (Rajar)
Udic Haplustepts (Rawalpindi)

Loess

0

20

40

60

80

100

120

140

0 7 14 21 28 35

D
e
p
th

 (
c
m

)

Typic Haplustalfs (Balkassar)

Udic Haplustalfs (Kahuta)

Lithic Ustipsamments (Qazian)

0 7 14 21 28 35

Typic Haplustepts (Tirnul)

Typic Udorthents (Ghoragalli)

Typic Hapludolls (Murree)

Shale

 

Figure 27. Distribution of organic selenium as percent fraction of total selenium in 

soil parent materials 

Organic selenium (%) 

Alluvium 

Sandstone 



82 

 

and the soil selenium studies that do not include determination of organic 

selenium may be ignoring important pool of soil selenium (Abrams et al., 1990). 

Although in this study TOC and organic selenium were non correlated, B 

horizons were reported to be enriched in selenium (Gustafsson and Johnsson, 

1992). The nature of the organic matter was reported to be important in 

weathering and distribution of selenium (Kulp and Prattt, 2004).  

 

The soil properties selected forward selection:  

SeOrganic = -117 – 1.85Fecrys -18.80Ald + 0.54Clay + 0.49SeTotal, r
2
 0.75.  

To multiple soil parameters to explain organic selenium includes the soil clay 

content total selenium while dithionite extractable aluminum and crystalline iron 

oxides had negative coefficient. Increased clay content probably protects 

organic selenium compounds.   

 

Organic selenium relation with other selenium fractions is presented in the 

following equation:  

SeOrganic = 67 + 0.71SeOxide + 0.35SeHumic + 0.67SeSulfide -0.39SeResidual (r
2
 0.57, 

CP 4.8). 

 

Soil properties in combination with selenium fractions in the equation had a 

multiple regression relation had high r
2
 coefficient:  

SeOrganic = - 88 – 3.81TOC – 2.81 FeCrys + 12.16FeO + 0.27Eh + 0.59Clay + 

0.37DOC - 0.46SeExch - 0.56SeOxide – 0.72 SeHumic - 0.65SeSulfide - 0.85SeResidua + 

0.77SeTotal, r
2
 0.93, CP 12.23. 

In above equation amorphous iron, Eh, clay and DOC are positive determinants 
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whereas selenium fractions are negative determinants. 

 

4.3.4. Humic Bound Selenium 

 

Selenium extracted with sodium hydroxide, humic bound selenium, varied 

between 10 to 200 µg kg
-1 

soil in dataset and 1.2 to 22.2 as percent fraction of 

total selenium. The shale derived soils had the highest mean (n 45) humic bound 

selenium contents followed by a statistically lower value in each of the loess, 

alluvium and sandstone parent materials (Table 6). It is interesting the shale 

soils also had significantly greater humic bound selenium as that of the absolute 

concentration values compared to other soils parent materials. The values in the 

shale are similar to those reported by (Kulp and pratt, 2004). 

 

Humic compounds are the end products of decomposition of soil organic 

matter. Sodium hydroxide (0.5 M) extracts both fulvic acid and humic acid in 

which selenium occurs in the form of selenoamino acids in the proteins or 

peptides (Kang et al., 1991). Humic bound selenium fraction followed the order 

of organic selenium and total organic carbon (r 0.28, p < 0.0001). Humic bound 

selenium fraction was also correlated with crystalline iron oxides with Pearson 

Coefficient correlation of 0.65 (p < 0.0001). There was lesser but significant 

relation with amorphous iron oxides (r 0.38). Humic acid selenium fraction 

expressed as mass ratio to total selenium also had strong significant correlation 

with crystalline iron oxides (r 0.38), indicating a correlation between adsorbate 

and adsorbing surface as fulvic acid adsorbes on goethite surfaces over a wide 

range of pH (Filius et al., 2000).  
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The hypothesis of no depth x parent material interaction was rejected 

(Wilk’s lambda F 2.23, df 12, p  0.02) implying that the mean of humic bound 

selenium when averaged over the three soil development stage had different 

pattern with depth in at least one parent material. The significant statistics was 

related to probably shale having greater organic selenium at the surface. Humic 

bound selenium in sandstone was lowest throughout the profiles depth as  

indicated by the mean (n 15) and was highest in shale (Figure 28a). Humic 

bound selenium concentration similarly followed the order of organic selenium 

and correlated with the iron oxides. As a fraction of total selenium, humic 

selenium was significantly high in the shale followed by loess, sandstone and 

alluvium derived soils (Figure 28b).  

 

The hypothesis of no depth x soil(pm) interaction was rejected (Wilk’s 

lambda F 1.83, df 32, p  0.018) implying that the humic selenium 

concentration changed the profiles throughout the depth differently with soil 

development in different parent materials. The difference in humic selenium 

concentration at different depths among the soils of three development stages in 

alluvium and sandstone was limited while in loess and shale the differences 

were significant at several depths (Figure 29).  

 

Concentration of humic bound selenium increased with weathering 

especially in case of shale and loess derived soils whereas remains unchanged 

with weathering in sandstone and alluvium derived soils (Figure 29). As percent 

fraction of total selenium humic selenium was greater in highly weathered soils 

of alluvium compared to soils of early stage of development. However in shale  
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 soils the humic selenium fraction as percent of total selenium was lesser in 

highly developed soils (Figure 30). 

 

The organic and humic compounds containing selenium are formed first 

by release and uptake during oxidative weathering of minerals, and the 

decomposition of organic matter transforms to humus compounds containing 

selenium which are resistant to further weathering (Kulp and Pratt, 2004). 

During weathering and formation of soils there is often increase in selenium in 

some cases decay of accumulator plants builds up high selenium concentration 

in surface soils (Mroz and Zoller, 1975). Although there is stronger correlation 

with crystalline iron oxides as well there is significant positive relation with 

total organic carbon implying that humus selenium increases as the total organic 

carbon increases.  

 

The soil properties which had relation with humic bound selenium as obtain 

through forward selection were crystalline iron oxides and CaCO3, along with 

total selenium: 

SeHumic = -4.6 + 0.017SeTotal + 3.53Fecrystalline + 0.48CaCO3, r
2
 0.59.  

Surprisingly total organic carbon, DOC Ald were not includes in the multiple 

regression.  

The selenium fraction was related with humic acid selenium through the 

following equation:  

SeHumic = -12.50 + 0.20SeExch + 0.20SeOxide + 0.05SeOrganic + 0.109SeSulfide + 

0.12SeResidual, r
2
 0.29. 
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The soil properties and the selenium fractions predict humic bound selenium: 

SeHumic = -70 + 0.33FeCrys + 7.31Ald + 18FeO + 0.31Clay + 0.27DOC + 

0.64CaCO3 – 0.12SeOxide - 0.33SeOrganic - 0.27SeSulfide - 0.26SeResidua + 

0.33SeResidual (r
2
 0.69, CP 12.07). 

 

Note that most soil parameters which increase development, had positive sign 

on coefficient and the fractions viz. oxides bound, organic, sulfide bound 

selenium, and residual selenium had negative relation. This is a clear indication 

of increase in humic bound selenium and decrease in residual selenium with 

development. 

 

4.3.5. Sulfide Bound Selenium 

  

Sulfide bound selenium concentration varied between 10 to 315 µg kg
-1

, 

and was 2.2 to 36.2 % of total selenium in soils. The chemical treatment at step 

5 (8 M HNO3) dissolves various sulfide minerals (e.g. Pyrite) in which selenide 

is substituted for sulfide (Hagrova et al., 2005). Sulfide mineral bound selenium 

had strong positive relation with crystalline iron oxides (r 0.71). Selenate forms 

outer sphere complexes with amorphous and crystalline hydroxides of iron 

(Peak and Sparks, 2002) and on hematite selenate directly interact with iron by 

inner sphere complex. A significant positive correlation of sulfide selenium with 

organic and humic bound selenium (r 0.70), clay content (r 0.58) may be due to 

indirect relation as clay increases with weathering. As percent of total selenium, 

sulfide bound selenium had little relation with Eh but stronger relation existed 

with crystalline iron oxides and clay. 
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 The shale derived soils had highest mean sulfide bound selenium 

followed by significantly lower mean value in the loess and by a statistically 

similar mean (n 45) values in alluvium and sandstone derived soils (Table 6). As 

percent fraction of total selenium, sulfide bound selenium was high in shale 

derived soils followed by those loess, sandstone and alluvium. The shale derived 

soils are rich pyrite where selenium substitutes for sulfur (Mayland, 1985; 

Matamoros-Veloza et al., 2011). Selenium in soils is related to occurrence of 

sulfide minerals and the sedimentary rocks contain more selenium than the 

igneous rocks in most cases (Fordyce, 2005). 

 

The mean (n 15) the distribution of sulfide bound selenium concentration 

changed a little with the source of parent material as the hypothesis of no depth 

x parent material interaction could not be rejected (Wilk’s lambda F 0.98, df 12, 

p  0.48) implying that the mean of sulfide bound selenium had similar pattern 

with depth (Figure 31a). The sulfide bound selenium was lesser throughout the 

depth in loess than shale still greater than sandstone and alluvium. The sulfide 

bound selenium concentration distribution pattern with depth in different parent 

materials mimics very closely the crystalline iron oxides distribution pattern 

among the soil parameters (Figure 11) and the humic bound selenium fraction 

among the selenium fractions (Figure 28a).  

 

As a fraction of total selenium, sulfide bound selenium had different 

pattern in the parent material profile than as absolute concentration. The surface 

of shale sulfide bound selenium as fraction of total selenium was low at the 

surface of shale where selenium occurred dominantly as organic and humic 

selenium (Figure 31b) owing to their occurrence under forest.  
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The sulfide bound selenium decreased towards the surface in highly 

weathered soils of shale and loess and remained unchanged in alluvium and 

sandstone (Figure 32). The hypothesis of no depth x soil(pm) interaction could 

not be rejected (Wilk’s lambda F 1.01, df 32, p  0.46) implying that sulfide 

bound selenium concentration (also as fraction of total selenium) had 

statistically similar pattern of distribution with depth in soils of different 

development stages of these parent materials  (Figure 33). The sulfide selenium 

minerals are oxidized by microorganisms (Nikolaidou, 1998) and decreased the 

sulfide bound selenium as the oxidation of pyrite transformed the sulfide bound 

selenium to oxidized selenium forms (Matamoros-Veloza et al., 2011).  Since 

the soils are at relatively early stage of development the effect of parent 

materials is strong. 

The soil parameters selected by forward selection to explain sulfide bound 

selenium:  

SeSulfide = -53 + 0.01SeTotal + 5.29TOC + 5.18FeCrys + 2.34Clay + 2.35CaCO3, r
2
 

0.62.  

Soil parameters controlling sulfide bound selenium include total selenium, total 

organic carbon, crystalline iron; clay and calcium carbonate are those which 

increase with development. 

Sulfide bound selenium in relation with other selenium fractions is presented in 

the following equation: 

SeSulfide = 17.45 + 0.39SeOrganic + 0.23Sehumic, r
2
 0.45. 

Sulfide bound selenium had strong relation with organic and humic bound 

selenium (r 0.70) indicating inorganic selenium was incorporated in organic 

fraction abiotically or by microbiological activity. 
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Soil properties in combination with selenium fractions in the equation had a 

multiple regression relation with high r
2
 coefficient:  

SeSulfide = -25 + 5.39TOC + 1.71FeCrys + 2.03Clay + 1.73CaCO3 + 0.11SeOrganic 

1.07Sehumic + 0.008SeResidual - 0.81DOC - 0.19SeExch - 0.36SeOxides, r
2
 0.75. 

 

4.3.6. Residual Selenium 

 

Residual selenium varied between 16 to 6306 µg kg
-1

 in dataset and was 

27 to 56 % of total selenium. The last chemical treatment (HF and mixed acids 

solution) used to decompose the silicates structure in compounds of selenium 

minerals imbedded or occluded in siliceous materials (Hagrova et al., 2005). 

The shale derived soils had highest residual selenium followed by lower but 

statistically similar mean (n 45) values in loess, alluvium and sandstone (Table 

6). The residual selenium was controlled by the total selenium as indicated by 

the Pearson coefficient correlation r 0.99 (p < 0.0001). 

 

The hypothesis of no depth x parent material interaction could not be 

rejected (Wilk’s lambda F 19.24, df 12, p  0.0001) implying that the mean 

concentration of residual selenium had different pattern when averaged over the 

soils in at least one parent material (Figure 34a). As a fraction of total selenium, 

the highest selenium was in the surface samples of the shale soils whereas the 

sandstone derived soils had highest selenium throughout the depth followed by 

alluvium and sandstone (Figure 34b). 

 

The shale derived soil had higher selenium throughout the profiles depth 
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while highest residual selenium was in the surface horizons (Figure 34a). The 

shale inherently contains more selenium minerals causing the residual selenium 

to increase in shale compared to the other parent materials. The high contents of 

residual selenium in the shale may relate to lithology (Jefferis, 1984; Rosenfeld 

and Beath, 1964). The sandstone had highest residual selenium 56 % as fraction 

of total selenium followed by shale 45 % and 26 to 39 % selenium in alluvium 

(Figure 34b). The residual selenium is the largest selenium fraction accounting 

for > 80 % of total selenium (Mao and Xing, 1999). 

 

The residual selenium decreased in highly weathered soils of loess, 

whereas in case of the alluvium and sandstone derived soils residual selenium 

remained unaffected with profile depth and in the shale surface of highly 

weathered soil had higher residual selenium. As a percent fraction of total 

selenium residual selenium was more in the highly weathered soils of loess and 

shale whereas in alluvium and sandstone it remained unchanged with depth due 

to weathering (Figure 36). The hypothesis of no depth x soil(pm) interaction 

effect was rejected (Wilk’s lambda F 10.53, df 32, p  0.0001) implying that 

with residual selenium contents changed differently with soil development stage 

in each parent material throughout the profile depth (Figure 35). 

 

The soil parameters selected by forward selection to explain residual selenium:  

SeResidual = 277 – 5.13TOC + 2.85FeCrys – 34FeAmorphous + 0.53Eh – 32pH – 

0.80Clay + 0.56DOC, r
2
 0.32.  

Soil parameters negatively affecting the residual fraction include total organic  
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Figure 34. Residual selenium averaged over the soils in each parent materials: (a) as percent fraction of total selenium and, 

(b) absolute concentration of residual selenium. 
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carbon, amorphous iron oxides which increase with weathering causing 

selenium minerals to decompose. The crystalline iron oxides e.g. goethite and 

ferrihydrite may have selenium substitution as selenite (Manning and Burau 

1995). 

Residual selenium in relation with other selenium fractions is presented in the 

following equation: 

SeResidual = 179.02 – 0.30SeOxides – 0.25SeOrganic + 0.28Sehumic, r
2
 0.26. 

It is apparent that as the selenium fraction bound with metal oxides and organic 

matter increase the residual fraction decrease. 

Soil properties combined with selenium fractions had the following multiple 

regression relation to predict the residual:  

SeResidual = 50 – 5.08TOC – 1.82FeCrys + 0.4Eh – 12.72pH + 0.45DOC - 

0.42SeExch – 0.62SeOxides – 0.75SeOrganic – 0.52Sehumic – 0.56SeSulfide + 0.61SeTotal, 

r
2
 0.81. 

All other selenium fractions had negative relation with residual selenium beside 

that increase in total organic carbon and crystalline iron oxides cause residual 

selenium to decrease. 

 

 

4.5. SELENITE AND SELENATE DISTRIBUTION  

 

The selenite and selenate extracted with 0.1 M sodium hydroxide (Tolu et 

al., 2011) as measured by IC-ICPMS varied with soil development in each 

parent material and. The mean selenite concentration was ranged from 1.3 to 46 

µg kg
-1

, selenate from 14 to 3400 µg kg
-1

, and the ratio of selenite/selenate from 

0.1 to 1.87. Sodium hydroxide allows the highest recovery of selenium 
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compared to other parallel extractant, its species are stable after extraction (Tolu 

et al., 2011). Sodium hydroxide extraction is used after water and phosphate 

extraction in sequential extraction. In this study selenate and selenite included 

water soluble and exchangeable selenium fractions. Selenite is adsorbed on soil 

particles i.e. iron oxides while selenate remains highly mobile due to its weak 

adsorption on soil particles. Oxidation-reduction controlled by weathering and 

microbial processes, changes the selenium species (McNeal and Balistrieri, 

1989; Wang and Chen, 2003). 

 

Except for the alluvial soils, selenate was 2 to 6 fold greater than selenite 

with largest difference in the shale derived soils. The surface of Typic 

Ustifluents (Shahdara soil series) which carries city effluent, had greater selenite 

than subsurface of the same soil profile or the entire profiles of other alluvial 

soils suggesting an addition of selenite from the anthropogenic sources.  

 

The soils grouped under different parent material had the following order 

for selenite selenium concentration: shale > alluvium > sandstone > loess while 

selenate selenium concentration had the following order: shale > alluvium ≥ 

sandstone ≥ loess (Table 6). Selenite and selenate concentrations are 

independent of each other; and selenate concentration significantly correlated 

with Eh (r 0.33). It was apparent that the soil oxidation conditions control their 

distribution rather than their mutual concentration in the soils. The ratio of 

selenite/selenate varied significantly in the soils grouped under different parent 

materials. Selenite: selenate had the order alluvium > shale > sandstone > loess. 
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Among the other soil properties, selenite had significant positive 

correlation with crystalline iron oxides (r 0.45) total soil organic carbon (r 0.30), 

CEC (r 0.25), dissolved organic carbon (r 0.21), and relatively, a low level 

correlation. Selenite has a strong affinity for sorption, particularly by iron 

oxides such as goethite, amorphous iron hydroxide, and aluminum sesquioxides 

(McNeal and Balistrieri, 1989).  Selenate had strong relation with soil CEC (r 

0.51), total organic carbon (r 0.40) and with Eh (r 0.33). A selenate form of 

selenium has positively relation with organic carbon (Singh et al., 1981). The 

highest value of selenium adsorption found in the pine forest soils related to 

high total organic carbon, and thus, selenate ion is sorbed by ferric and 

aluminum ions complexed by organic matter (Pezzarossa et al., 1999). 

 

Among the selenium fractions, selenite had stronger relation with humic 

acid selenium fractions (0.34, p < 0.001) indicating that the selenite is bound to 

humic compounds (Gustafsson and Johnsson, 1994). Selenite is preferentially 

incorporated into low molecular weight fractions of the humic substances by 

means of microbial reductive incorporation. Selenate had stronger correlation 

with total soil selenium (r 0.62) and residual selenium (0.64) whereas selenite 

had weak correlation. High total selenium translates into greater total selenate 

and not the selenite. It was interesting to know that selenite and selenate had 

non-significant correlation among themselves it implies that the two fractions 

are independently controlled under pedogenic or biogeochemical processes.  

 

The selenite/selenate ratio was inversely proportional to metal oxides 

bound selenium (r
 

0.43) and organic selenium (r
 

0.37). The ratio of 
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selenite/selenate selenium had strong positive correlation with selenite and had a 

weak negative relation with selenate concentration implying that in this case 

study the change in selenite/selenate ratio is predominantly controlled by 

increase in selenite and lesser by decrease in selenate. 

 

Selenite selenium concentration when averaged over the soils in each 

parent material had different pattern of distribution with depth in at least one 

parent material (Figure 37a) and the hypothesis of no depth x parent material 

interaction was rejected (Wilk’s lambda F 146, df 12, p  0.0001) for selenite 

concentration. Selenite concentration in the sandstone and shale was greater 

towards the surface horizons. The hypothesis of no depth x parent material 

interaction for selenate was also rejected (Wilk’s lambda F 4.6, df 12, p  

0.0001) again suggesting that selenate concentration differed in at least one 

parent material with depth (Figure 37b). As discussed earlier that selenate had 

stronger correlation with total soil selenium (r 0.62) indicating that in shale 

parent material selenate was higher at surface horizons of the Typic Hapludolls 

(Murree soil series) causing the mean to increase at surface horizons in the shale 

parent material. 

 

The selenite as well as selenate species changed differently through the 

profile depth with development in the parent materials (Table 7). The hypothesis  

of no depth x soil(pm) interaction was rejected through the test statistics  Wilk’s 

lambda F 247, df 32, p  0.0001 for selenite and through Wilk’s lambda F 4.71, 

df 32, p  0.0001 for selenate. 
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Figure 37. Distribution of selenite and selenate at averaged depth in parent materials: (a) selenite (b) selenate. 
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Table 7. Selenate and selenite selenium concentration in soils of different parent materials 

 Alluvium Loess Sandstone Shale 

Horizon Shahdra Argan Gujranwala Rajar Rawalpindi Chakwal Qazian Balkssar Kahuta Ghoragali Tirnul Murree 

 ------------------------------------------------------------------- g kg
-1

 --------------------------------------------------------------------- 

Ap/A 21(1.5)  27(1.5) 30(1.5) 16(1.6) 19(2.5) 30(1.2) 23(2.3) 15(1.5) 37(1.5) 38(301) 29(300) 2361(298) 

BA 23(2.4) 27(1.3) 31(2.3) 14(2.6) 22(2.4) 32(2.3) 24(3.6) 15(4.2) 35(2.9) 40(4.7) 29(5.4) 324(4.90) 

Bw/Bt 28(0.54) 31(0.54) 28(0.49) 15(0.66) 26(0.61) 26(0.55) 23(0.66) 25(0.55) 33(0.48) 41(0.55) 28(0.54) 32.2(0.49) 

Bt1/Bt2 28(0.54) 31(0.46) 27(0.52) 22(0.67) 21(0.54) 32(0.49) 18(0.67) 20(0.54) 30(0.53) 39(0.32) 28(0.48) 25.0(0.61) 

BC/BCk 29(0.54) 30(0.54) 30(0.55) 20(0.66) 24(0.57) 27(0.55) 17(0.66) 25(0.54) 29(0.54) 39(0.50) 28(0.45) 22.1(0.65) 

Selenite selenium concentration 

Ap/A 28(0.54) 28(0.51) 29(0.55) 3.60(0.66) 22(0.61) 15(0.57) 17(0.65) 22(0.54) 14(0.54) 41(0.51) 26(0.56) 31(0.57) 

BA 40(0.59) 30(0.61) 27(0.63) 4.91(0.73) 25(0.57) 16(0.59) 17(0.71) 22(0.61) 10(0.60) 45(0.49) 22(0.61) 31(0.58) 

Bw/Bt 25(0.54) 28(0.55) 28(0.53) 3.18(0.66) 15(0.52) 10(0.54) 15(0.66) 12(0.59) 9(0.45) 43(0.54) 23(0.58) 27(0.60) 

Bt1/Bt2 29(0.52) 27(0.52) 24(0.51) 2.47(0.63) 15(0.54) 7.4(0.50) 17(0.63) 20(0.51) 6(0.51) 36(0.52) 24(0.54) 19(0.51) 

BC/BCk 20(0.52) 27(0.51) 28(0.54) 5.35(0.64) 12(0.51) 4.6(0.52) 15(0.64) 9(0.52) 2(0.52) 38(0.51) 17(0.51) 18(0.52) 
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It implies that selenite and selenate concentration changed differently with 

development in at least one parent material through the profile depth (Figure 38, 

Figure 39). 

 

Selenite was in lower concentration in relatively more weathered soils 

than less weathered soils, and generally increased towards the surface. While in 

alluvium, more or less no changed occurred (Figure 38). The mean selenate 

concentration increased towards the surface in relatively more weathered soils 

in each parent material, and the surface horizon of highly weathered Hapludolls 

in shale parent material had exceptionally high selenate contents (Figure 39). 

 

The hypothesis of no depth x parent material interaction for 

selenite/selenate ratio Wilk’s lambda F 306, df 12, p  0.0001 rejected implying 

that selenite/selenate ratio changed with depth differently in at least one parent 

material. The selenite/selenate ratio in loess, sandstone and alluvium increased 

towards the soil surface, and it decreased in the shale derived soils (Figure 40). 

Selenite was the important determinant in the change in selenite/selenate ratio (r 

0.71) as selenate is stable species under oxidized conditions (McNeal and 

Balistrieri, 1989). Therefore, the increased selenite/selenate ratio towards the 

surface in alluvium, loess and sandstone suggests an increase of selenite towards 

the surface. 

 

The selenite/selenate concentration ratio decreased with weathering in the 

shale and sandstone (Figure 41) can be implied as decrease in selenite which 

tallies with the common perception that weathering results in oxidation. When 
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soils are low in sesquioxides, the selenite becomes easily water soluble (Cary, et 

al 1967). High organic carbon at the surface resulted in high selenite content in 

Hapludolls soil as the correlation between total organic carbon and selenite 

content was statistically significant. 

 

 The soil properties to predict selenite selenium through the forward 

selection in a multiple regression equation included total organic carbon and 

crystalline iron oxides with positive parameters estimates whereas amorphous 

iron oxides and clay with negative parameters estimate (Table 8). Selenium 

fractions in multiple regression equation help to understand selenite desorption 

from different solid phase. The selenium fractions including exchangeable 

selenium, humic bound selenium and residual selenium had positive parameters 

estimate. Soil properties in combination with selenium fractions gave a better 

prediction on selenite with r
2
 0.58. 

 

 The regression equation to predict selenate selenium included dissolved 

organic carbon, total selenium in relation with positive parameter estimates 

whereas amorphous iron oxides, clay and calcium carbonate contents had 

negative parameters (Table 8). Exchangeable selenium, organic selenium, and 

residual selenium fractions were the selenate predictor with positive soil on 

parameters estimate. Similarly, the soil properties in combination with selenium 

fractions gave better prediction on selenate (r
2
 0.63). 
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Table 8. Multiple regression equation to predict selenite and selenate from soil properties, selenium fractions and all in 

combination

Parameter Equations r
2
 

Soil properties Selenite = 13.8 + 1.17TOC + 1.20FeCrys – 6.68FeO – 0.26Clay 0.34 

Selenium fractions Selenite = 18.03 + 0.07SeExch + 0.12Sehumic + 0.005SeResidual – 0.15SeOxides – 

0.025SeOrganic – 0.03SeSulfide 

0.30 

All in combination Selenite = 6.75 + 0.56TOC + 0.41FeCrys – 3.18FeO + 0.08Clay + 0.12 CaCO3 – 

0.07SeExch – 0.22SeOxides - 0.19SeOrganic – 0.11Sehumic – 0.21SeSulfide – 

0.16SeResidual + 0.17Setotal 

0.58 

Soil properties Selenate =96.68 + 1.8DOC + 0.23SeTotal – 181FeO – 3.55Clay –5.8CaCO3 0.45 

Selenium fractions Selenate = 47.3 + 2.42SeExch + 0.87SeOrganic + 0.44SeResidual – 6.16SeOxides –

2.10Sehumic 

0.60 

All in combination Selenate = 206 – 4.22FeCrys – 158FeO – 7.77CaCO3 + 2.71SeExch + 0.84SeOrganic 

+ 0.48SeResidual – 6.55SeOxides – 1.40Sehumic 

0.63 
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4.6.  SELENIUM CONCENTRATION IN THE TEST CROPS 

 

Maize (Zea mays L.) and berseem (Trifolium alexandrium) were sown in 

two kg soil potted in polyvinyl wares from three surface soils horizons (Ap/A, 

AB/BA/Bw and Bw/Bt1/C1) without a selenium addition. Selenium 

concentration measured after plant digestion in HNO3 and HClO4 in 1:1.5 ratio 

(Gupta, 1998) varied between 4.6 to 6.93 mg kg
-1

 in maize and 0.46 to 2.56 mg 

kg
-1 

in berseem biomass. The selenium values reported for deficiency in forages 

(legumes and grasses) by Ahmad et al., (2009) does not fall below the critical 

levels. The concentration levels in both the fodder crops fall in the optimum 

range set for selenium in the animal feed (Terry et al., 2000). Selenium 

concentration in maize remained higher than the berseem plants. As the 

selenium concentration in soils was similar for the two plant plants types 

appeared due to difference in plant character uptake and selenium accumulation. 

It conforms the perception that clovers are poor accumulator of selenium 

(Fordyce, 2005). Different plant species differ in selenium accumulation e.g. 

sunflower (Helianthus annuus) accumulated lower concentrations of Se than 

lupin (Lupinus albus) or mustard (Brassica juncea) (Xime´nez-Embu´n et al., 

2004). Raya (Brassica juncea), maize (Zea mays L.) and rice (Oryza sativa) 

absorbed Se in levels toxic for animal consumption (i.e. > 5 mg Se kg
-1

) when 

the soil had more than 1.5 μg Se g
-1

 (Rani et al., 2005). 

 

Selenium concentration in maize and in berseem biomass both had normal 

distribution clustered around statistically different means as indicated by the t-

test (df 215, t 23.35, p > | t | 0.0001). The frequency distribution of the berseem 
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and maize biomass selenium concentration values are presented (Figure 42). It is 

apparent that the two populations had very different means i.e. 1.33 and 5.47 mg 

kg
-1

 for berseem and maize, respectively.  

 

Selenium concentration in plant biomass had significant correlation with 

some of the soil properties and the selenium fractions. Selenium concentration 

in the two types of crop plants had sometime; different correlating parameters. 

Among soil properties, selenium concentration in plants significantly correlated 

with redox potential with r 0.29 and r 0.35, for berseem and maize, respectively. 

Selenium availability is a function of the redox potential (Eh) of the soil along 

with total selenium in soil (Lakin, 1973). 

 

In addition, the selenium concentration in berseem plants had positive 

relation with residual (r 0.38), total selenium (r 0.35), and metal oxides selenium 

fraction (r 0.28). Selenium concentration in maize plants also had correlation 

with residual (r 0.39) and total selenium (r 0.38) and metal oxides selenium (r 

0.33). The selenium fractions i.e. metal oxides selenium, residual selenium and 

total selenium suggests their role in replenishing soil solution selenium. It is 

surprising that soil selenium extracted with phosphate buffer or ammonium 

acetate had a little correlation with plant selenium concentration. Soluble 

selenium is not correlated with the concentration found in the plants (Bisbjerg, 

1972).  

 

Berseem and maize selenium correlated with selenite (r 0.26, p < 0.0001) 

and selenate had significant correlation in case of maize only (r 0.28). The 
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Figure 42. Frequency distribution of selenium concentration in berseem and maize crop plants. 
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differences between the Se uptake pattern of selenate and selenite on pakchoi 

were the comprehensive function of the crop uptake ability (Guo et al., 2013). 

Selenate is more bioavailable than selenite (Gissel-Nielsen, 1986; Mayland 

1989; Eich-Greatorex et al., 2007), contrarily, Lemly (1993) and Li et al., 

(2008) reported selenite to be more bioavailable.  

 

The selenium concentration in berseem and maize remained unchanged 

with depth when averaged over the soils in each parent material. The hypothesis 

of no depth x parent material interaction was accepted in case of both berseem 

and maize as indicated by test statistics Wilks’ lambda F 0.52, df 6, p ≥ 0.79 and 

F 0.24, df 6, p ≥ 0.96, respectively. The distribution of selenium concentration 

in the plants remained similar with depth in all parent materials (Figure 43a, 

Figure 43b). Selenium concentration in berseem remained unchanged beside 

differences in parent materials of the soils. While the maize plants on loess had 

significantly greater selenium than those on other parent materials. The lowest 

selenium was when grown on shale soils 

 

The selenium concentration in berseem plants grown on soils from 

different depths changed differently with weathering stage of the soil. As 

indicated by no depth x soil(pm) interaction test statistics Wilk’s lambda F 3.66, 

df 16, p  0.0003 (Figure 44). Selenium concentration in berseem was greater in 

relatively weathered soils of loess and shale parent material whereas in case of 

alluvium and sandstone derived soils selenium concentration was high in the 

least and moderately weathered soils, respectively. 
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Figure 43. Selenium concentration at averaged depth in each parent material: (a) selenium in berseem and, (b) selenium in 

maize. 
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Figure 44. Selenium concentration in berseem grown in potted soil from three 

surface horizons of the profiles at different weathering stages in each parent 

material. 
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Selenium concentration in maize had statistically similar pattern when grown on 

soils from different depths of the three development stages of soils. The 

hypothesis of no depth x soil(pm) interaction was accepted Wilk’s lambda F 

0.51, df 16, p ≥ 0.92. The selenium concentration pattern with soil development 

remained similar in all parent materials (Figure 45). Selenium concentration in 

maize increased within the loess parent material with soil development but 

remained unchanged in other parent materials. 

 

4.7. SELENIUM UPTAKE BY THE TEST CROPS 

 

Selenium uptake by the test crops ranged from 0.002 to 0.066 mg kg
-1

 

potted soil, with a range for berseem from 0.002 to 0.016 mg kg
-1

 and for maize 

from 0.003 to 0.066 mg kg
-1

. The difference may as well relate to the total 

biomass of two crops, and since the plants had very different biomass plant 

types may be an irrelevant factor here. However, whether the total accumulation 

by the crops relate to soil properties and/or soil selenium fractions, is more 

relevant. 

 

Selenium uptake by berseem significantly correlated with dissolved (r 0.26) 

and total organic carbon (0.21) and cation exchange capacity (r 0.25) whereas 

selenium uptake by maize had relatively a low level correlation with pH and 

redox potential (r 0.20). Supriatin et al., (2016) reported selenium uptake by 

wheat correlate with soil pH and dissolved organic carbon, and Sillanpaa and 

Jansson (1992) also reported selenium uptake correlate strongly with cation  



120 

 

0

15

30

45

60

0 5 10 15 20 25

D
ep

th
 (

cm
)

Alluvium

Typic Ustifluents (Shahdra)

Fluventic Haplustepts (Argan)

Typic Haplustalfs (Gujranwala)

0 5 10 15 20 25

Loess

Typic Ustorthents (Rajar)

Udic Haplustepts (Rawalpindi)

Typic Haplustalfs (Chakwal)

0

15

30

45

60

0 5 10 15 20 25

D
ep

th
 (

cm
)

Sandstone

Lithic Ustipsamments (Qazian)

Typic Haplustalfs (Balkassar)

Udic Haplustalfs (Kahuta)

0 5 10 15 20 25

Shale

Typic Udorthents (Ghoragalli)

Typic Haplustepts (Tirnul)

Typic Hapludolls (Murree)

Figure 45. Selenium concentration in maize grown in potted soil from three surface 
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exchange capacity. 

           

Selenium uptake by berseem and maize also correlated with selenium 

fractions i.e.  exchangeable selenium, organic selenium and phosphate buffer 

extractable selenium with different correlation coefficient values. Phosphate 

buffer extractable selenium correlates with plant available selenium (Zhao et al., 

2005). Organic selenium has been reported to be more up taken than inorganic 

selenium (Kikkert and Berkelaar, 2013; Eich-Greatorex et al., 2007; Abrams et 

al., 1990). However, selenium content of timothy (Phleum pratense L.) best 

correlates with the total Se (Sippola, 1979). Similarly selenium content in rye-

grass positively correlates with the total soil selenium (Robberecht et al., 1982).  

 

The variability in selenium uptake by the crops was due to parent material 

and soil development. The selenium uptake by crop plants varied within the 

parent materials. The lowest selenium uptake in case of berseem crop plants was 

when grown over the sandstone and incase of the maize when grown in the shale 

parent material. The highest selenium uptake by wheat is from lacustrine clay 

and lowest from aeolian sand indicating the parent material influence on plant 

selenium uptake (Doyle and Fletcher, 1977). Selenium uptake decrease with an 

increase in clay and organic carbon contents in shale soils similar results has 

been reported by Yläranta, (1983) that increase in clay and organic matter 

content reduces plants selenium uptake. Similarly, spring wheat (Triticum 

aestivum L.) and winter rape plants (Brassica napus L) uptake highest selenium 

from the sandy soil and the lowest uptake from clay soil. 
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  The hypothesis of no depth x parent material interaction was accepted 

with test statistics wilk’s lambda F 0.88, df 6, p ≥ 0.50 and F 0.30, df 6, p ≥ 0.93 

for berseem and maize selenium uptake respectively. The selenium uptake by 

berseem and maize crop plants remained similar with depth in all parent 

materials (Figure 46a, Figure 46b). Selenium uptake by both crops plants 

increased towards the surface horizons in all parent materials.  

 

 The hypothesis of no depth x soil(pm) interaction was rejected for 

selenium uptake by berseem plants (Wilk’s lambda F 2.02, df 16, p ≥ 0.032) 

implying that the selenium uptake by berseem changed with soil type in at least 

one parent material (Figure 47). The hypothesis of no depth x soil(pm) 

interaction was accepted for selenium uptake by maize plants  (Wilk’s lambda F 

0.54, df 16, p ≥ 0.90) implying that the selenium uptake by maize plants had a 

similar pattern with soil type in all parent materials (Figure 48). 

 

The best fitted multiple regression equation with lowest CP value and 

highest r
2
 was selected for predicting selenium uptake in berseem and maize 

crop plants (Table 9). Selenium uptake by berseem crop plants the positive 

controlling factors are phosphate buffer extractable, metal oxides selenium, 

residual selenium and selenite whereas in maize selenium uptake the positive 

controlling factors were phosphate buffer extractable, organic selenium, humic 

bound selenium,  selenite and selenate.  



123 

 

0

15

30

45

60

0 0.01 0.02 0.03 0.04

D
ep

th
 (

cm
)

Selenium uptake by berseem (mg kg-1)

Alluvium

Loess

Sandstone

Shale

0 0.01 0.02 0.03 0.04

Selenium uptake by maize (mg kg-1)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46. Selenium uptake by test crops averaged over the soils: (a) uptake by berseem and, (b) uptake by maize. 
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Figure 47. Selenium uptake by berseem grown in potted soil from three surface 

horizons of the profiles at different weathering stages in each parent material.  
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Figure 48. Selenium uptake by maize grown in potted soil from three surface 

horizons of the profiles at different weathering stages in each parent material. 
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Table 9. Regression equation to predict selenium uptake by berseem and maize

Parameter Equations r
2
 

Uptake by Berseem 1.21 + 0.0077SeAvailble – 0.008 SeExch + 0.0013SeOxides – 0.0021SeSulfide + 

0.0001SeResidual  + 0.013Selenite 

0.38 

Uptake by Maize 

plants 

0.01405 + 0.000165SeAvailble+ 0.00030Seorganic + 0.000049Sehumic 0.00017SeSulfide + 

0.00013SeResidual + 0.0002Selenite + 0.000003Selenate  – 0.03SeTotal 

0.62 
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SUMMARY 

Selenium (Se) is a metalloid intermediate between metals and non-metals, 

an essential element for human and livestock. It plays important biological 

functions. It is toxic when high in concentration while its deficiency causes 

serious problems. Selenium content differs with soil parent material, and soil 

genesis causes redistribution of selenium forms which affects selenium 

bioavailability. Objectives were to (i) determine the relationship between soil 

genesis and selenium fractions of different parent materials, (ii) determine 

relationship of selenite and selenate with soil properties, and (iii) determine 

which soil selenium fraction’s controls its bioavailability. Triplicate soil profiles 

at different stages of development (3) in loess, alluvium, shale residuum, and 

sandstone residuum were sampled. Soil pH, bioavailable selenium, total 

selenium, CaCO3, dissolved and total organic carbon, dithionite extractable iron 

and aluminum, and amorphous iron were determined. Soil selenium was 

fractioned into ion exchangeable selenium, metal oxides selenium, organic 

selenium, humic bound selenium, sulfide selenium and residual selenium. The 

soils had total organic carbon between 0.5 to 5 g kg
-1

 and dissolved organic 

carbon between 3 to 98 mg kg
-1

 although both were limited to the surface, 

dithionite and oxalate extractable iron content and CaCO3 content variable 

related with soil development, pH between 6.6 to 8.4,  and the redox potential 

(Eh) between +230 to +400 mV. The dominant selenium form was the one 

which was released through digestion with mixture of HNO3 and HF acids after 

extracting the exchangeable, metal oxides, organic matter, humic compounds 

and, sulfide bound selenium. The soil parent materials controlled the total 
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selenium. Soil weathering had affected the distribution of selenium forms and 

the ionic species; and consequently bioavailability which was correlated with 

exchangeable, organic, and humic bound selenium. The total selenium content 

and the selenium bound with humic compounds, sulfide bound and the 

recalcitrant was greater in the shale soils followed by loess, alluvium and 

sandstone derived soils. The high contents of total selenium in shale may relate 

to lithogenic conditions (high iron oxides and redox conditions of shale). Ion 

exchangeable, metal oxides bound and organic matter bound selenium was more 

in loess or equal with that of shale which belonged to pedogenic metal oxides 

and humic contents in the loess and shale soils. Invariably, all these selenium 

forms were low in alluvium and sandstone soils largely due to siliceous nature 

of sandstone and light textured alluvium. The highly weathered soils of loess 

and shale had higher ion exchangeable selenium than similar soils of sandstone 

and alluvium due to greater metal oxides and humic compounds which can 

provide positively charged surfaces. Similarly, the highly weathered soils of 

loess and shale had higher content of metal oxide bound selenium than highly 

weathered soils of sandstone and alluvium was due to high pedogenic iron 

oxides in case of loess and lithogenic in shale. Organic as well as humic bound 

selenium increased with weathering especially in case of loess and shale due to 

greater organic carbon, dissolved organic carbon, amorphous iron and dithionite 

aluminum content. The sulfide bound selenium was high in least weathered 

shale and related to redox conditions; and highly correlated with humic 

compounds selenium. Recalcitrant and total selenium remained unchanged with 

weathering in all parent materials except loess. In the loess recalcitrant selenium 

depleted with weathering and total increased on surface due to organic matter 
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addition. Selenate was slightly greater than selenite. Selenate was equal in all 

parent materials except Murree soil in shale due to oxidized conditions. Selenite 

was greater in shale and alluvium than that of loess and sandstone, related to 

reduced condition in least weathered shale derived soil. Selenate increased at the 

surface with weathering where more oxidized conditions exist while selenite 

remained unchanged with weathering in alluvium and depleted with weathering 

in shale, loess and sandstone derived soils. Selenium concentration in maize was 

higher than berseem test crop in all four parent materials as berseem is poor 

accumulator of selenium. Selenium concentration in test crops increased with 

weathering from loess and shale than from alluvium and sandstone related to 

bioavailable forms of selenium. Selenium uptake and concentration correlated 

with ion exchangeable, organic, humic compounds, selenate and selenite 

species. Evaluation of the selenium forms and species enabled us to estimate the 

occurrence of selenium deficiency and toxicity in soils of Pakistan derived from 

various parent materials. Soil parent material provides the best sampling base 

for areas where selenium excess or deficiency problems occur. 
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APPENDICES 

 

Appendix Ia. GPS location, US-soil classification, and deposition time of the 

alluvial soils  

Soils US soil classification Deposition time Rep/site GPS location 

Gujranwala  

 

Typic Haplustalfs Late Pleistocene 

(old river terraces) 

1 33° 24.74" N 

72° 31.22" E 

2 

 

33° 24.39" N 

72° 30.88" E 

 

3 

 

33° 24.35" N 

72° 31.09" E 

 

Argan 

 

Fluventic Haplustepts Sub-recent 

floodplains  

1 33° 27.08" N 

72° 58.14" E 

 

2 

 

33° 26.36" N 

72° 58.62" E 

 

3 

 

33° 26.30" N 

72° 58.54" E 

 

Shahdra 

 

Typic Ustifluents Recent floodplains 1 33° 17.27" N 

72° 52.76" E 

 

2 33° 21.09" N 

72° 55.25" E 

 

3 33° 21.33" N 

72° 53.97" E 
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Appendix Ib. GPS location, US-soil classification, and landscape position in 

the loess toposequence  

Soils US soil classification Landscape position Rep/site GPS location 

Chakwal 

 

Typic Haplustalfs Level or nearly level 

plain 

 

 

 

1 32° 54.45" N 

73° 52.82" E 

2 

 

32° 56.70" N 

72° 51.87" E 

 

3 

 

33° 05.13" N 

72° 55.07" E 

 

Rawalpindi 

 

Udic Haplustepts Nearly level to gentle 

slope 

1 33°  29.65" N 

73°  12.87" E 

 

2 

 

32°  29.74" N 

73°  13.08" E 

 

3 

 

33°  28.38" N 

73°  19.60" E 

 

Rajar 

 

Typic Ustorthents Gullied land  1 33° 33.37" N 

72° 54.39" E 

 

2 33° 33.37" N 

72° 53.79" E 

 

3 33° 33.37" N 

72° 48.35" E 
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Appendix Ic. GPS location, US-soil classification, and landscape position in 

the sandstone toposequence  

Soils US soil classification Landscape position Rep/site GPS location 

Kahuta 

 

Udic Haplustalfs Level plains 1 32° 12.07" N 

73° 05.53" E 

2 

 

33° 10.89" N 

73° 04.87" E 

 

3 

 

33° 06.80" N 

73° 00.81" E 

 

Balkasar 

 

Typic Haplustalfs Low lying areas 1 33° 07.29" N 

73° 00.51" E 

 

2 

 

33° 06.95" N 

73° 00.46" E 

 

3 

 

33° 07.83" N 

73° 00.81" E 

 

Qazian 

 

Typic Ustipsamments Foothills 1 33° 23.27" N 

72° 35.89" E 

 

2 33° 22.75" N 

72° 35.21" E 

 

3 33° 22.73" N 

72° 33.69" E 
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Appendix Id. GPS location, US-soil classification, and landscape position in 

the shale toposequence  

Soils US soil classification Landscape position Rep/site GPS location 

Murree 

 

Typic Hapludolls Mountain slopes 

above 1800 m altitude 

1 33° 54.35" N 

73° 25.66" E 

2 

 

33° 54.77" N 

73° 25.37" E 

 

3 

 

33° 54.85" N 

73° 25.51" E 

 

Tirnul 

 

Typic Haplustepts Bottom of troughs in 

ridge and trough 

uplands up to 600 m 

altitude 

1 33° 24.90" N 

72° 36.93" E 

 

2 

 

33° 24.62" N 

72° 36.82" E 

 

3 

 

33° 39.21" N 

72° 53.59" E 

 

Ghoragali 

 

Typic Udorthents Mountain slopes less 

than 1800 m altitude 

1 33° 51.68" N 

73° 19.43" E 

 

2 33° 54.52" N 

73° 22.97" E 

 

3 33° 54.83" N 

73° 23.46" E 
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APPENDIX II DESCRIPTION OF SELECTED SOIL PROFILES 

 

Appendix IIa Gujranwala soil series 

 

Gujranwala series consist of deep, well-drained, noncalcareous, medium 

texture soil with argillic B horizon. It is developed in mixed alluvium derived from 

Himalayas and Pothwar upland deposited during late Pleistocene period. It occurs in 

sub-humid, sub-tropical, continental climate and occupies level position in the level 

plains. The soil profile was exposed in a specially prepared pit. The profile (below 

photograph) was described on site and main salient characteristics as follows:  

 

Ap 0-14 cm, Dark yellowish brown (10YR4/4) moist and pale brown (10 YR 6/3) 

dry, weak coarse sub-angular blocky partining to granular, loam, CaCO3 1.1 %, and 

pH 7.6. 

BA 14-25 cm, Dark yellowish brown (10YR 4/2) moist, yellowish brown (10YR 

5/4) dry, weak coarse sub-angular blocky,  loam, CaCO3 1.0 %, and pH 7.5. 

Bt1 25-50 cm, Dark yellowish brown (10YR 4/2) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, clay loam, thin patchy clay 

cutans, CaCO3 0.9 %, and pH 7.5. 

Bt2 50-75 cm, Dark yellowish brown (10YR 4/2) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, clay loam, thin patchy clay 

cutans, CaCO3 0.9 %, and pH 7.5. 

Bt3 75-102 cm, Dark yellowish brown (10YR 4/2) moist and yellowish brown (10 

YR 5/6) dry, weak coarse sub-angular blocky, clay loam, thin patchy clay cutans 

around ped faces, CaCO3 0.8 %, pH 7.5. 
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Appendix I. Photograph of Gujranwala soil profile 
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Bt4 102-132 cm, Dark yellowish brown (10YR 5/6) moist and light yellowish 

brown (10YR 6/4) dry, weak coarse sub-angular blocky, clay loam, thin patchy clay 

cutans around ped faces, CaCO3 1.7 %, and pH 7.6. 

Bt5 132-160 cm, Dark yellowish brown (10YR 4/6) moist and light yellowish 

brown (10YR 6/4) dry, weak coarse sub-angular blocky, clay loam, few soft Mn 

nodules, CaCO3 1.7 %, and pH 7.7. 

BC 160-200 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, loam, few soft and hard Mn 

nodules, CaCO3 1.7 %, and pH 7.6. 

 

Appendix IIb. Argan soil series 

 

Argan series consist of deep, well-drained, calcareous, medium texture soil 

with structural B horizon. It is developed in mixed alluvium derived from 

Himalayas and Pothwar upland deposited during Sub-recent epoch. It occurs in sub-

humid, sub-tropical, continental climate and occupies level position in the level 

plains. The soil profile was exposed in a specially prepared pit. The profile (below 

photograph) was described on site and main salient characteristics as follows:  

 

Ap 0-14 cm, Brown/dark brown (10YR 4/3) moist and grayish brown (10YR 5/2) 

dry, massive, silt loam, few fine/very fine tubular pores, CaCO3 8.4 %, and pH 7.6. 

BA 14-26 cm, Brown/dark brown (10YR 4/3) moist and brown (10YR 5/2) dry, 

weak coarse sub-angular blocky, silt loam, clear smooth boundary, CaCO3 7.9 %, 

and pH  7.7. 
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Bt 26-48 cm, Brown/dark brown (10YR 4/3) moist and brown (10 YR 5/3) dry, 

coarse and medium sub-angular blocky, silt clay loam, clay cutans are found, clear 

smooth boundary, CaCO3 6.9 %, and pH 7.8. 

Btk1 48-87 cm, Brown/dark brown (10YR 4/3) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, silt loam, few fine and medium 

kankar, CaCO3 8.9 %, and pH 7.7. 

Btk2 87-116 cm Brown/dark brown (10YR 4/3) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, silt loam, few fine and medium 

kankar, CaCO3 10.7 %, and pH 7.7. 

Bk 116-142 cm, Dark yellowish brown (10YR 4/4) moist and very pale brown (10 

YR 7/4) dry, weak coarse sub-angular blocky, silt loam, few fine and medium 

kankar, few soft and hard Mn nodules, CaCO3 9.6 %, and pH 7.7. 

BC1 142-177 cm, Dark yellowish brown (10YR 4/4) moist and very pale brown (10 

YR 7/4) dry, massive, silt loam, few fine and medium kankar, CaCO3 10.2 %, and 

pH 7.8. BC2 177-200 cm, Dark yellowish brown (10YR 4/4) moist and very pale 

brown (10 YR 7/4) dry, massive, silt loam, few fine and medium kankar, CaCO3 9.3 

%, and pH 7.7. 

 

Appendix IIc. Shahdra soil series 

 

The Shahdra series consists of very deep, well drained, medium textured, calcareous 

soils formed in recent mixed alluvium derived from loess and calcareous 

sedimentary  
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Appendix II. Photograph of Argan soil profile 

 

2 m 

Ap 

BA 

Bt 

Btk1 

Btk2 

Bk 

BC1 

BC2 



158 

 

and metamorphic rocks of the Himalayas. These soils have no B horizon. The soil 

has brown to dark brown, friable, moderately calcareous silt loam top soil with 

massive and weak granular structure. The subs oils and the stratum have layers of 

different textures; predominantly silt loam and very fine sandy loam calcareous and 

massive. It occurs in semiarid and sub humid subtropical continental climates and 

occupy active flood plains of major streams. The profile was described on site and 

main salient characteristics as follows:  

 

Ap 0-15 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, silt loam, massive, slightly sticky,  slightly plastic, very friable 

moist, slightly hard dry, few very fine interstitial pores, very fine roots, clear 

smooth boundary  CaCO3 14.9 %, and pH 7.7. 

Bw 15-30 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, silt loam, massive, slightly sticky, slightly plastic, friable moist, 

slightly hard dry, common fine roots; clear smooth boundary, CaCO3 15.1 %, and 

pH 7.6.  

C1 30-60 cm, dark yellowish brown (10YR 4/6) moist and light yellowish brown 

(10YR 6/4) dry silt loam, massive, slightly sticky, slightly plastic, friable moist, 

slightly hard dry, clear smooth boundary, CaCO3 15.4 %, and pH 7.8. 

C2 60-87 cm, Dark yellowish brown (10YR 4/6) moist and light yellowish 

brown (10YR 6/4) dry, silt loam, massive, slightly sticky, slightly plastic, 

friable moist, slightly hard dry, smooth boundary; CaCO3 13.6 %, and pH 8.0. 

C3 87-111 cm, Dark yellowish brown (10YR 4/6) moist and light yellowish 

brown (10YR 6/4) dry, silt loam, massive, slightly sticky, slightly plastic,  
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Appendix III. Photograph of Shahdra soil profile 
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CaCO3 13.2 %, and pH 7.9. 

C4 111-135 cm, Dark yellowish brown (10YR 5/6) moist and light yellowish 

brown (10YR 6/4) dry, silt loam, massive, CaCO3 14.0 %, and pH 8.0. 

C5 135-155+ cm, Dark yellowish brown (10YR5/6) moist and light yellowish 

brown (10YR6/4) dry, silt loam, massive, CaCO3 14.0 %, and pH 8.0. 

 

Appendix IId. Chakwal soil series 

 

The Chakwal series consist of deeply developed, well and seasonally 

moderately well drained, moderately fine to fine textured, calcareous soils 

developed in Late Pleistocene loess. These soils have an argillic B horizon with 

moderate sub angular blocky structure. The soil has brown to dark brown, friable, 

slightly calcareous silt loam topsoil with massive and weak granular structure. This 

is underlain by a dark grayish brown, friable, moderately calcareous, silty clay loam 

approaching silty clay B horizon with moderate medium and fine sub angular 

blocky structure. The substratum is brown, friable, strongly calcareous, massive, silt 

clay loam with many lime concretions. It occurs in a semiarid subtropical 

continental climate and occupies level to nearly level loess plains.  The profile was 

described on site and main salient characteristics as follows:  

 

Ap 0-16 cm, Dark yellowish brown (10YR4/4) moist and pale brown (10 YR 6/3) 

dry, weak coarse sub-angular blocky partining to granular, silty clay loam, CaCO3 

0.8 %, and pH 7.6. 
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Appendix IV. Photograph of Chakwal soil profile 
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BA 16-26 cm, Dark yellowish brown (10YR 4/4) moist and yellowish brown (10 YR 

5/4) dry, weak coarse sub-angular blocky, silty clay loam, CaCO3 0.9 %, and pH 

7.4. 

Bt1 26-48 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, silty clay loam, thin patchy clay 

cutans, CaCO3 0.9 %, and pH 7.6. 

Bt2 48-80 cm,  Dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, silty clay loam, thin patchy clay 

cutans, CaCO3 0.9 %, and pH 7.4. 

Bt3 80-110 cm, Dark yellowish brown (10YR 4/6) moist and yellowish brown (10 

YR 5/6) dry, weak coarse sub-angular blocky, silty clay loam, thin patchy clay 

cutans around ped faces, CaCO3 0.8 %, pH 7.4. 

Bk1 110-140 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish 

brown (10YR 6/4) dry, weak coarse sub-angular blocky, silty clay loam, thin patchy 

clay cutans around ped faces, common calcium carbonate concretions, CaCO3 13.3 

%, and pH 7.8. 

Bk2 140-180 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish 

brown (10YR 6/4) dry, weak coarse sub-angular blocky, silty clay loam, common 

calcium carbonate concretions, CaCO3 13.8 %, and pH 7.8. 

BCk 180-220 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish 

brown  
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Appendix V. Photograph of Rawalpindi soil profile 
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(10YR 6/4) dry, massive, blocky, silt loam, CaCO3 13.5 %, and pH 7.8. 

 

Appendix IIe. Rawalpindi soil series 

 

Rawalpindi series consist of very deep, well drained, medium textured soils, 

decalcification to depth of 2 feet, developed in late Pleistocene loess. The soil has 

weak argillic B horizon. The soil has a yellowish brown, friable, non-calcareous, 

massive, very fine sandy loam topsoil, this over lies brown to dark brown, friable, 

noncalcareous, silt loam subsoil with weak coarse subangular blocky structure. The 

substratum is yellowish brown, friable, massive silt loam, strongly calcareous with 

few lime concretions. It occurs in a subhumid subtropical continental climate and 

occupies nearly level to gently sloping areas of loess plain. The profile was 

described on site and main salient characteristics as follows:  

 

Ap 0-18 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, massive, silt loam, common fine and medium roots, CaCO3 0.7 %, 

and pH 7.0. 

Bw 18-30 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, silt loam, clear smooth boundary, 

CaCO3 0.8 %, and pH  7.2. 

Bt 30-58 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, coarse and medium sub-angular blocky, silt clay loam, clay cutans 

are found, clear smooth boundary, CaCO3 1.31 %, and pH 6.9. 

Bk1 58-82 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, silt clay loam, CaCO3 12.1 %, and 
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pH 7.7. 

Bk2 82-114 cm Dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, silt loam, few fine and medium 

kankar, yellow color iron oxides mottles, CaCO3 15.0 %, and pH 7.8. 

Bk3 114-148 cm, Dark yellowish brown (10YR 4/4) moist and very pale brown (10 

YR 7/4) dry, weak coarse sub-angular blocky, silt loam, few fine and medium 

kankar, yellow color iron oxides mottles, CaCO3 15.0 %, and pH 7.8. 

BCk 148-170+ cm, Dark yellowish brown (10YR 4/4) moist and very pale brown 

(10 YR 7/4) dry, massive, silt loam, few fine and medium kankar, yellow color iron 

oxides mottles, CaCO3 17.1 %, and pH 7.7. 

 

Appendix IIf. Rajar soil series 

 

The Rajar series consist of very deep, well drained, medium textured 

calcareous soil with a Subrecent erosional surface. It occurs in subhumid 

subtropical continental climate and occupies gently sloping to sloping dissected 

loess plains. It has yellowish brown, silt loam, massive, strongly calcareous Ap 

horizon, under lain yellowish brown silt loam, massive, strongly calcareous subsoil. 

The profile was described on site and main salient characteristics as follows:  

 

Ap 0-12 cm, Yellowish brown (10Yr 5/4 moist) and pale brown (10YR 6/3) dry, 

silt loam, massive, slightly sticky, slightly plastic, very friable moist slightly 

hard dry, few very fine, fine and medium, CaCO3 16.4 %, and pH 7.9. 

AB 12-40 cm, Yellowish brown (10YR 5/4) moist and pale brown (10YR 6/3) 

dry, silt loam, massive, slightly sticky, slightly plastic, very friable moist, 
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slightly hard dry, strongly calcareous, clear smooth boundary, CaCO3 17.7 %, 

and pH 8.1. 

BC1 40-90cm, Yellowish brown (10YR 5/4) moist and light yellowish brown 

(10YR 6/4) dry, silt loam, massive; slightly sticky, slightly plastic, very friable 

moist, clear smooth boundary, CaCO3 18.0 %, and pH 8.2. 

BC2 90-120 cm. Yellowish brown (10YR 5/4) moist and light yellowish brown 

(10YR 6/4) dry, silt loam, massive, slightly sticky, slightly plastic, very friable 

moist, slightly hard dry, clear smooth boundary, CaCO3 15.3 %, and pH 8.4. 

 

 Appendix IIg. Kahuta soil series 

 

Kahuta series consist of very deep, well-drained, noncalcareous, moderately 

fine and medium texture soil with argillic B horizon. It is developed in material 

derived from underlying tertiary sandstones. It occurs in sub-humid, sub-tropical, 

continental climate. The soil profile was exposed in a specially prepared pit. The 

profile was described on site and main salient characteristics as follows:  

Ap 0-12 cm, Dark yellowish brown (10YR4/4) moist and pale brown (10 YR 6/3) 

dry, weak coarse sub-angular blocky partining to granular, sandy clay loam, CaCO3 

0.5 %, and pH 6.8. 

BAt 12-33 cm, Dark yellowish brown (10YR 4/4) moist and yellowish brown (10 

YR 5/4) dry, weak coarse sub-angular blocky, sandy clay loam, few soft and hard  
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Appendix VI. Photograph of Rajar soil profile 
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Mn nodules, CaCO3 0.6 %, and pH 7.0. 

Bt1 33-64 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, clay loam, thin patchy clay 

cutans, CaCO3 0.7 %, and pH 7.2. 

Bt2 64-90 cm, dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, clay loam, thin patchy clay 

cutans, few soft and hard Mn nodules, CaCO3 0.9 %, and pH 7.4. 

Bt3 90-112 cm, Dark yellowish brown (10YR 4/6) moist and yellowish brown (10 

YR 5/6) dry, weak coarse sub-angular blocky, clay loam, thin patchy clay cutans 

around ped faces, few soft and hard Mn nodules, CaCO3 0.2.39 %, pH 7.4. Bk1 112-

140 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish brown (10YR  

6/4) dry, weak coarse sub-angular blocky, clay loam, thin patchy clay cutans around 

ped faces, few soft Mn nodules, CaCO3 7.4 %, and pH 7.5. 

Bk2 140-180 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish 

brown (10YR 6/4) dry, weak coarse sub-angular blocky, clay loam, few soft Mn 

nodules, CaCO3 8.9 %, and pH 7.5. 

Bk3 180-220 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish 

brown (10YR 6/4) dry, weak coarse sub-angular blocky, loam, CaCO3 14.22 %, and 

pH 7.6. 
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Appendix VII. Photograph of Kahuta soil profile 
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Appendix IIh. Balkasar soil series 

 

The Balkasar series consists of deep and moderately deep, well drained 

calcareous, moderately fine textured soils developed in material derived from the 

underlying Tertiary sandstones. The soil has argillic B horizon. The soil has brown 

to dark brown, very friable, massive to single grain, slightly calcareous sandy clay 

loam top soil. This overlies a dark grayish brown, friable, strongly calcareous, 

sandy clay loam B horizon with weak course subangular blocky structure. The 

substratum is light grey, strongly calcareous, semi consolidated sandstone. The 

profile was described on site and main salient characteristics are: 

Ap 0-18 cm, Dark yellowish brown (10YR4/4) moist and pale brown (10 YR 

6/3) dry, weak coarse sub-angular blocky partining to granular, loam, CaCO3 

1.5 %, and pH 7.6. 

Bt1 18-40 cm, Dark yellowish brown (10YR 4/4) moist and yellowish brown (10 

YR 5/4) dry, weak coarse sub-angular blocky, clay loam, CaCO3 1.8 %, and pH 

7.4. 

Bt2 40-57 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish 

brown (10YR 6/4) dry, weak coarse sub-angular blocky, clay loam, thin patchy 

clay cutans, CaCO3 6.2 %, and pH 7.4. 

Bt3 57-77 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish brown 

(10YR 6/4) dry, weak coarse sub-angular blocky, clay loam, thin patchy clay 

cutans, CaCO3 5.3 %, and pH 7.5. 

Bk1 77-105 cm, Dark yellowish brown (10YR 4/6) moist and yellowish brown (10 

YR 5/6) dry, weak coarse sub-angular blocky, clay loam, CaCO3 5.4 %, pH 7.5. 

Bk2 105-123 cm, Dark yellowish brown (10YR 4/4) moist and light yellowish 
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brown (10YR 6/4) dry, weak coarse sub-angular blocky, clay loam, CaCO3 12.0 %, 

and pH 7.7. 

BCk 123-138 cm, Brown (7.5YR 4/4) moist and light yellowish brown (7.5YR 6/4) 

dry, weak coarse sub-angular blocky, clay loam, CaCO3 22.5 %, and pH 7.7. 

C 138-170 cm, Reddish brown (2.5YR 4/4) moist and light yellowish brown 

(2.5YR6/4) dry, weak coarse sub-angular blocky, silty clay loam, CaCO3 22.8 %, 

and pH 7.7. 

 

 Appendix III. Qazian soil series 

 

The series consists of very shallow, excessively drained, calcareous, coarse 

textured soils derived from the under lying Tertiary sandstones, the soil has no 

cambic B horizon. The soil has yellowish brown, loose, moderately calcareous, 

single grain. Loamy sand topsoil, underlying by olive brown, five inches thick (13 

cm). These layers overlie grey, semi-consolidated, calcareous sandstone. They 

occur in subhumid and semiarid subtropical continental climates and occupy 

undulating weather rock plains ridge and through uplands. The profile was 

described on site and main salient characteristics as follows:  

 

Ap 0-12 cm Brown (10YR 4/4) moist and yellowish brown to light olive brown 

(10YR 2.5 5/4) dry, sandy loam, single grain, nonsticky, nonplastic, leese moist, 

loose smooth boundary, few fine roots; diffuse smooth boundary; CaCO3 9.8 %, and 

pH 7.5. 
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Appendix VIII. Photograph of Balkasar soil profile 
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AB 12-23cm Brown (10YR4/4) moist and yellowish brown to light olive brown 

(10YR5/4) dry, sandy loam, single grain, nonsticky, nonplastic, loose moist, 

loose dry, few very fine roots; gradual smooth boundary; CaCO3 10.2 %, and 

pH 7.5. 

Bw 23-43 cm Brown (10YR4/4) moist and yellowish brown to light olive brown 

(10YR5/4) dry, sandy loam. CaCO3 11.0 %, and pH 7.5. 

BCk1 43-80 cm Light grey (5Y6/4) moist and dry, soft sandstone pieces, sandy 

loam, CaCO3 17.9 %, and pH 7.7. 

BCk2 80-115 cm Light grey (5Y6/4) moist and dry, few sand pockets, sandy loam, 

CaCO3 22.5 %, and pH 7.7. 

 

Appendix IIj. Murree soil series 

 

Murree series consist of moderately deep, moderately drained, 

noncalcareous, moderately fine textured soils developed in materials derived from 

the underlying Tertiary shale, the soil have argillic B horizon. It has reddish brown, 

friable, noncalcareous, clay loam topsoil with massive and weak granular structure; 

this overlies a reddish brown, firm, noncalcareous, silty clay loam, B horizon with 

weak and moderate subangular blocky structure. The sub stratum is reddish brown, 

strongly calcareous, semi consolidated shale. The profile was described on site and 

main salient characteristics as follows:  

A 0-15 cm Reddish brown 7.5YR 4/4 moist and reddish brown 7.5YR 5/4 dry; 

silty clay loam, moderate medium coarse sub-angular blocky, slightly sticky, 

slightly plastic, friable moist, slightly hard dry, common fine interstitial pores,  
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Appendix IX. Photograph of Qazian soil profile 
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CaCO3 1.26 %, and pH 6.1. 

Bt1 15-32cm Reddish brown 5YR 3/4 moist and reddish brown 5YR 5/4 dry; 

silty clay, thin patchy clay cutans, moderate medium coarse sub-angular blocky, 

slightly sticky; slightly plastic, friable moist, slightly hard dry; common fine 

interstitial pores, CaCO3 0.6 %, and pH 4.8. 

Bt2 32-72 cm Reddish brown 5YR 4/4 moist and reddish brown 5YR 5/4 dry; silty 

clay, thin patchy clay cutanes, moderate medium coarse sub-angular blocky, 

slightly sticky; slightly plastic, friable moist, slightly hard dry; common fine 

interstitial pores, CaCO3 0.6 %, and pH 4.9. 

BCk1 72-106 cm Reddish brown 5YR 4/4 moist and reddish brown 5YR 5/4 dry; 

silty clay loam, moderate medium coarse sub-angular blocky, slightly sticky; 

slightly plastic, friable moist, slightly hard dry; common fine interstitial pores , 

CaCO3 21.9 %, and pH 7.4. 

BCk2 106-135 cm Reddish brown 5YR 4/4 moist and reddish brown 5YR 5/4 dry; 

silty clay loam, moderate medium coarse sub-angular blocky, slightly sticky; 

slightly plastic, friable moist, slightly hard dry; common fine interstitial pores , 

CaCO3 22.10 %, and pH 7.4. 

CR 135-150 cm Reddish brown 5YR 4/4 moist and reddish brown 5YR 5/4 dry; 

silty clay loam, massive, slightly sticky; slightly plastic, friable moist, slightly 

hard dry; common fine interstitial pores, CaCO3 22.4 %, and pH 7.4. 
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Appendix X. Photograph of Murree soil profile 
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Appendix IIk. Tirnul soil series  

 

Tirnul series consist of moderately deep, moderately drained, calcareous, 

moderately fine textured soils developed in materials derived from the underlying 

Tertiary shale, the soil have weak cambic B horizon. It has reddish brown, friable, 

strongly calcareous, clay loam topsoil with massive and weak granular structure; 

this overlies a reddish brown, firm, strongly calcareous, silty clay loam, B horizon 

with weak and moderate subangular blocky structure. The sub stratum is reddish 

brown, strongly calcareous, semi consolidated shale. The profile was described on 

site and main salient characteristics as follows:  

 

Ap 0-17 cm Reddish brown 7.5YR 4/4 moist and reddish brown 7.5YR 5/4 dry; clay 

loam, massive and fine granular, slightly sticky, slightly plastic, friable moist, 

slightly hard dry, common fine interstitial pores, CaCO3 12.7 %, and pH 7.5. 

BA 17-32cm Reddish brown 7.5YR 4/4 moist and reddish brown 7.5YR 5/4 dry; 

clay loam, very weak coarse sub-angular blocky, slightly sticky; slightly plastic, 

friable moist, slightly hard dry; common fine interstitial pores, CaCO3 12.6 %, and 

pH 7.5. 

Btk 32-52 cm Reddish brown 7.5YR 4/4 moist and reddish brown 7.5YR 5/4 dry; 

silty clay loam, very weak coarse sub-angular blocky, slightly sticky; slightly 

plastic, friable moist, slightly hard dry; common fine interstitial pores, CaCO3 9.0 

%, and pH 7.5. 

Bk 52-72 cm Reddish brown 7.5YR 4/4 moist and reddish brown 7.5YR 5/4 dry; 

silty clay loam, very weak coarse sub-angular blocky, slightly sticky; slightly  
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Appendix XI. Photograph of Tirnul soil profile 
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plastic, friable moist, slightly hard dry; common fine interstitial pores, CaCO3 

12.3 %, and pH 7.7. 

BCk 72-97 cm Dark reddish brown 2.5YR 4/4 moist and Dark reddish brown 2.5YR 

5/4 dry; silty clay loam, very weak coarse sub-angular blocky, slightly sticky; 

slightly plastic, friable moist, slightly hard dry; common fine interstitial pores , 

CaCO3 5.8 %, and pH 7.7. 

CR 97-130+ cm Dark reddish brown 2.5YR 4/4 moist and Dark reddish brown 

2.5YR 5/4 dry; silty clay loam, massive, slightly sticky; slightly plastic, friable 

moist, slightly hard dry; common fine interstitial pores, CaCO3 4.0 %, and pH 7.7. 

 

Appendix IIl. Ghoragali soil series  

 

Ghoragali series consist of moderately deep, moderately drained, calcareous, 

moderately fine textured soils developed in materials derived from the underlying 

Tertiary shale, the soil have no cambic B horizon. It has reddish brown, friable, 

strongly calcareous, silty clay loam topsoil with massive and weak granular 

structure; this overlies a reddish brown, firm, strongly calcareous, silty clay, B 

horizon with very weak coarse subangular blocky structure. The sub stratum is 

reddish brown, strongly calcareous, semi consolidated shale. The profile was 

described on site and main salient characteristics as follows:  

 

A 0-20 cm Reddish brown 7.5YR 4/4 moist and reddish brown 7.5YR 5/4 dry; sily 

clay loam, massive and fine granular, slightly sticky, slightly plastic, friable moist, 

slightly hard dry, common fine interstitial pores, CaCO3 16.6 %, and pH 7.5. 

Bw1 20-50cm Reddish brown 7.5YR 4/4 moist and reddish brown 7.5YR 5/4 dry; 
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silty clay loam, very weak coarse sub-angular blocky, slightly sticky; slightly 

plastic, friable moist, slightly hard dry; common fine interstitial pores, CaCO3 18.1 

%, and pH 7.4. Bw2 50-70 cm Reddish brown 7.5YR 4/4 moist and reddish brown 

7.5YR 5/4 dry; silty clay, very weak coarse sub-angular blocky, slightly sticky; 

slightly plastic, friable moist, slightly hard dry; common fine interstitial pores, 

CaCO3 15.1 %, and pH 7.4. 

BC 70-94 cm Reddish brown 7.5YR 4/4 moist and reddish brown 7.5YR 5/4 dry; 

silty clay, very weak coarse sub-angular blocky, slightly sticky; slightly plastic, 

friable moist, slightly hard dry; common fine interstitial pores, CaCO3 12.0 %, and 

pH 7.5. 

CR 94-110+ cm Reddish brown 7.5YR 4/4 moist and reddish brown 7.5YR 5/4 dry; 

silty clay loam, massive, slightly sticky; slightly plastic, friable moist, slightly hard 

dry; common fine interstitial pores, CaCO3 11.7 %, and pH 7.5. 
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Appendix XII. Photograph of Ghoragali soil profile 
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