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ABSTRACT

Selective sequential extraction techniques that partition soil selenium (Se) into

different particulate-bound fractions have been developed to provide information

regarding the geochemical and soil processes controlling Se transformation, dynamics
and bioavailability within the soil environment. However, none of these earlier

extraction techniques considered the fraction of Se bound to metal-organic complexes, a

very physicochemically reactive soil component. The objectives of this study were to:

(1) determine the distribution of particulate-bound Se fractions (including Se bound to

metal-organic complexes) within selected soil profiles developed on undifferentiated

glacial till parent material in the major soil zones of Saskatchewan and currently used in

agricultural production; and (2) relate the occurrence and distribution of the particulate
bound Se fractions to a Se bioavailability index (SBI).

Concentrations of total Se and the SBI in the soil profiles studied ranged from

0.263 to 1.295 mg kg" soil and 0.006 to 0.047 mg kg" soil, respectively. Total soil Se

was partitioned into seven particulate-bound fractions: water soluble, exchangeable,

carbonate-bound, metal-organic complex-bound, amorphous mineral colloid-bound,

organic-bound and residual. The percent recovery of total Se ranged from 86.8 to

112.2%, with an average value of 96.8%. The water soluble, exchangeable, carbonate

bound, and amorphous mineral colloid-bound Se fractions accounted for 1.0 to 3.9%,

0.3 to 4.4%, 3.0 to 4.6%, and 0.5 to 4.0% of the total soil Se, respectively. The metal

organic complex-bound, organic-bound and residual Se fractions accounted for 7.4 to

37.5%,6.8 to 20.7%, and 44.2 to 77.4% oftotal soil Se, respectively. Thus, the results

indicated that metal-organic complex-bound Se accounted for a significant proportion
of total soil Se. Further, the results have provided the first information pertaining to the

distribution of particulate-bound Se fractions in Canadian soils.

Water soluble, metal-organic complex-bound and organic-bound Se fractions

were significantly correlated with the SBI; thus, any of these three Se fractions could

potentially contribute to bioavailable Se. Because water soluble Se accounted for a

small proportion of total soil Se and was much less than the SBI in the vast majority of

the soil horizons of the solums, the results suggest that metal-organic complex-bound
Se could playa relatively significant role in contributing to bioavailable Se.
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1. INTRODUCTION

Selenium (Se) is an intriguing trace element because of the environmental

consequence of its double-edged behavior. Selenium is an essential nutrient for

maintaining animal and human health, and an intake of 0.01 to O.3·mg Se kg-ldiet is

generally considered adequate (Mayland et al., 1989). Selenium is alsoconsidered to

be one of the most toxic elements in the earth's crust (Doran, 1982). An intake of5 to

15 mg Se kg" diet (or higher) over a period of time can cause acute or chronic toxicity

symptoms (Mayland et al., 1989). This small range in concentration in which Se

behaves as both an essential nutrient and a toxic trace element underscores the

significance of the processes that govern the bioavailability of Se in the environment.

Weathering of the earth's crust is the primary natural source of Se in the

environment; however, anthropogenic sources, including fossil fuel combustion, mining

and smelting, and application of fertilizers and irrigation water to agricultural soils have

been identified as being increasingly important factors affecting the content,

bioavailability and global cycling of Se in the environment (McNeal and Balistrieri,

1989). As a result, understanding the natural and anthropogenic processes (which occur

both independently and interdependently) and their impact on the cycling and

bioavailability of Se, is a prerequisite to minimizing the potential for Se-related diseases

in terrestrial and aquatic environments.

Soils are considered an important storehouse of Se for plants, including crops

and forages, and thus important in the cycling of Se in the environment. Although Se is

not considered an essential nutrient for plant growth, consumption of plants and plant

products is the primary route by which animals and humans receive their dietary intake

of Se (Ihnat, 1989). Health problems of Se deficiency in animals and humans are

generally related to low Se concentrations in crops and forage plants, while health

problems due to Se toxicity are associated with the bioaccumulation and

biomagnification of Se in the food chain (Presser et al.; 1994). White muscle disease



(WMD) is probably the most recognized and economically important of the Se-deficient

conditions reported in livestock (McDowell et al., 1996; Reilly, 1996). Within

Saskatchewan, the incidence of Se deficiency in livestock appears to be occurring with

increased frequency (Saskatchewan Agriculture and Food, 1992).
In comparison to other regions of the world (e.g., United States, Finland),

relatively little research on Se in Canadian soils, particularly soils of the Canadian

Prairies, has been conducted. Research conducted in Saskatchewan provides some

information regarding the Se content of parent materials, soils, and cereal and.forage

plants, as well as the influence of parent material and physicochemical properties of

soils on the Se content in soils and cereal and forage plants (e.g., Byers and Lakin,

1939; Thorvaldson and Johnson, 1940; Doyle and Fletcher, 1977). However, a

know ledge gap exists in that past research does not provide information regarding Se

speciation in soils, particularly as it relates to Se mobility and bioavailability to

organisms.
Determination of Se species in soils is often difficult because of the small

amount of the element usually present and the complex composition of soils and

sediments (Elrashidi et al., 1989). To address this issue, selective sequential extraction

schemes that partition soil Se into different particulate-bound fractions have been

developed (e.g., Chao and Sanzolone, 1989; Lipton, 1991). However, the extraction

schemes are not standardized as there is great variation in the reagent used to extract

each fraction, in the sequence in which the fractions are extracted, and in the number

and kind of fractions identified. Furthermore, these extracion schemes do not include

the partitioning of soil Se bound to metal-organic complexes, a component of soils that

is very reactive physicochemically (Bascomb, 1968). Metal-organic complexes may

play an important role in the binding of Se in soils and, therefore, the partitioning of

metal-organic complex-bound Se should be considered when developing a sequential
extraction scheme to partition soil Se.

The objectives ofthe study were to: (1) determine the distribution of particulate
bound Se fractions within selected soil profiles developed on undifferentiated glacial till

parent material in the four major soil zones (Brown, Dark Brown, Black and Gray) of

Saskatchewan and currently used in agricultural production; and (2) relate the
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occurrence and distribution of particulate-bound Se fractions to a Se bioavailability
index. The main modification of past extraction schemes, which was proposed for this

study, was to include the partitioning of soil Se bound to metal-organic complexes. It is

expected that the metal-organic complex-bound Se fraction will account for a

significant proportion of total soil Se, particularly in the surface horizons. Due to the

heterogeneous nature of soils in Saskatchewan as a function of pedogenic and and

anthropogenic processes, it is expected that the total content of Se and distribution of Se

fractions will vary within and between the selected soil profiles.
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2. LITERATURE REVIEW

2.1. Sources of Selenium in Terrestrial and Aquatic Environments

2.1.1. Natural sources

Selenium is a trace metal that is widely distributed in terrestrial and aquatic
environments (Tamari, 1998). The major source of environmental Se isthe weathering
of rocks (McNeal and Balistrieri, 1989). A level often chosen to distinguish Se

deficient (nonseleniferous) from Se-rich (seleniferous) materials is a Se concentration of

1 mg kg" (National Research Council, 1983).

Within the earth's crust, Se is considered a chalcophile element, as it is closely
associated with sulfide minerals. The importance of reduced sulfur (S) compounds and

marine sedimentary rocks of Cretaceous age as Se sources in the western United States

and the prairie provinces of Canada has been known since the 1930's (Byers, 1935;

Byers and Lakin, 1939). Selenium and S have similar ionic radii (Se2-, 1.98 A; S2-, 1.84

A) and, as a result, Se can be incorporated into sulfide minerals during crystallization
via isomorphic substitution (Coleman and Delevaux, 1957). Selenium is present in

varying concentrations (0 to 94,000 mg kg") in sulfide minerals and commonly occurs

in pyrite (FeS), chalcopyrite (CuFeS2), pyrrhotite (Fe(n-I)Sn), galena (PbS), sphalerite

(ZnS), cinnabar (HgS), stibnite (S�S3), molybdenite (MoS2), and arsenopyrite (FeAsS)

(Berrow and Ure, 1989). Because S is more readily oxidized than Se, soluble sulfates

can migrate relatively more easily in comparison to Se, which tends to remain in less

mobile forms during the weathering of minerals (Berrow and Ure, 1989).

During the cooling of igneous rock material, Se can separate along with sulfides

of Fe, Co and Ni in the early stages of magma crystallization (Berrow and Ure, 1989).

Selenium can also accumulate in the liquids and gases of late-stage processes and

volatile Se may be released along with volatile S from cooling rocks and volcanoes.

Because the amount of Se in volcanic gases can vary from trace amounts to 50000
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mg kg", igneous rocks may have low Se concentrations (Lakin and Davidson, 1967).

For example, the average Se content in igneous rocks of New Zealand has been reported
to be 0.35 to 0.60 mg kg" (Wells, 1967a).

Due to the association of Se with soil organic matter (SOM), metal oxides, and

clay minerals, Se concentrations are generally higher in sedimentary rocks than igneous
rocks (Kabata-Pendias, 1998). Among sedimentary rocks, higher Se concentrations are

present in shale than in limestone or sandstone materials (Mayland et al., 1989).

Selenium concentrations in Cretaceous shales have been reported to range from 0 to 675

mg kg" in the United States (Berrow and Ure, 1989) and 0.3 to 3.0 mg kg" in the

Canadian Prairies (Byers and Lakin, 1939). Worldwide, Se concentrations have been

reported to range from 0 to 24 mg kg" in calcareous material and <0.01 to 1.5 mg kg"
in sandstone material (Berrow and Ure, 1989).

Phosphate rocks and coal can contain significant concentrations of Se.

Phosphate rocks, particularly those of the western United States, have been reported to

contain Se concentrations ranging from 1 to 178 mg kg" (Radar and Hill, 1935).

Selenium concentrations in coal generally range from 1 to 20 mg kg", but may be as

high as 1000 mg kg", as reported for some coal deposits in China (Mayland et al.,

1989).

The concentration of Se in soils is generally dependent upon parent material,

climate, topography, and age of the soil; however, volcanoes and natural aerosols and

gases in the atmosphere also can serve as sources of Se in soils. As a result, the

concentration of Se in soils worldwide is quite variable, but an average range is

considered to be from 0.01 to 2 mg Se kg" soil (Mayland, 1994). In addition, the

profile distribution of Se in soils is dependent upon several physicochemical soil

factors, including redox potential, soil pH, the content of clay minerals, SOM

(Gustafsson and Johnsson, 1992), metal oxides (John et aI., 1976), nitrate (Losi and

Frankenberger, 1998), and soil microorganisms (Maiers et aI., 1988),

The mean concentration of Se in New Zealand topsoils and parent materials was

reported to be 0.60 and 0.42 mg kg", respectively (Wells, 1967b), suggesting that

pedogenic processes have resulted in the enrichment of Se in surface horizons compared
to the amount of Se present in parent material. Wells (1967b) noted that in soils with
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minimum profile development, the Se content of the topsoil was dependent upon the

nature of the parent material. In soils with a greater degree" of profile development, Se

was associated with horizons of iron, organic matter and clay accumulation.

Selenium concentrations in soils of Japan were reported to range from 0.170 to

1.234 mg kg" (Kang et al., 1991). Using a single extraction ofO.l M sodium hydroxide
solution, 41.1 to 63.5% of total Se was extracted from the soils studied. The content of

Se in the extractions showed a similar pattern to that of the organic carbon content, thus

Kang et al. (1991) considered the Se extracted with the sodium hydroxide solution to be

closely related to the organic matter in soil.

In Yugoslavia, Maksimovic and Djujic (1998) reported that the average Se

content in soils derived from volcanic rocks was 0.185 mg kg". Selenium

concentrations in wheat, garlic and corn were extremely low, with mean values of

0.017,0.005 and 0.003 mg kg", respectively. Similarly, Jovic (1998) determined that

the total Se content of soils in Yugoslavia ranged from 0.039 to 0.440 mg kg", with a

mean value of 0.230 mg kg", Parent material significantly influenced the Se content in

soils, with soils derived from mafic volcanic rocks containing higher Se concentrations

than soils derived from acid and intermediate rocks (Jovic, 1998). The profile
distribution of Se was primarily associated with Fe-oxides and, to a lesser degree,

organic matter. The concentration of Se associated with the clay fraction (0.285 to

0.586 mg kg") was higher than that of the sand and silt fractions (0.087 to 0.299 mg

kg"),
The Se content in soil horizons of twelve soil profiles from various bio-climatic

zones of India ranged from 1 to 10.5 mg kg" (Singh and Kumar, 1976). Selenium

content was significantly correlated with clay and carbonate content. In addition, in

areas of moderately high annual rainfall (> 500 mm), Se content generally increased

with depth in the soil profiles; this was attributed to leaching of Se from the surface

horizons. In contrast, in areas of low annual rainfall, Se content was generally highest
in the surface horizon and subsequently decreased with depth. This second trend in

profile Se distribution was attributed to a lack of leaching of Se from the surface

horizon into the subsoil (Singh and Kumar, 1976).
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Soils and parent materials in southern China contained Se in concentrations

ranging from 0.11 to 25.31 mg kg" and 0.031 to 90.20 mg kg", respectively (Wang,

1998). Soils with low Se concentrations were associated with sandstone and sandy
shale parent materials, while soils with high Se concentrations were associated with

siliceous and carbonaceous-siliceous shale parent materials. Concentrations of Se in

different varieties of tea plants growing in the soils studied ranged from 0.03 to 4.32 mg

kg". In addition, the Se content oftea leaves was highly correlated with the Se content

of soil parent materials (Wang, 1998). Soils of northeastern China were found to

contain Se concentrations varying from 0.015 to 0.540 mg kg", with a mean of 0.108

mg kg" [Cheng et al. (1980) as quoted by Tan et al. (1994)].

Soils among the Scandinavian countries were similar in that they generally
contained low amounts of Se. Based on 250 sampling sites in Finland, Sippola (1979)

reported Se concentrations in soils ranging from 0.01 to 1.24 mg kg", with the highest
and lowest Se levels associated with clay and peat soils, respectively. Lindberg and

Bingefors (1970) reported Se concentrations in soils of Sweden ranging from 0.16 to

0.98 mg kg", In northern and eastern regions of Norway, LAg and Steinnes (1978)

reported soil Se concentrations ranging from 0.08 to 1.70 mg kg" and 0.07 to 1.35 mg

kg", respectively.
Total Se content in fifty-five Egyptian soils ranged from 0.18 to 0.85 mg kg",

with an average of 0.45 mg kg" (Elsokkary, 1980). The highest Se concentrations were

found in salt-affected soils reclaimed from lacustrine deposits, whereas the lowest Se

concentrations were found in flood deposits of the Nile River. No significant variation

in profile distribution of Se was reported, and this was attributed to the fact that the soil

horizons of the profiles studied were weakly developed. Results of correlation analysis
showed a significant positive relationship between total Se content and, in decreasing

order, total carbonate, clay and organic matter content.

In addition to volcanic activity, other natural sources of atmospheric Se include

windblown mineral dust, sea salt, gaseous marine and continental emissions, and the

burning of vegetation (Mosher and Duce, 1989). Within the atmosphere, Se can exist in

the aerosol phase, as a gas, and in precipitation. Perhaps the most important process by
which Se is removed from the atmosphere is precipitation. In the studies of LAg and

7



Steinnes (1978) and Elsokkary (1980) soil Se content decreased with distance inland

from the coastline; this trend was attributed to proximity to the coastline and variations

in precipitation. However, the magnitude in variation in the Egyptian soils (Elsokkary,

1980) was less than that of Norwegian soils (LAg and Steinnes, 1978) - presumably a

reflection of differences in the annual precipitation between the two regions.
Similar to other areas of the world, Se deficient and Se toxic soils have been

identified in North America. The soils of the northwest, northeast, and southeast

regions of the United States are generally considered to be Se deficient, while-soils of

the midwest range from deficient to toxic in terms of Se content (Mayland, 1994). Soils

of the midwest that contain toxic levels of Se developed on marine shales, including
Cretaceous, as well as pre- and post-Cretaceous formations (Rosenfeld and Beath,

1964). Geologic formations of the same type cover a significant portion of the

Canadian Prairies. Based on 300 samples of shales, soils and whole plants, the

reconnaissance examination of Byers and Lakin (1939) revealed areas of seleniferous

soil in southern portions of Alberta, Saskatchewan and Manitoba. The shales sampled
included the Bearpaw and Belly River formations; plant samples included, among

others, two species of milk vetch (Astragalus pectinatus and Astragalus bisulcatus),

winter rye, and spring wheat. Soil samples were primarily surface samples, although a

few soil profiles were sampled. The Se content varied from 0.3 to 3.0 mg kg", 0.1 to

6.0 mg kg" and 3 to 4190 mg kg" in the shale, soil and plant samples, respectively.
The range of Se content in samples ofAstragalus species taken in Saskatchewan was 4

to 4190 mg kg", with the highest Se content reported in the Black soil zone near

Broadview (N102°32' W50015'). The Se content for spring wheat ranged from 30 to

120 mg kg" (Note: samples of winter rye were not taken in Saskatchewan) (Byers and

Lakin, 1939). In a more recent and more detailed study, the Se content of agricultural
soils in southern Manitoba was reported to range from 0.1 to 3.8 mg kg" (Haluschak et

al., 1998).

Doyle and Fletcher (1977) reported Se concentrations (median values) in whole

wheat plants from the Rosetown-Outlook area of west-central Saskatchewan ranging

from 0.64 to 2.18 mg kg", Selenium content in wheat was highest when grown over

lacustrine clay and glacial till, intermediate when grown on lacustrine silt, and lowest
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when grown on aeolian sand. A low correlation between individual plant and soil Se

concentrations was observed for this study, which suggested that the uptake of Se by

plants grown within the same parent material is controlled by factors such as local soil

pH, moisture, and clay and secondary iron oxide content (Doyle and Fletcher, 1977).
The effect of these soil parameters on the Se content of plants is to be expected because

they influence the species, and hence availability, of soil Se for plant uptake (Geeting et

al., 1968). In comparing median values of their results, Doyle and Fletcher (1977)

suggested that the total Se content of parent materials was a significant factorin

determining the pattern of Se content in wheat plants. The much greater Se content for

spring wheat reported by Byers and Lakin (1939) (30 to 120 mg kg") may be partially
attributed to differences in the variety and age of plants sampled and the location from

which samples were taken.

Throughout south and central Saskatchewan, Thorvaldson and Johnson (1940)

determined that the Se content in 230 composite samples of wheat grain (derived from

2230 individual samples of wheat grain) ranged from 0 to 1.5 mg kg". The composite
wheat grain samples were based on the variety of wheat (7 varieties in total), soil type

(20 types in total) on which the wheat was grown, and geographic region (represented

by shipping point) in which the wheat was grown. The maximum Se content of

individual wheat grain samples, from which the composite wheat grain samples

containing the highest amount of Se were derived, was 4 mg kg" (Thorvaldson and

Johnson, 1940). Grain samples exhibiting high Se concentrations occurred primarily on

heavier textured soils leading Thorvaldson and Johnson (1940) to conclude that wheat

grown on soils which developed from glacial lacustrine deposits tended to contain

greater amounts of Se.

In examining the distribution of Se in fifty-four Canadian soil profiles (including

Podzols, Luvisols, Gleysols and Brunisols), Levesque (1974) concluded that Se

distribution was closely associated with both organic carbon content and ammonium

oxalate-extractable Fe and Al, In general, Se was associated with organic carbon in the

A horizons and with Fe and Al in B horizons. The Se content of the C horizons was

generally low (0.10 mg kg") and, apart from the organic layers. the Podzolic B horizons
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contained the highest amounts of Se (0.52 mg kg"). The results also indicated that the _.

distribution of Se in the soil profiles was not associated with clay content.

In studying the variation in mineral content of Saskatchewan feed grains grown

in four soil zones (Brown, Dark Brown, Black and Gray) and on two soil types (loam

and clay soils), Owen et al., (1977) concluded that there was a significant effect of soil

zone on Se content of feeds. Their conclusion was based on the progressive decrease in

Se content of feeds from the Brown soil zone (0.39 to 0.55 mg kg") to the Gray soil

zone (0.06 to 0.07 mg kg"), Although Owen et al. (1977) did not-offer an explanation,
the effect of soil zone on Se content of feeds may be due to differences in the origin and

nature of the parent materials that have resulted from past glaciation periods in the

province, as discussed by Edmunds (1944). In contrast to the results of Levesque

(1974), Owen et al. (1977) observed a significant effect of soil type on Se content of

feeds as, for each type of feed, clay soils were associated with higher levels of Se than

loam soils.

During a study of minor elements in 173 soil samples collected from across

Canada, including six samples from Alberta and three samples from Saskatchewan,

McKeague and Wolynetz (1980) found no significant difference in Se content among

five different geographical regions: Appalachian, Canadian Shield, St. Lawrence

Lowlands, Interior Plains, and Cordilleran. The average Se content in the soils sampled
from the regions was 0.25 mg kg", Despite the similarity in Se content in selected soils

across Canada, Arthur (1971) reported earlier on the existence of a variation in

Canadian feed stuffs. Grains (barley, oat and wheat) and grain by-products originating

from the prairie provinces contained up to five times more Se than those of Ontario and

Quebec. Differences in Se content of the grains and their by-products between regions

was attributed to factors such as plant species, soil composition and treatment during the

manufacturing process. More recently, Suleiman et al. (1997) determined the Se

content in selected Alberta-grown whole barley grain, three pure hays (alfalfa, barley,
and oat), and four pure crop silages (alfalfa, barley, corn and oat). Selenium content in

grains and forages that were sampled over a period of 11 years ranged from 0.04 mg

kg" in corn to 0.27 mg kg" in alfalfa hay. Suleiman et al. (1997) indicated that for each

of the grains and forages sampled, the Se content in more than 50% of the samples was
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lower than the recommended Se levels reported in National Research Council's feed

nutrient composition tables for beef cattle. Furthermore, the coefficient of variation of

the Se content in each grain and forage sampled was greater than 50%. The results

indicate the need for recommended nutrient composition of feed stuffs to be more site

specific, and that feed stuffs need to be analyzed for Se content more often so as to

minimize the potential for health problems in livestock related to Se deficiency.
The average Se concentration in waters of natural aquatic environments is

reported to range from <0.1 to 100 ug L-1; however, Se content ofwater derived from

Cretaceous geological zones may be as high as 1000 Ilg L-1 (Mayland, 1994). On a

total mass basis, most of the Se in aquatic systems is present in the sediments due to the

abiotic and biotic scavenging of soluble Se from the water column and the subsequent
accumulation in the underlying sediment (Cutter, 1989). Selenium concentrations in

lake sediments are generally less than 4 mg kg"; however, an overall range for lake

sediments sampled in Canada and the United States is considered to be 2.5 to 366 mg

kg" (Cutter, 1989). In marine environments, including the Atlantic and North Pacific

oceans, Se concentrations in sediments generally ranged from 0.1 to 2 mg kg";
however, Se concentrations as high as 9.6 mg kg" were reported for sediments in the

Japan Sea (Siu and Berman, 1989).

In addition to the geologic deposits that serve as a riverbed or the bottom of a

lake or ocean, other natural sources of Se in aquatic systems include precipitation and

surface and subsurface drainage of terrestrial environments (Stephens and Waddell,

1998). Selenium concentrations in precipitation and groundwater are usually very low

and generally range from 0.01 to 1.75 Jlg L-1 (Mosher and Duce, 1989) and < 1 to 27 Ilg

L-1 (Cutter, 1989), respectively. However, in areas such as the San Joaquin Valley in

California where waters leach and drain seleniferous rocks and soils, Se content has

been reported as high as 4200 ug L-1 (McNeal and Balistrieri, 1989). Outridge et al.

(1999) reported that average Se concentrations in surface and ground waters from

various locations in the Canadian Prairies ranged from 1.4 to 120 ug L-1 and 13 to 6080

ug L-1, respectively, These results indicate that reported Se concentrations for some

ground waters in western Canada are of the same magnitude as that reported for the San
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Joaquin Valley (4200 J..lg L-1), perhaps the most infamous area in the world for health

problems in wildlife related to Se toxicity.
Soluble Se present in aquatic systems may remain free in solution, however,

over time most of the soluble Se will be assimilated by organisms or become bound to,

or complexed with, particulate matter (Lemly, 1999). Aquatic systems that are most

effective in accumulating Se are shallow, slow-moving waters that have slow flushing
rates. It is in these systems that biological productivity is often high and Se

accumulates as a result of adsorption to, or complexation with, particulate material.

These aquatic systems serve as some of the most important feeding and breeding
habitats for fish and wildlife (Lemly, 1999). As a result, one can expect an increase in

the potential for bioaccumulation of Se in food chains associated with these systems.

Unfortunately most studies of Se in aquatic environments are initiated in response to

pollution problems rather than attempts to understand natural processes (Cutter, 1989).

2.1.2. Anthropogenic sources

Since the mid-1970s, human activities have served as sources of Se in global
terrestrial and aquatic environments (Mayland et aI., 1989). Anthropogenic sources of

Se related to human activity include mining, fossil fuel combustion, municipal refuse,

and agricultural production. Anthropogenic emissions of Se in the environment are

significant and of a magnitude comparable to natural emissions. More than a decade

ago, Nriagu (1989) estimated total Se emission from natural and anthropogenic sources

to be 8400 and 6300 tonnes per year, respectively. These estimates indicated that

approximately 43% of the Se emitted into the environment at the global scale came

from anthropogenic sources, of which combustion of fossil fuels and mining and

smelting of base metals were the dominant sources.

Mining and smelting of base minerals can contribute substantial amounts of Se

into the environment. In lakes near the copper (Cu) and nickel (Ni) smelters of

Sudbury, Ontario, Nriagu and Wong (1983) reported Se concentrations in lake

sediments as high as 250 mg kg", a value that was among the highest reported

anywhere in North America. The Se contents in the Cu-Ni ores around Sudbury ranged

from 20 to 82 mg kg". The authors estimated that 630,000 kg of Se per year
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(equivalent to 1.7 tonnes d") was lost to the surrounding environment in the form of

gases, mine tailings, and wastewater. Mining activities of seleniferous lands and the

subsequent exposure of subsurface materials to atmospheric conditions can increase Se

content in the environment via aquifer contamination and increased plant Se uptake

(Sharmasarkar and Vance, 1997a, b).
Selenium associated with fly ash and slag wastes, by-products of fossil fuel

combustion, can prove to be beneficial or detrimental sources of the trace element

(Herring, 1990). During the combustion of coal, Se becomes concentrated in the fly ash

and vapor phases of coal residue. At a coal-fired steam power plant in Tennessee, Se

content in the coal entering the plant was 2.2 mg kg", while Se content in the fly ash

and vapor phase was 28.0 and 88.3 mg kg", respectively (Andren et al., 1975). As a

result, Andren et al. (1975) estimated that1.5 to 2.5 times as much Se is mobilized by
fossil fuel combustion as by natural weathering, which suggests that the estimate of Se

emission from anthropogenic sources proposed by Nriagu (1989) is considerably low.

Most of the fly ash and slag are transferred to landfills as solid residues or flushed with

water to ash ponds where Se may be leached from the materials and enter aquatic
environments. Selenium in the vapor phase can subsequently enter terrestrial and

aquatic environments by wet or dry deposition. In assessing trace element uptake by

legume and mixed-grass vegetation growing on a coal fly ash landfill with a Se content

ranging from 0.82 to 1.68 mg kg", Woodbury et al. (1999) found the highest
concentration of Se in any sample of vegetation to be only 0.63 mg kg". However, as

discussed by Woodbury et al. (1999),. the concentrations of Se in the vegetation

reported for their study were substantially lower (up to a factor of 50) than those found

in the same species of plants at other fly ash landfills in New York State. Gutenmann et

al. (1976) reported substantially higher Se concentrations in water, aquatic weeds,

algae, dragonfly nymphs, and tissues of fish and muskrats from a fly ash-contaminated

pond over those of controls.

Municipal refuse is another anthropogenic source of Se emission into the

environment. Disposal of refuse is problematic: if the refuse is burned, the Se will

likely be released to the atmosphere, whereas if the refuse is buried the Se could

become a localized problem near landfills. Herring (1990) estimated that as much as
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5000 tonnes of Se annually is mobilized from refuse, an amount comparable to the river

transport of Se to the oceans. As discussed by Mayland et al. (1989), Se content in

refuse fly ash has been reported to be as high as 6.6 mg kg"; however, differences likely
exist among Se concentrations in refuse from rural. industrial, and metropolitan areas.

It has been estimated that up to 90% of many pollutants, including Se, entering the

Great Lakes is attributed to atmospheric deposition (Sweet et al., 1998). Rates of Se

deposition (sum of dry and wet) in the Great Lakes was reported to range from 572 to

725 ug m-2 yr-l (Sweet et al., 1998). Potential nearby sources of atmospheric Se

included coal-fired power plants, mining- and smelter-related industries, and

agricultural activities.

Fertilizers applied to soils used in agricultural crop production may contain Se

originating from the parent rock materials or from the processes and chemicals used in

their production. Charter et al. (1995) reported that monoammonium and diammonium

phosphate fertilizers in Iowa contained Se concentrations of 0.3 and 0.1 mg kg",
respectively. In comparison, Se content in ammonium nitrate and triple superphosphate
fertilizers from the United States may be as high as 10 and 13 mg kg", respectively

(Senesi et al., 1999).

In recent years, organic fertilizers including sewage sludge and effluents,

municipal compost refuse, and animal and agro-food wastes have been more commonly

applied to agricultural soils. This trend in application of organic fertilizers is attributed

to their increasing amounts, the need to dispose of them, and their potential as a soil

fertilizer. However, these organic materials also contain a wide variety of potentially
harmful trace elements, including Se (Senesi et al., 1999). Selenium content in sewage

sludge from Canada and France was reported to be as high as 14 and 100 mg kg",
respectively (Senesi et al., 1999), values that are one to two orders of magnitude higher

than those reported for sewage sludge in New York (Cappon, 1983). Although the

global input of Se to soils from sewage sludge was estimated to account for less than

one percent of all inputs of Se to soils (Senesi et al., 1999), the impact of this source of

Se is most likely to be realized at the local scale. For example, the application of

sewage sludge over a period of 12 years has been shown to double the Se content in

soils (Andersson and Nilsson, 1972). Values for Se content in compost and cattle
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manure (0.3 and 0.4 mg kg", respectively) reported by Cappon (1983) are comparable
to those reported by Adriano (1986). One could expect the content of Se in organic
fertilizers to be variable, as it would depend on the source, water content and other

parameters of the fertilizers. Due to the supplementation of livestock with Se, liquid
manure from feedlots could become a source of Se contamination. To date, problems of

Se contamination associated with such feedlots have not been reported; however, no

systematic research into this area of potential concern has been reponed (Skorupa,

1998).

Use of fertilizers containing Se presents the potential for increased Se exposure

to nontarget systems, food webs, and biota. In their study of the environmental fate,

bioaccumulation, and environmental risk of aerial application of Se fertilizer to a snow

covered area (including a stream system) in California, Maier et al. (1998) reported
bioaccumulation of Se in the invertebrate populations of the aquatic system.

Furthermore, the bioaccumulation of Se was rapid as maximum concentrations in the

invertebrates occurred in less than two weeks and the residence time of the applied Se

appeared to be longer than one year. Including the application of fertilizers, agricultural

processes in Finland have resulted in the significant increase in Se concentrations of

agriculturally affected lakes in comparison to non-agriculturally affected lakes (Wang et

al., 1995). Cultivation may increase Se content in surface waters due to the increase in

soluble Se resulting from interactions with other anions added in fertilizers and an

increase in soil pH and the subsequent transport of soluble Se by surface and

groundwater runoff to other surface waters (Lahermo et al., 1998).

Second only to fossil fuel-related industry, the major anthropogenic activity

contributing to the introduction of Se into aquatic systems in the United States is the

irrigation of seleniferous soils derived from Cretaceous marine shales for crop

production in arid and semi-arid regions (Lernly, 1993). These regions generally

require substantial irrigation for agricultural crop production, and the subsequent

drainage may be highly contaminated with soluble Se salts that have leached from the

soil. In addition to Se content, Grieve et al. (1999) reported that Se accumulation by

crops could be strongly influenced by ionic composition of irrigation waters; e.g., an

increase in the concentration of sulfate anions in irrigation water significantly
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decreased, but did not inhibit, Se uptake by wheat. Selenium in agricultural drainage
water was responsible for the extensive poisoning of fish and wildlife at Kesterson

National Wildlife Refuge in California (Ohlendorf et al., 1986). As discussed by Lemly

(1993), subsequent studies have shown irrigation-related Se contamination to be a threat

to aquatic systems and wildlife refuges in several western states in the United States.

Results ofHren and Feltz (1998) indicate Se is the trace element found most often at

elevated concentrations in water, sediments, and biota at twenty-six study areas in the

western United States. As discussed by Outridge et al. (1999), the" Canadian Prairies

contain areas of Cretaceous marine shales similar to those implicated in Se toxicity of

biota in the United States. Due to a high evaporation index, the presence of Se hyper
accumulator plant species, and irrigation of agricultural soils, Outridge et al. (1999)

consider areas of southeastern Albena and southwestern Saskatchewan to be of high

potential risk to waterfowL Although this region of potentially 'high risk' is

comparatively small to that of the United States, it encompasses a large percentage of

waterfowl breeding habitat in western Canada, as identified in the North American

Waterfowl Management Plan (Outridge et aI., 1999).

2.2. Geochemistry of Selenium in Terrestrial and Aquatic Environments

2.2.1. Basic chemical properties of selenium

Selenium was first isolated and characterized in 1817 by Jons Jakob Berzelius,

although it may have been discovered as early as the thirteenth century in China (Reilly,

1996). Selenium is an element located in the oxygen group (VI-A) ofthe periodic table

between nonmetallic S and metallic tellurium (Te). Some of the physicochemical

propenies of Se and S are provided in Table 2.2.1. The chemistry of Se resembles that

of S; however, the differences in the melting and boiling points and ionic radius allow

for separation of these elements in the environment (McNeal and Balistrieri, 1989).

Although equilibrium conditions upon which the thermodynamic aspects of

redox transformations of Se are based do not really exist under natural environmental

conditions (a result of microbial activity), they do provide information as to the species

of Se one may expect to find in a particular geochemical environment (Jayaweera and

Biggar, 1996). Thermodynamic data (Figure 2.2.1) suggest that selenate
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Table 2.2.1. Physicochemical properties of selenium and sulfur (CRC Handbook of
Chemistry and Physics, 1980).
Property Selenium Sulfur
Atomic weight
Atomic number
Atomic radius (A)
Ionic radius (A)
Melting point, "C

Boiling point, °C
Oxidation states

78.96
34

1.17
1.98
217

685.4
VI, N,-II

32.06
16

1.04
1.84
119

444.7

VI, N, II, -II

[SeOl-, Se(VI)] is the most stable species of Se in well-oxidized environments. Selenic

acid (H2Se04) is a strong acid and, therefore, not protonated over the pH range of

natural waters (McNeal and Balistrieri, 1989). Selenate salts are very soluble and the

selenate oxyanion is not as strongly adsorbed by soil and aquatic components as is the

Se(IY) oxyanion (Elrashidi et al., 1987). Under mildly oxidizing environments, selenite

[SeOl-, Se(N)] is the favoured species of Se. Selenous acid is a weak acid and is

protonated under acidic to neutral pH values. Most of the selenite salts are less soluble

than the corresponding selenate salts (Elrashidi et al., 1987). Selenite has a strong

affinity for sorption onto soil and sediments components, particularly Fe and Al oxides,

clay minerals, and organic matter (Hingston et al, 1968; Measures and Burton, 1978;

Balistrieri and Chao, 1987; Gustafsson and Johnsson, 1992). Elemental Se [Se(O)] is

thermodynamically stable in reducing soils and sediments (including microsites)

subjected to fluctuations in water and/or oxygen content. The two crystalline forms of

Se(O) (alpha-monoclinic and beta-monoclinic) are known as red crystalline Se, while

the amorphous forms include red and "black varieties. All forms of Se(O) are very

insoluble in water and the redox transformations of Se(O) are considered slow in

comparison to those of the other Se species. Under extreme reducing conditions,

selenide [Set-Ilj] is the most thermodynamically favourable Se species, existing as

hydrogen selenide (H2Se) and as metal selenides, such as NiSe(c), CoSe(c), ZnSe(c),

and FeSe(c) (McNeal and Balistrieri, 1989).

There is little information available regarding the behavior of organic forms of

Se in soils and sediments. A significant amount of research pertaining to the chemistry

of organic Se has been conducted; however, organic Se compounds found in soils and
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Figure 2.2.1. An Eh-pH diagram for the Se-H20 system (McNeal and
Balistrieri, 1989).

sediments are often unidentifiable since they form as products and bi-products of

microbial activity, or by reaction with organic materials, including humic and fulvic

acids (Neal, 1995). Numerous soluble organic Se compounds have been identified
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including nonvolatile organic selenides, seleno-amino acids, and volatile

dimethylselenide (DMSe) and dimethyldiselenide (DMDSe) (Cooke and Bruland,

1987). Recently, Abrams et ale (1990) identified Se (as selenomethionine) in

association with humates and hydrophobic and hydrophiUic fulvates of the organic
matter fraction of soils. The results of Gustafsson and Johnsson (1992) have shown

SOM to be enriched in Se, in particular the hydrophobic fulvate fraction. In addition to

organic Se compounds present in the organic fraction of soils, inorganic species of Se,

including Se(N), Se(O), and Se(-ll), also have been found in association with SOM

(Doran, 1982; Lipton, 1991; Zawislanski and Zavarin, 1996; Martens and Saurez,

1997b).

2.2.2. Chemical fractionation of selenium

Analysis of the total Se content in environmental materials can be performed

using methods that are grouped in two general categories; ie., nondestructive methods

and methods that require the sample to be decomposed followed by the quantification of

Se in the resulting solution (Huang and Fujii, 1996). Two common nondestructive

methods are neutron activation analysis (NAA) and x-ray fluorescence spectrometry

(XRF). Although most interfering species can be removed during NAA, the method is

time consuming, very expensive and its accessibility in laboratories is decreasing

(Haygarth et al., 1993). The XRF method has a detection limit of 1 mg kg", thus

requiring that samples contain a relatively high concentration of Se (Huang and Fujii,

1996).

The most common methods for determining the total Se content of

environmental materials all require the initial decomposition of the sample followed by

the determination of Se in the resulting solution (Haygarth et al., 1993; Huang and

Fujii, 1996). Analysis of the solution can be performed using a variety of methods;

however, hydride generation atomic absorption spectrometry (HGAAS) and

fluorimetric methods are generally the methods of choice. Both methods have

relatively high sensitivity for Se and atomic absorption spectrometers (AAS) and

fluorimeters are generally available in most laboratories (Huang and Fujii, 1996). In

each method, the instrument detects only the Se(IV) species, thus requiring that the
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Se(VI) species be pre-reduced to Se(IV) and that all organics be removed from solution,'

before analysis to minimize interferences (Workman and Soltanpour, 1980; Tamari,

1998). Though the fluorimetric method is prone to errors associated with

photosensitive decay (ie., a decrease in Se-induced fluorescence), the time scale over

which this occurs is generally too long to affect the results of the analysis (Haygarth et

al., 1993).

Although determination of total Se content can provide some information

regarding the status of Se in a particular environment, the mobility and bioavailability
of Se in soils is dependent upon the species and distribution of Se in the soil which, in

turn, are affected by pedogenic and anthropogenic processes. However, determination

of Se species in soils and sediments is often difficult because of the small amounts of

the element usually present and the complex composition of soils and sediments

(Elrashidi et al., 1989).

Conceptually, particulate trace metals in soils and sediments can be partitioned
into particulate-bound fractions that can be selectively extracted using appropriate

reagents (Tessier et al., 1979). For clarification, since more than one oxidation state of

a metal may be associated with a particular soil or sediment fraction, the term 'fraction'

rather than 'species' or 'solid-phase species' is preferred when referring to the metal

extracted by a particular reagent. Hence, the term 'fraction', not 'species' will be used

hereafter when referring to the total Se associated with a particular soil or sediment

component. However, upon extraction of a particular fraction of a metal, in addition to

determining the total content ofthe metal, the different oxidation states (ie., species) of

the metal within the fraction can be determined using analytical techniques such as

x-ray absorption spectroscopy (Hayes et al., 1987) and hydride generation atomic

absorption spectrophotometry (Martens and Saurez, 1997a).

The procedures used to partition trace metals can be grouped into: (1) methods

designed to distinguish between residual and nonresidual metals only; and (2) more

elaborate methods that use selective sequential extractions (Tessier et al., 1979).

Selective sequential extraction implies that the portion of a trace metal released during

the dissolution of one soil or sediment component is not adsorbed by, or repartitioned

among, the remaining components (Gruebel et al., 1988). Although time consuming,
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fractionation studies provide the type of information necessary to examine the

relationships and transformations among fractions and which, in turn, can help further

our understanding of the mobility and bioavailability of trace metals in the soil

environment (Shannasarkar and Vance, 1997a; Martens and Saurez, 1998). It must be

emphasized, however, that the names given to the isolated fractions do not imply

perfect selectivity; rather, they represent the best estimate of the source of trace metals

that would be removed by the corresponding extractant (Tokunaga et al., 1991). As an

example, a trace metal associated with SOM may include various forms of the metal

which may be protected from being released into the preceding extractions by a

'protective' coating of SOM (Tokunaga et al., 1991).
The procedure commonly used for fractionation of particulate-bound trace

metals in soils, either directly or as the basis for more recently developed extraction

techniques, is that of Tessier et al. (1979), which sequentially delineates trace metals

into five particulate-bound fractions: exchangeable, carbonate-bound, Fe and Mn oxide

bound, organically bound, and residual. Researchers have since suggested a

modification to differentiate the 'Fe and Mn oxide-bound' fraction into three distinct

fractions: easily reducible metal oxide-bound, amorphous metal oxide-bound, and

crystalline metal oxide-bound (Shuman, 1982; Sposito et aI, 1982). The amorphous
metal oxides include metal oxides that are bound to organic complexes, in addition to

amorphous inorganic metal oxides (Krishnamurti et al., 1995). In comparison with the

amorphous inorganic metal oxides, the amorphous metal oxides bound to organics are

more active physicochemically (Bascomb, 1968). Prior to Krishnamurti et al. (1995),

none of the earlier researchers considered the metal fraction bound to such metal

organic complexes and used an extractant that selectively removed the trace metals

associated with metal-organic complexes in their schemes for metal fractionation of

soils.

The application of selective sequential extraction techniques to Se is

complicated by the fact that the element may exist in more than one oxidation state,

each of which has a unique adsorptive behaviour (Balistrieri and Chao, 1987). For

example, Se(IV) associated with amorphous iron oxides, which is extracted by a method

commonly used to evaluate trace-metal associations with iron and manganese oxides
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(Shuman, 1982), is readsorbed onto other minerals after reductive dissolution (Gruebel

et al., 1988). Gruebel et al. (1988) also confirmed that oxidants used to dissolve

organic matter, such as hydrogen peroxide and sodium hypochlorite, oxidized Se(IV)

adsorbed on mineral surfaces to Se(VI), which was subsequently released to solution.

Application of these selective extraction techniques to soils and sediments may result,

for example, in the underestimation of Se associated with amorphous metal oxides and

'overestimation of Se associated with organic matter (Gruebel et al., 1988). However,

the principles of sequential extraction techniques, specifically the 'use of progressively

stronger extractants to solubilize the element from different sources, are applicable to

Se extraction and can provide meaningful results when carefully interpreted (Martens

and Suarez, 1998).

Selective sequential extraction techniques have been developed by Chao and

Sanzolone (1989), Lipton (1991), Zawislanski and Zavarin (1996), and Martens and

Saurez (1997a) to further the understanding of the behavior of Se in soil and aquatic
environments. Upon review of these extraction techniques, it is evident that the

techniques are not standardized; ie., there is great variation in the choice of reagents

used to extract each fraction, in the sequence in which the fractions are extracted, and in

the number, kind and amount of Se fractions identified. Furthermore, none of the

earlier researchers considered the Se fraction bound to metal-organic complexes, a very

physicochemically reactive soil component that can playa significant role in the

binding of trace elements in soils. Indeed, Krishnamurti et al. (1995) were the first to

report that cadmium (another trace mineral) in surface soils of Saskatchewan was

predominantly in the form of metal-organic complex-bound Cd, accounting for 31 to

55% of the total Cd present in the soils. Thus, metal-organic complexes may play an

important role in the binding of Se in soils and, therefore, the partitioning of metal

organic complex-bound Se should be considered when developing a sequential

extraction scheme to partition soil Se.

2.2.3. Transformations and bioavailability of selenium

The concept that processes other than precipitation-dissolution reactions govern

Se in soil solutions and natural waters is generally accepted by most soil scientists
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(Elrashidi et al., 1989). Therefore, precipitation-dissolution reactions as they relate to

the transformation and bioavailability of Se will not be discussed in this section.

2.2.3.1. Oxidation-reduction reactions

The importance of pH as a 'master variable' controlling chemical reactions in

soils and sediments is often emphasized in the literature; however, soils and sediments

subjected to fluctuations in water content and/or oxygen content are influenced by
another master variable, the reduction-oxidation (redox) potential (McBride, 1994;

Jayaweera and Biggar, 1996). Redox potential (Eh) is a measure of the tendency of a

system (ie., soil solution) to donate electrons to, or accept electrons from, a chemical

species or electrode introduced into the system (McBride, 1994). The concentration,

speciation, and association of Se in a particular environment are dependent upon the pH
and redox conditions (see Figure 2.2.1), and the interactions of Se with clays, metal

oxides, and organic matter (Elrashidi et al., 1989; McNeal and Balistrieri, 1989;

Masscheleyn et al., 1990).

Some of the common redox couples found in soil and aqueous systems are listed

in Table 2.2.2. The sequence of redox couples determined by Masscheleyn et al. (1990)
for Kesterson Reservoir sediments are similar to those in Table 2.2.2. The Eh of a

system is determined by the balance of oxidizing and reducing agents (Weres et al.,

1990). Both organic and inorganic materials can initiate oxidation and reduction

processes. The oxidation and reduction of metal species (in particular Fe, AI, and Mn)

associated with metal oxides (Saeki and Matsumoto, 1994) and the weathering of clay

minerals (Huang, 1987) can influence the speciation of trace metals, such as Se.

Inorganic processes influencing the redox status of sulfide minerals can also affect Se

speciation, as Se(VI) can substitute for sulfate in sulfide minerals (Howard, 1977). The

oxidation of organic matter, which is primarily the result of microbial decomposition
and respiration of higher organisms, also can mediate redox reactions that result in

changes in the speciation of Se in soils, sediments, and waters (Doran, 1982; Huang,

1987; Weres et al., 1990).
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Table 2.2.2. Equilibrium potential of oxidation
reduction reactions common in soil and aqueous
systems (Neal, 1995).

Reaction Ehat pH 7 (V)
O2IH20
N03-/N02-
SeOl'/Se�2-

MnOl+/Mn2+
Se032lSeO
PeOOH/Fe2+
sol-lHs
C02lCRt

0.82
0.54
0.44
0.40
0.27
0.17
-0.16
-0.24

Changes in redox conditions and solution pH that occur in the rhizosphere as a

result of plant root and microbial activity may have a significant effect on the

speciation, and subsequent availability of Se (Blaylock and James, 1994; McLaughlin et

al., 1998). Because OrH20 is a very strong redox couple, the availability of 02 plays an

important role in determining soil redox potential (Jayaweera and Biggar, 1996).

Diffusion-limited transport of oxygen, coupled with high microbial respiration rates,

may promote the formation of heterogeneous oxygen concentrations within soil

aggregates (Tokunaga et al., 1994; Jayaweera and Biggar, 1996). Using a synchrotron

X-ray fluorescence microprobe, Tokunaga et al. (1994) studied the variation in total Se

concentration within soil aggregates. Large variations in total Se concentration were

observed at a scale of approximately l-mm. Evidence of Se accumulation in portions of

aggregates adjacent to plant roots, and relatively uniform Se distribution throughout the

rest of the aggregates, suggested that the rhizosphere was under reducing conditions,

whereas oxidizing conditions appeared to prevail in all other areas of the aggregates.

The persistence of high gradients in total Se concentration suggested that Se(O) and

Se(IV) made up most of the Se in the aggregate, whereas the more soluble Se(VI)

species was expected to uniformly distribute itself within the aggregate via diffusion.

This localization of reduced Se species may partially explain the slow oxidation rates of

reduced Se species observed in some soils (Tokunaga et al., 1991).

Within laboratory microcosms, Masscheleyn et al. (1990) determined that the

critical redox level at which the transformation of See - n,O) to Se(JV) and Se(JV) to

Se(VI) occurred was approximately 0 and 200 mV, respectively. In their study of the
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influence ofEh and pH on Se solubility (Eh-pH combinations used included Eh = -200,--
0,200, and 450 mY; pH = 6.5, natural, 8.5, and 9.0), Masscheleyn et al. (1990)
concluded that Se solubility significantly increased with increasing redox potential for

all pH treatments. In addition, the species distribution of Se was consistent with the Se

species identified in Figure 2.2.1 (Masscheleyn et al., 1990). Re-oxidation of reduced

Se species to Se(VI) in well-aerated soils has been shown to occur at a rate of

approximately 5% of the reduced soil Se pool per year; Se(VI) reduction to Se(O) in

flooded surface soils can occur in only one to two days (Tokunaga et al., 1991).

Moreover, following a 50 d period ofponding in soil columns, re-oxidation of Se(IV)

that had been reduced to Se(O) occurred more quickly in columns that were not

amended with organic matter than in columns amended with organic matter (Tokunaga
et al., 1996). Following a study of the nature and rates of Se transformations in surface

(0 to 10 em) and subsurface (0.45 to 0.55 em) soils over 2.5 years, Zawislanski and

Zavarin (1996) concluded that the most prominent transformations of Se fractions

occurred in the surface soils. Up to 50% of the refractory Se fraction was oxidized to

Se(VI), while a smaller portion of the organic Se fraction also was oxidized. The

degree to which Se transformations occurred was positively correlated with total Se

concentration and temperature. In addition, as long as the soils remained unsaturated,

Se oxidation occurred at a rate independent of moisture content. Summertime re

oxidation of Se in the surface soils contributed to the redistribution of Se deeper into the

soil profile with infiltrating rainwater (Zawislanski and Zavarin, 1996). Increases in the

elemental Se fraction resulting from repeated cycles of wetting and drying identify the

significance of wetland sediments as a sink for Se (Abrams et al., 1990). As wetland

sediments flood and become fully saturated, reducing conditions are established and

soluble Se species are reduced to insoluble species. Upon drying and prolonged

oxidation, fractions of both elemental Se and Se in sulfide minerals were oxidized to

Se(VI) (Abrams et al., 1990).

Redox reactions in the natural environment often involve biological mediation

(Huang, 1987), which results in these reactions proceeding at rates faster than what

would occur under abiotic conditions (Oremland et al., 1989). Microbial reduction of

Se may be mediated by assimilatory pathways in which the reduced form of Se [most
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often Se(O)] is incorporated into the microbial body (Gerrard et al., 1974), or by a

dissimilatory pathway in which the process of reducing soluble Se species and releasinCf,

the reduced form of Se into the soil, water or sediment serves as a mechanism b)' wmcb.

microorganisms can detoxify their environment (Oremland et al., 1990; Garbisu et al.,

1995). Of the microbial populations in terrestrial and aq_uatic systeras, actinom),cetes
and bacteria, respectively, represent the major microbial group capable of reducing

Se(VI) and Se(IV) (Doran, 1982).

Microbial reduction of Se(VJ) to elemental Se and the incorporation ofSe

assimilating microorganisms into sediments have been reported to be the major

processes resulting in the accumulation of Se in wetland sediments. Adsorption of Se

[Se(VJ), Se(IV), and organic Se] by sediment also has been reported, but this process

was relatively less important in removing soluble Se from water (Zhang and Moore,

1997a). Dissimilatory reduction of Se(VJ) occurring in sediments has been shown to be

independent of sulfate reduction and uninhibited by the presence of nitrate and

chromate (Oremland et al., 1990). The zone of active Se(VI) reduction (with an areal

rate of Se(VJ) reduction of 301 urnol m-2 day") coincided with that of denitrification

and the presence of appreciable (0.4 mM) nitrate (Oremland et al., 1990). This finding

contradicts an earlier report suggesting that nitrate is an inhibitor of Se{VI) reduction in

sediments, although the concentration of nitrate (10 mM) was 25 times greater

(OremIand et al., 1989). Psuedomonasfluorescens and Bacillus subtilis can reduce

Se(IV) to red elemental Se via a dissimilatory pathway. However, at a Se(IV)

concentration of 5 mM, P. fluorescens can neither grow nor reduce Se(IV), whereas B.

subtilis is more tolerant to high Se(IV) concentrations and shows an ability to grow and

reduce Se(IV) at concentrations ranging from 1 to 5 mM (Garbisu et al., 1995, 1996).

The reduction of Se(IV) by P. fluorescens and B. subtilis was not inhibited by the

presence of nitrate or sulfate anions, and in 10 hours B. subtilis reduced the

concentration of Se(IV) in a soil from 50 to 3 Ilg kg" (Garbisu et al., 1995, 1996). A

recently isolated bacterium, Thauera selenatis, is able to respire anaerobically using

either Se(VI) or nitrate as terminal electron acceptors (Recn and Macy, 1992). In the

presence of Se(VI) only, Se(VI) is reduced to Se(IV) and little, if any, is reduced to

elemental Se, whereas in the presence of both Se(VI) and nitrate, Se(IV) is further
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reduced to elemental Se and nitrate is reduced to nitrite. Both reduction processes are

enzymatically mediated, with Se(VJ) and nitrate reduction being associated with

selenate reductase and nitrate reductase, respectively (Rech and Macy, 1992; DeMo ll

Decker and Macy, 1993). The requirement by T. selenatis that active denitrification be

occurring before Se(IY) is reduced to elemental Se suggests that nitrate reductase, or

another component of the nitrate respiratory system, m�y be involved in Se(IY)

reduction (Macy and Lawson, 1993; Lawson and Macy, 1995). Other microbial species
that are able to reduce soluble Se species to elemental Se include Escherichia coli

(Gerrard et al., 1974; Avazeri et al., 1997), Wolinella succinogenes (Tomei et al.,

1992), and Enterobacter cloacae (Losi and Frankenberger, 1998). In light of the

previous examples, it has been suggested that the application of biological methods for

the removal of Se from seleniferous environments shows more promise than physical
chemical methods (Owens, 1998).

In comparison to the reduction of Se species via microbial activity, the oxidation

of Se species has received little attention. A strain of Thiobacillus ferroxidans has been

reported to derive its energy from the oxidation of copper selenide, with the resultant

products being cupric ions and elemental Se (Torma and Habashi, 1972). In addition, a

strain ofBacillus megaterium isolated from soil was found to oxidize elemental Se to

Se(IY) in laboratory cultures (Sarathchandra and Watkinson, 1981). Unfortunately, to

date, additional research has not been conducted to identify additional microbial species

that are able to oxidize reduced Se species. Regardless of the direction of the

transformation, the entire biochemical process by which microorganisms transform Se

species is unknown (Garbisu et al., 1996).
In aquatic environments there is a significant difference in the redox conditions

between surface water that is in contact with the oxygen of the atmosphere and the

bottom layers of sediments (Huang, 1987). Furthermore, heterogeneous mixing or

diffusion and varying biological activities result in numerous localized intermediate

zones between surface waters and sediments (Stumm and Morgan, 1981; Murray et al.,

1995). Huang et al. (1982) reported that Se(VI) was reduced to Se(IY) in sediments

from Katepwa Lake in the Qu'Appelle river basin in southern Saskatchewan, while the

opposite reaction occurred in the sediments from Buffalo Pound Lake in the same river
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basin. Upon further study, Lipinski et al. (1987) concluded that the reduction of Se(VI):
to Se(1V) in the Katepwa Lake sediment was temperature-dependent, and the reduction

reaction was attributed to the mediation of biota, related biochemical processes and/or

organic components of the sediments. For the Buffalo Pound Lake sediment, the

oxidation of Se(IV) to Se(V1) was mediated by abiotic processes (Lipinski et aI., 1987).

Until recently, as evidenced by the discussion above, the redox reactions that

represent a pathway for the cycling of Se in natural environments have principally been

considered to be mediated by microbial activity. Many suboxic soils and sediinents

contain 'green rust', a mixed Fe(ll) and Fe(lll) oxide (Myneni et al., 1997) that has

been shown to catalyze redox reactions (Hansen et al., 1994). As discussed by Hansen

et al.(1994), green rust (OR), which consists of alternating positively charged
trioctahedral metal hydroxide layers and negatively charged interlayers of anions (i.e.,

col, so,", and Cl'), is very sensitive to redox conditions and may play an important
role in redox processes as partly reduced intermediates. In addition, OR precipitation
under reducing conditions may act as a sink for certain metals and phosphate through
their incorporation into the hydroxide layers and interlayers, respectively (Hansen et al.,

1994). Myneni et al. (1997) examined OR-mediated selenate reduction in a closed

system using synchrotron-based X-ray absorption near edge structure (XANES) and

extended X-ray absorption fine edge structure (EXAFS) spectroscopy. During

coprecipitation with OR, Se(VI) was rapidly reduced to Se(IV) at high pH in

comparison to neutral pH. The reduced Se(IV) formed bidentate binuclear (at pH 7.0

and 9.3) and edge-sharing complexes (at pH 9.3) with Fe-polyhedra, but did not form

Fe-selenite precipitate. The coordination of Se and GR atoms changed as the solid

phase Se(IY) was further reduced to elemental Se and existed as amorphous Se clusters,

while OR oxidized to magnetite and lepidocrocite. The Se(VI) contained within the

interlayers was immediately reduced to Se(IV), followed by a slower conversion to

elemental Se and selenide. In reactions with previously precipitated OR, Se(VI) was

reduced directly to elemental Se without detectable accumulations of the Se(IY)

intermediate. Also, elemental Se formed at a slower rate during these adsorption
reactions than during coprecipitation reactions. This may have been the result of
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incorporation of Se(VI) into the inter layers of GR during coprecipitation and weaker

Se(VJ) interactions on GR surfaces during adsorption (Myneni et al., 1997).

2.2.3.2 Adsorption-desorption reactions

Of all the processes associated with changes occurring in the environment,

almost all take place at the surface of, or interface between, solids, gases and aqueous

"fluids (Vaughan, 1995). Soils and sediments may be considered as heterogeneous
assemblies of solid materials, including phyllosilicates, oxides, oxyhydroxides and

hydroxides of AI, Fe, Mn, and T� organic matter, and metal-organic complexes (Saeki

and Matsumoto, 1994). Anions, such as Se oxyanions, present in soil solutions and

natural waters can be adsorbed by soil and sediment components via nonspecific and/or

specific adsorption (Huang, 1987). In addition to the nature of the positive charge of

the adsorbent components of soils and sediments, the adsorption and desorption of

anions are affected by several environmental parameters (Huang, 1980) including: (1)

the pH of the system; (2) the activity and steric compatibility of the anion of interest and

the competing anions; (3) the nature of the exchangeable cations; (4) the ionic strength
of the solution; and (5) temperature.

Numerous studies on the adsorption and desorption of soluble Se species in soils

and natural water environments have been conducted over the past four decades. Of the

two soluble inorganic Se species that exist in soils and natural waters, Se(lY) has a

stronger affmity for particles, including clay minerals and metals oxides (McNeal and

Balistrieri, 1989). The relative proportions of adsorbing surfaces vary in soils and

sediments, along with the absolute mass of adsorbent present; therefore, the behavior of

Se and other ions may be expected to differ between soils and sediments that differ in

adsorbent composition (Neal and Sposito, 1989).

In a study of anion adsorption, including Se(IV), Hingston et al. (1972)

differentiated between nonspecific adsorption and specific adsorption of anions on

geothite and gibbsite. The solution pH where the surface ofan adsorbent has no net

electrostatic charge is referred to as the point ofzero charge (PZC). In soil solutions,

the terminal metal oxides at the surface of an oxide complete their coordination shells

with OH groups and water molecules. If protons (H+) are adsorbed in excess of OH-,
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the surface will have a net positive charge that can be balanced by nonspecific

adsorption (via electrostatic attraction) of an anion from solution (Hingston et al.,

1972). Anions may also have a specific affmity for the surface of an adsorbent, and to

sorb disproportionately relative to their activity or concentration requires the anions to

enter the coordination layer of the adsorbent surface and be specifically adsorbed by

initiating a ligand exchange with a water molecule. This reaction is possible due to the

presence of protons on either the oxide surface at pH values more acidic than the PZC,

or derived from the dissociation of a weak. acid (Hingston et al., 1972).

The pH of the solution can affect anion adsorption by affecting the ion in

solution and the electric potential of the adsorbent surface (Barrow and Whelan, 1989a).

As a consequence of being derived from a fairly strong acid, Se(VI) has a low affmity
for protons and, at a pH > 4, will be fully dissociated. In comparison, Se(IV) is

considered to be derived from a relatively weak acid and, thus, would be expected to

have a higher affinity for protons near the surface of the adsorbent. The concentration

of Se(IV) anions will be low at a pH < 4, but will increase lO-fold for each unit increase

in pH up to pH 7. In addition to pH, the nature and concentration of the background

electrolyte will influence the reaction of Se(VI) and Se(IV) anions with soil and

sediment components. The tendency for increasing pH to decrease Se(1V) and Se(VI)

adsorption is more pronounced in dilute electrolyte solutions than in concentrated

solutions, and more pronounced in sodium chloride than in calcium chloride solutions

(Barrow and Whelan, 1989a).

Detailed structural information on surface adsorption complexes is essential for

a quantitative description of many interfacial processes in terrestrial and aquatic
environments. Unfortunately, until quite recently, the partitioning of ions at the

interfaces of solids and liquids has been poorly understood Using synchrotron-based
extended X-ray absorption fine structure spectroscopy (EXAFS), it was observed that a

clear distinction between inner- and outer-sphere surface complexes of Se anions at the

geothite-water interface can be made because the presence or absence of Se-Fe second

nearest neighbours can be detected and quantified: weakly bound anions such as Se(VI)

form ion-pair (outer-sphere) surface complexes, whereas more strongly bound anions

such as Se(IV) form inner-sphere surface complexes via ligand exchange (Hayes et al.,
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1987). In contrast to the results of Hayes et al. (1987), Manceau and Charlet (1994)

have provided spectroscopic evidence that suggests Se(VI) oxyanions always form

inner-sphere surface complexes on both geothite and hydrous Fe oxides, regardless of

the hydration state of the adsorbents. Furthermore, Manceau and Charlet (1994)

provided the first evidence that Se(VI) oxyanions can be adsorbed by the sharing of

edges with Fe octahedra.

The mechanisms for Se(VI) and Se(IV) adsorption can be expressed using
reaction equations. For Se(VI) adsorption, if it is assumed that the "adsorption is

nonspecific, the result is an outer-sphere surface complex (Hayes et al., 1987) given as

(2.1)

where XOH is the surface hydroxyl group and XOHt is its protonated form. If Se(VI)

adsorption is assumed to be specific (Manceau and Charlet, 1994), then the reaction is

given as

(2.2)

For Se(IV) adsorption, assuming the formation of outer-sphere complexes, the reaction

is given as

XOH + 2W + seol H XOH2+-- HSe03- (2.3)

XOH + W + Seol- H XOHt-- Seol- (2.4)

or, if the adsorption of Se(IV) produces inner-sphere surface complexes then

XOH + 2W + seol H XHSe030 + H20 (2.5)

XOH + H+ + Seol- H XSe03- + H20 (2.6)

In studying the fixation of sodium selenite (1 mg kg") by soil particle-size

separates, Christensen et al. (1989) determined that after one hour, clay, silt and sand

size particles fixed 64-65%, 45-61 % and <5% of the added Se, respectively. The results

obtained by Hamdy and Gissel-Nielsen (1977) indicate that both the type of mineral and
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the pH of the system greatly influence the fixation of Se. For all pH values studied (PH "

3, 6 and 9), a greater proportion of added Se(IV) (as Na2Se(3) was adsorbed on iron

oxide (Fe203) than any of the clay minerals. Among the clay minerals, kaolinite (1:1

clay mineral) adsorbed a greater amount of SeeN) as compared to vermiculite and

montmorillonite (2: 1 clay minerals). The variations among clay minerals in their

capacity to adsorb Se(IV) may be due to their structures; in comparison to 2: 1 clay

minerals, kaolinite contains more OH-groups that can be replaced by SeeN) anions

(Hamdy and Gissel-Nielsen, 1977). Maximum adsorption of serrv: by the clay
minerals and Fe-oxides was obtained between pH 3 and 4. For all adsorbents, as pH

increased, the adsorption of SeeN) decreased. The most significant pH-effect on

SeeN) adsorption was associated with vermiculite. Bar-Yosef and Meek (1987) also

found adsorption of SeeN) by kaolinite to be greater than that by montmorillonite at

acidic pH values; however, at pH values greater than 7, montmorillonite adsorbed more

SeeN) than kaolinite. Within the limits of four metal (Al, Fe, Mn, and Ti) oxide

minerals, the adsorption of SeeN) has been reported to be quantitatively correlated to

specific surface area, rather than to surface charge characteristics of the minerals, or to

affinities of the metals forming oxides to the SeeN) anion (Saeki and Matsumoto,

1994). The sequence of SeeN) sorption by the metal oxides was amorphous Ti-oxide �

hydrous Al-oxide > Fe-oxide (geothite) > amorphous Mn-oxide, with 444, 442, 266,

and 148 mM SeelY) sorbed kg" adsorbent, respectively. Further, as has been observed

with other adsorbents, sorption of SeeN) by all four metal oxides increased as pH

decreased from 10 to 3 (Saeki and Matsumoto, 1994). Manganese oxides are not

expected to adsorb anions such as SeeN) because of their high negative surface charge;

however, sorption of SeelY) by Mn oxides can occur via ligand exchange, although the

binding force is weak in comparison to that of geothite and SeeN) (Saeki et al., 1995).

Desorption of Se from soils and sediments is generally considered to be

governed by three mechanisms (Sposito, 1984): (1) depletion of Se from the solution

phase and subsequent release of sorbed Se into solution in accordance with the

equilibrium defined by the Se sorption isotherm; (2) elevation of solution pH, which

increases the net negative charge on the surface of adsorbents; and (3) competition

between Se ions and other anions (e.g., P04-, SOl) for adsorption sites. Plots of ion
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desorption isotherms often do not follow the same path as adsorption isotherms. Due to

diffusive penetration of the adsorbent surface occurring after initial adsorption,

desorption involves the release of adsorbed ions followed by a relatively slower reversal

in the direction of diffusion (Barrow and Whelan, 1989b). A pronounced hysteresis,
greater for Se(VI) than Se(IV), has been reported for a Ca-kaolinite suspension (Bar

Yosef, 1987).

Singh et al. (1981) have suggested that oxyanions such as orthophosphate and

sulfate, when in adequate concentrations, compete with Se anions for commori

adsorption sites on metal oxides and clay minerals. The influence of additional anions

on Se(IV) adsorption has been shown to be dependent upon the relative affinity of the

anions for the adsorbent surface, and the relative concentrations of the anions

(Balistrieri and Chao, 1987). For a given anion concentration ratio, the competition

sequence with Se(IV) for sorption onto geothite is: phosphate> silicate � citrate>

molybdate> bicarbonate/carbonate> oxalate> fluoride> sulfate (Balistrieri and Chao,

1987). Lipton (1991) studied Se(JV) desorption from geothite using a final phosphate
solution concentration of 0.001, 0.01, and 0.1 M at pH 6 and pH 8. The desorption of

Se(IV) by phosphate was greatest (90%) at pH 8 and at the highest phosphate
concentration tested, 0.1 M (Lipton, 1991).

Low molecular weight organic acids (LMWOAs) are common in soil solutions,

particularly within the region characterized as the soil-root interface, or rhizosphere

(Fox and Comerford, 1990). The competitive influence ofLMWOAs on the adsorption
of Se(JV) by Al hydroxides has been shown to be dependent upon the concentration,

structure, and functionality of the organic acids (Dynes and Huang, 1995, 1997). An

increase in the organic acid concentration generally resulted in a decrease in Se(IV)

sorption, and the experimental results indicate that for organic acid concentrations > 1

mM the ability of the acids to inhibit Se(JV) sorption was in the order of oxalic> malic

� citric � tartaric � succinic> glycolic> aspartic> salicylic> p-hydrobenzoic > glycine
� formic � acetic (Dynes and Huang, 1997). In addition to anion competition for

sorption sites, dissolution of the Al hydroxides by the organic acids played a minor role

in decreasing Se(JV) sorption. Differences in the inhibitory effect of the organic acids
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was qualitatively related to the stability constant of the AI-organic complexes (Dynes
and Huang, 1997).

Although clays and metal oxides are expected to be the primary adsorbents for

soluble Se species, in view of the prevalence and highly reactive nature of calcite in

surface and aquatic environments, it is not surprising that the interaction of Se species
with calcite has been shown to be an important factor affecting the concentration and

distribution of soluble Se species in the natural environment (Reeder et al., 1994). The

accessibility to, and selectivity of, calcite surfaces for different anions may be affected

by the heterogeneity of the chemical and structural properties of the surfaces.

Researchers have suggested that reaction sites of calcite are located in kinks and steps

on comers, faces, or edges where crystal ions (ie., Ca and C03) are only partially
coordinated (Plummer and Wigley, 1976). Anions of phosphate and sulfate have been

shown to decrease SeelY) sorption on calcite at pH 7 to 9 by direct competition or site

blockage (Cowan et aI., 1990). In contrast, sorption ofMg on calcite did not affect

Se(IV) sorption; furthermore, Mg sorption increased with increasing pH (up to pH 9.3),

whereas the sorption of the anions increased with a decrease in pH (Cowan et aI., 1990).

The incorporation of soluble Se species also can occur at the surface of growing calcite

minerals; consequently, the site in which Se resides in the bulk calcite crystal is likely to

be controlled by the surface incorporation site (Staudt et aI., 1994). It has been reported
that Se(VI) concentrations in excess of 1000 mg kg" may be incorporated into calcite

during crystal growth from aqueous solutions at low temperatures (Staudt et aI., 1994).

In addition to Se(IV) and Se(VI), soils also possess the ability to sorb volatile Se

compounds such as dimethylselenide (DMSe) (Zieve and Peterson, 1985; Sharmasarkar

and Vance, 1997b). In general, the amount ofDMSe sorbed by soils is greater in wet

than dry soils and least for acid-washed sands; DMSE sorption by individual soil

constituents is greatest for OM and clays and less for Fe and Mn oxides (Zieve and

Peterson, 1985; Sharmasarkar and Vance, 1997b).

Though a thorough understanding of the mechanisms does not exist, Se in soils

and natural waters is also sorbed by, or complexed with, organic matter and/or organo

metal complexes. Oxides of AI, Fe and Mn are excellent scavengers of trace metals

(Tessier et aI., 1979), including Se (John et aI., 1976). Certain metal oxides are bound
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to organic components and exist as metal-organic complexes that are extractable by

pyrophosphate (McKeague, 1967). Relative to amorphousinorganic metal oxides, the

amorphous colloidal metal oxides bound to organics are more reactive

physicochemically (Bascomb, 1968). In soils, Leveque (1974) determined that there

was a positive correlation between organic matter content and Se content. Based on the

results of selective sequential extraction techniques, Se species in association with the

organic fraction may represent a significant proportion of total Se content in soils

(Zawislanski and Zavarin, 1996). Christensen et al. (1989) suggested that the presence

of organic matter is responsible for a doubling in the Se(JV) fixation capacity of natural

clays (ie., dirty clays) as compared with pure clays. In the surface organic layer of

forest soils, 77% of added Se(IV) (440 out of 610 J,Lg added) was sorbed during a 16-

hour leaching experiment, suggesting that organic matter has a high capacity to fix

Se(IV) (Gustafsson and Johnsson, 1992).
In comparison with clay minerals and metal oxides, sorption of Se by metal

organic complexes may involve a wider range of reaction mechanisms, including
microbial incorporation into amino acids and covalent bonding (Christensen et al.,

1989). The major portion of SOM consists of humic substances (e.g., fulvic acid,

humic acid, and humin) that may be characterized as polymers containing phenolic OB

and carboxylic groups, and lesser amounts of aliphatic OH- groups (Stumm and

Morgan, 1981). Since these substances are normally negatively charged, they will

compete with Se(IV) for adsorption sites on clay minerals and metal oxides (Schnitzer

and Kodama, 1977; Saeki and Matsumoto, 1994). However, many organic acids (low

molecular-weight organic acids in particular) tend to form complexes with metal cations

(Huang and Violante, 1986). These metal-organic complexes may possess a positive

charge and, therefore, potentially be an important fraction of soil and sediment

components able to sorb Se(VJ) and Se(IV) (Fritz and Hall, 1988; Saeki and

Matsumoto, 1994).

2.2.3.3 Methylation and volatilization

Selenium is emitted into the atmosphere in substantial quantities through high

temperature (e.g., burning of fossil fuel and plant debris, industrial activities, and
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volcanism; see Section 2.1 ) and low temperature processes (e.g., aerosol generation at _

-

the sea surface and biovolatilization by soils, plants, and animals). Frankenberger and

Karlson (1992) have estimated that 9000 metric tons of Se per year are emitted from

these sources in the northern hemisphere. Volatile Se compounds are naturally released

into the atmosphere as a result of biological activity in aquatic (Chau et aI., 1976) and

terrestrial environments (Abu-Erreish et aI., 1968; Doran and Alexander, 1977) .

. Interest in the volatilization of Se is related to the accumulation of Se in soils (Terry and

Zayed, 1994, 1998) and sediments (Frankenberger and Karlson, 1992, 1994; Zhang and

Moore, 1997b; Fan and Higashi, 1998) due to natural and anthropogenic processes. The

biological transformation of inorganic and organic forms of Se to volatile forms may be

carried out by microorganisms (e.g., actinomycetes, bacteria, fungi, and yeast) as well

as plants (Terry and Zayed, 1994). The volatile forms of Se that have been reported to

evolve from plants and microorganisms in terrestrial and aquatic environments include:

dimethylselenide (DMSe), dirnethyldiselenide (DMDSe), dimethyl selenone (DMSe02),

methane selenol, and hydrogen selenide (H2Se) (Zieve and Peterson, 1981, 1984; Yu et

aI., 1997). The release of volatile Se compounds is considered to be an important

process because it often results in a change in both the mobility and toxicity of Se

(Doran, 1982). In addition to plants and microorganisms, significant quantities of Se as

DMSe are respired by animals as a volatile compound having a garlic-like odor. This is

an important process by which Se is removed from the body, especially when the diet is

relatively high in Se (Frankenberger and Karlson, 1992). Although humans and animals

can produce volatile Se, the volatilization of Se by plants and microorganisms is the

focus of this section.

Selenium is taken up by plants as Se(VI), Se(IV) and organic Se (e.g.,
selenomethionine and selenocystine). However, organic forms of Se may be more

readily available for plant uptake than inorganic forms (Williams and Mayland, 1992).

The uptake of Se(VI) and organic Se is driven metabolically (i.e., requires energy),

while the uptake of Se(IV) may be a passive process in which energy is not required

(Ulrich and Schrift, 1968; Abrams et aI., 1990).

Plant species differ in their ability to accumulate Se in their tissues (Table 2.2.3).

36



Table 2.2.3. Accumulation of Se by different plant species (Rosenfeld and Beath, 1964;'
Terry and Zayed, 1998).

Group Se content (mg kg-i) Plant species
Primary Se accumulators

Secondary Se accumulators

Nonaccumulators of Se <50

Astragalus, Neptunia
Aster, Atriplex, Brassica,
Castilleja and Grindelia

Grains and grasses

>1000
<1000

Some studies have questioned whether all primary Se accumulator plant species require
Se for growth and, as yet, the issue has not been resolved (Broyer et al., 1972; Lauchli,

1993). Because Se and S share very similar chemical properties (see Table 2.2.1), Se in

plants is metabolized by enzymes associated with the S assimilation pathway and,

consequently, may interfere with the process of protein synthesis (Terry and Zayed,

1994) and lead to a decrease in plant biomass (Singh and Singh, 1978). Plants that have

a high S requirement (e.g., Brassica spp.) tend to take up more Se than other plant

species, possibly because they are not able to distinguish between absorbing Se(VI) as

SeOl- and sulfate as SO/- (Banuelos et al., 1998). A lack of visual Se toxicity in Se

accumulator species may be a result of the elevated level of S in these plants which acts

as a protective agent by decreasing the substitution of Se for S during the process of

protein synthesis (Hurd-Karrer, 1935; Banuelos and Meek, 1990).

In contrast to the Se in accumulator plants, which is mostly water soluble and is

not associated with proteins, much of the Se in nonaccumulating species is found in the

form of protein-bound selenomethionine (Mayland and James, 1988). Selenium

speciation influences the translocation and distribution of Se among different plant

parts, with more Se accumulating aoove ground when taken up as Se(VI) versus SeelY)

or organic Se (Terry and Zayed, 1998). The concentration of Se in plant tissues varies

over time, with the highest concentration generally occurring near the beginning of the

growing season, followed by a decrease in concentration due to a 'dilution effect' as a

result of the increase in plant biomass as the growing season progresses (Gissel-Nielsen,

1998).

Although it was initially suggested that volatilization of Se from soils was

largely or entirely a microbiological process (Abu-Erreish et al., 1968), it has since been

established that plants can volatilize Se (Zieve and Peterson, 1981, 1984; Duckart et al.,
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1992; Terry and Zayed, 1994). Furthermore, plant and microbial volatilization can

occur simultaneously so that plant growth will not exclude "the use of the microbial

pathway that has been suggested to exist in soils and sediments (Zieve and Peterson,

1984). The ability of plants or plant-microbe interactions to take up Se and metabolize

it to volatile forms (e.g., DMSe and DMDSe) is often referred to as phytovolatilization

(Terry and Zayed, 1998). The first indication that plants volatilize Se was reported by
Beath et al. (1935), who noticed volatile Se compounds being released from Astragalus
bisulcatus plants. The process of Se volatilization occurs in both Se-accumulator and

Se-nonaccumulator plant species (Lewis et al., 1966); however, Se accumulators mainly
volatilize DMDSe (Evans et al., 1968), while Se nonaccumulators usually release

DMSe and do not produce DMDSe (Lewis et al., 1966). Comparative biochemistry and

our understanding of S metabolism is heavily relied upon to explain or suggest

pathways by which Se is metabolized by plants (Doran, 1982). The proposed pathway
of Terry and Zayed (1994) includes five processes: (1) reduction of Se(VI) to Se(lV);

(2) reduction of Se(IY) to selenide; (3) conversion of selenide to selenocysteine; (4)

conversion of selenocysteine to selenomethionine; and (5) conversion of

selenomethionine to volatile Se compounds (DMSe and DMDSe). In Se accumulating

plants, the process is believed to be the same as for nonaccumulators up to the

formation of selenocysteine. At this point, selenocysteine in Se accumulating plants is

methylated twice to form volatile DMDSe (Terry and Zayed, 1994).

Several factors affect the phytovolatilization of Se, including plant species, Se

speciation, other ions, temperature, pH, light, and microorganisms. Simply having

plants growing in soil has been shown to increase the rate of 75Se volatilization by 15 to

20% greater than that found in unplanted soil (Zieve and Peterson, 1984). Duckart et al.

(1992) measured the amount of Se volatilized from different plant species growing in

soils amended with sodium selenate. In expressing relative volatilization rates as a

percentage of that of fallow soil, the results of Duckart et al. (1992) suggest that

Astragalus bisulcatus, broccoli, tomato, tall fescue and alfalfa, respectively, volatilized

225%, 148%, 72%, 39% and 28% as much Se as a soil without plants. The plant

species differed in their ability to take up added Se from the soil, and volatilization rates

appeared to be a function of plant tissue Se content (Duckart et al., 1992).
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Volatilization rates for 15 agricultural crops also have been shown to be species-specific'
(Terry and Zayed, 1994). Grown in growth chambers and nutrient solution amended

with 20 J.1M sodium selenate, the three highest levels of Se volatilization were

associated with rice, broccoli, and cabbage, which volatilized 340, 273 and 221 Jlg Se

m-2 leaf area day", respectively, and equivalent to 1500, 2393 and 2309 Jlg Se kg" dry

weight day" (Terry and Zayed, 1994). In a wetland system, increased rates of Se

volatilization were associated with the addition of plants to a water-sediment

microcosm, with the system containing algae having a higher volatilization rate than the

system with watermilfoil (Zhang and Moore, 1997b). In addition to differences

between plant species, rates of Se volatilization within the same plant species have been

shown to vary between roots and shoots. For example, though the roots of broccoli

made up only 12.5% of the total plant dry weight, 87.5% of the total Se volatilized from

the plant was via the root system (Terry and Zayed, 1994). Similar results were

obtained for rice, cabbage, cauliflower, Chinese mustard and wild brown mustard

(Terry and Zayed, 1998). The greater efficiency of roots to volatilize Se may be due

primarily to plant factors, or it might be that microbes in the rhizosphere contribute

directly or indirectly to Se volatilization (Terry and Zayed, 1994).

Evidence suggests that the rate of Se volatilization by plants is dependent upon

the species of Se taken up by the plant. Cabbage leaves from plants supplied with

Se(IV) released 10 to 16 times more volatile Se than did plants supplied with Se(VI)

(Lewis et al., 1974). Asher et al. (1967) measured the amount of volatile Se

compounds released from roots of alfalfa plants supplied with 15 JlM selenite or

selenate for six weeks. Roots of selenite-treated plants released 11 times more volatile

Se as those of the selenate-treated plants. Rates of Se volatilization from the roots of

broccoli plants were consistently higher than those from the shoots and, for both

portions of the plants, volatilization as a function of form of Se (supplied at 20 JlM) was

in the order of selenomethionine > Se(IV) > Se(VI) (Terry and Zayed, 1994). A similar

trend was reported for microbial volatilization in that the following substrates were

more effective in terms of stimulating volatilization: selenomethionine > Se(IV) >

Se(VI) (Azaizeh et al., 1997). A possible explanation for effect of the Se species on

rates of Se volatilization is that less energy is required to volatilize the more reduced
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forms of Se supplied to the plant, thus, the higher the rate of volatilization. However,

because the availability of Se(JV) can be limited by its ability to bind with soil

components (ie., clays, metal oxides, organic matter), particularly at relatively low pH
values, plant uptake (and microbial uptake), and subsequent Se volatilization, may be

limited in soils dominated by Se(JV).

The presence of other anions (e.g., sol, N03-) in soils has been shown to affect

the volatilization of Se by plants. Increasing the concentration of sulfate and nitrate

decreased the rate of Se volatilization from broccoli plants (Terry and Zayed, 1994).
The decrease in Se volatilization in the presence of increased sulfate ions is likely due

the competition between the selenate and sulfate anions for the active sites of the

enzymes associated with the volatilization pathway. Since nitrate and selenate ions are

not chemically similar, the reduction of Se volatilization in the presence of increased

nitrate concentration is likely not due to anion competition (Terry and Zayed, 1994).
One plausible explanation for the reduction in Se volatilization in the presence of nitrate

is that nitrate inhibits Se(VI) reduction to Se(IV) (Weres et aI., 1990; Oremland, 1994)

and, subsequently, decreases Se volatilization. The qualitative results of a study of the

influence of nitrate on the mobility and reduction kinetics of Se in groundwater systems

lend credence to the hypothesis that the sequential reduction of Se(VI) following
denitrification can occur in water wells; however, additional experiments are needed to

provide quantitative support (Benson, 1998). Because the pathway of Se volatilization

proposed by Terry and Zayed (1994) is enzymatically mediated, the rate of Se

volatilization is also dependent upon temperature and pH. Lewis et al. (1974)

demonstrated that the optimal temperature and pH for Se volatilization by cabbage were

40°C and 7.8, respectively.
Of the 9000 metric tons of Se emitted to the atmosphere annually, the soil

microbial component of this estimate is approximately 1300 tons (Frankenberger and

Karlson,1992). The primary groups of Se-volatilizing organisms isolated from soils

and sediments are bacteria and actinomycetes, respectively; in water bodies, bacteria are

believed to play the dominant role (Doran, 1982). Similar to phytovolatilization, DMSe

and DMDSe are the major volatile products of microbial Se volatilization (Doran and

Alexander, 1976). Volatilization through methylation is thought to be a protective
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mechanism used by microorganisms to escape Se toxicity in seleniferous environments _

-

(Frankenberger and Karlson, 1994). Biomethylation of inorganic Se species [Se(VI),

SeeN), Se(O)] and organic Se species (e.g., selenomethionine, selenocysteine) has been

reported in both seleniferous (Thompson-Eagle and Frankenberger, 1990) and

nonseleniferous environments (Chau et al., 1976). Doran and Alexander (1977)

observed that the production of volatile Se was an order of magnitude higher in the

presence of trimethylselenonium chloride (TMSe), selenomethionine, and

selenocysteine compared with Se(VI), Se(IV), and elemental Se. Frankenberger and

Karlson (1992) ranked the following organic Se substrates in order of decreasing

suitability for promoting microbial volatilization of Se: selenomethionine >

selenocysteine = selenoguanosine = selenoinosine > selenoethionine = selenopurine >

selenourea. As discussed earlier for phytovolatilization, it is more energetically
favourable to methylate reduced forms of Se since the pathway for volatilization

requires reduction to selenide species prior to methylation to form DMSe and DMDSe.

Factors affecting the microbial transformation of inorganic and organic Se

species in soils, sediments and waters into volatile species (Frankenberger and Karlson,

1992) are similar to those for phytovolatilization. The results of early research

conducted by Abu-Erreish et al. (1968) and Doran and Alexander (1977) initially

suggested that volatilization of Se from soils was microbially mediated. In general, the

rate of Se volatilization from soils, sediments and water increased with the addition of

organic amendments, including wheat (Abu-Erreish et al., 1968; Doran and Alexander,

1977), manure and sewage sludge (Karlson and Frankenberger, 1988), and glucose,

maltose, methionine and gluten (Thompson-Eagle and Frankenberger, 1990).

Though the potential for Se volatilization from a system is dependent upon the

total concentration of Se (Karlson and Frankenberger, 1988), the concentration of total

Se also determines the formes) of volatile Se produced. For example, the major volatile

Se species evolved from a soil amended with sewage sludge and containing SeeN) at

concentrations of 1 to 10 mg kg-lor> 100 mg kg", were DMSe and DMDSe,

respectively (Reamer and Zoller, 1980). Furthermore, a decrease in Se volatilization

has been correlated with a decrease in water-soluble Se (Zieve and Peterson, 1981),
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suggesting that the rate of volatilization from a system is dependent upon the

concentration of water-soluble Se present in the system.

As with phytovolatilization, microbial volatilization of Se is enzymatically
mediated and, thus, is dependent upon temperature and pH. The percent of total Se

evolved from a loam soil after four days at 4, 10 and 20 °C was 0.004, 0.018, and 0.062,

respectively (Zieve and Peterson, 1981). Production ofDMSe in lake sediments

containing Aeromonas, Flavobacterium and Pseudomonas species and incubated for 7 d

at 20 °C was 1.3 and 10 times greater than when incubated at 10 and 4 °C, respectively

(Chau et al., 1976). In laboratory mesocosms containing agricultural evaporation pond
water that were incubated at temperatures ranging from 5 to 35 °C for up to 25 d, the

production ofDMSe was greatest at 35 °C (Thompson-Eagle and Frankenberger, 1990).

Several studies have shown that greater amounts of volatile Se evolve under aerobic

conditions than under anaerobic conditions. Indeed, Se evolution during a 26-day
incubation period was nearly eliminated by saturating the soil with nitrogen gas (Abu

Erreish et al., 1968). Likewise, soil, sewage sludge, and seleniferous pond water

samples exposed to air produced greater amounts of volatile Se than corresponding

samples saturated with nitrogen gas (Reamer and Zoller, 1980; Thompson-Eagle and

Frankenberger, 1990).
Few studies on the effects of heavy metals and nitrogen anions on Se

volatilization exist. Karlson and Frankenberger (1988) demonstrated that the addition

of 5 mmol kg" of Mo, Hg, Cr, and Pb to seleniferous soils significantly inhibited Se

volatilization, whereas As, B, and Mn had little effect; in contrast, the addition of Co,

Zn, and Ni to seleniferous sediments stimulated Se volatilization. The application of

KN03 to a seleniferous soil was reported to inhibit Se volatilization by 12% (Karlson

and Frankenberger, 1988).

In addition to their role in methylation and volatilization, microorganisms also

influence the transformation of Se between inorganic and organic species via the

processes of mineralization and immobilization. Mineralization refers to the process

whereby organic Se is converted to inorganic Se during decomposition of organic

material in soils and sediments, whereas immobilization can be defined as the

conversion of inorganic Se to organic Se as a result of microbial assimilation (Doran,
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1982). As with plants, the processes of incorporation and metabolism of organic Se

compounds by microorganisms and animals are generally carried out along the same

pathways as for S (Shrift, 1973). Thus, the processes of immobilization and

mineralization of Se, respectively, are considered to be components of the reductive and

volatilization portions of the biogeochemical cycling of Se in terrestrial and aquatic
environments.

2.2.3.4. Impact of transformations on the bioavailability of selenium

An element is considered to be bioavailable if it is in a chemical form that a

living organism can readily absorb and, when absorbed, the element affects the growth
and development of the organism (Sposito, 1989). From the viewpoint of soil

chemistry, the bioavailability of an element is determined by competition among the

soil solid phases, the soil solution, and plant root systems (Blaylock and James, 1994).

As discussed in Section 2.2.3.3, both inorganic and organic forms of Se can be

taken up by plants. There is, however, little evidence to suggest that Se is a required
nutrient for plant nutrition. Nevertheless, the ingestion of plants, and products made

from plants, is the route by which the bulk of Se is transferred from soils to humans

(Ihnat, 1989). Aquatic organisms are exposed to Se in solution and in the materials they

ingest (Luoma et aI., 1992). Algae, for example, incorporate inorganic Se species into

amino acids and proteins, thus permitting entrance of the element into the aquatic food

web (Albasel et al., 1989). Even the existence of Se in less soluble forms does not

eliminate exposure of the food web to the element as some deposit-feeding organisms
obtain their nutrients from microbial biomass and nonliving organic matter associated

with fine-grained «100 urn) sediments. These deposit feeders are then consumed by

waterfowl and fish, thus introducing Se to these higher trophic levels (Luoma et al.,

1992). Thus, Se bioaccumulation in lower trophic levels, and biomagnification within

the food web, can cause higher Se concentrations in upper trophic levels (Luoma et aI.,

1992; Setmire and Schroeder, 1998).

An understanding of the relative roles of physicochemical and biochemical

factors affecting the dynamics of metal speciation (including Se) is required to

understand the toxicity of metals (Huang, 1993). Due to the heterogeneous nature of
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soils and sediments, one might expect that the manner in which these factors affect Se

speciation will vary over space and time. Reduction of Se species to elemental Se

diminishes Se bioavailability, thus lessening its detrimental impact on the living

organisms within an ecosystem (Tokunaga et al., 1996). In contrast, oxidation of

reduced Se and organic Se species leads to an increase in soluble Se in the soil solution.

The soluble Se in solution, primarily Se(VJ), is highly mobile in soil and aquatic
environments and, can thus readily enter the food web. Selenate transport is of potential
concern in the formation of ephemeral pools, and in the leaching of Se into groundwater
and its subsequent transport to surface waters (Tokunaga and Benson, 1992).

The differential ability of soils and sediments to sorb various Se species affects

both the concentration and availability of Se for uptake into the food web. Since the

sorption of Se by soils and sediments is dependent upon the nature of the sorbing

components of the media, one could expect that the greater the amount of these

components in soils and aquatic systems, the greater the capacity (and the faster the

rate) for retaining Se species in the solid phase; thus decreasing the availability of Se for

uptake into the food web (Singh et al., 1981; Zhang and Sparks, 1990). As discussed

earlier, the pH, nature of cations and competing anions, electrolyte concentration and

temperature also affect the ability of a media to retain Se in the solid phase (Huang,

1987).

The ability of a system to cycle Se via methylation and volatilization will affect

the amount of Se remaining in the liquid and solid phases from which uptake into the

food web can occur. In addition to plant and microbial species, this pathway for Se

transformation is heavily dependent upon environmental conditions (i.e., temperature,

aeration, and wind speed) and the presence of inhibitory metal cations. The greater the

amount of Se that can be released to the atmosphere in a gaseous form, the less the

amount of Se remaining in the aqueous and solid phases that is available for uptake into

the food web (Zieve and Peterson, 1981; Karlson and Frankenberger, 1988).

The mechanisms by which Se is transformed in terrestrial and aquatic

environments are not mutually exclusive; rather, the processes are interdependent. For

example, the greater the amount of soluble Se(VI) in soil solution as a result of

oxidizing conditions and a lack of sorption onto soil components, the greater the
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potential for a higher rate of release of Se via volatilization and leaching (Zieve and

Peterson, 1981). In moderately to well oxidized (e.g., Eh >" 400 mY) soil and sediment

systems, soluble Se(IV) and Se(VI) should be the dominant Se species (Elrashidi et al.,

1989). If the pH in these systems is neutral to alkaline, the subsequent increase in

mobility and availability of the Se increases the potential for deleterious effects on

plant, animal, and human nutrition.

It has long been understood that the total Se content of a soil is not a good
measure of its plant-available Se. Since the work of Olson and Moxon (1939),

researchers have continued to seek a correlation between total soil Se, Se extracted by
various methods, and Se taken up by plants. With a slight modification, Soltanpour and

Workman (1980) evaluated the ammonium bicarbonate-diethylenetriaminepentaacetic
acid (AB-DTPA) soil test of Soltanpour and Schwab (1977) as a plant availability index

for soil Se under greenhouse conditions. Selenium concentrations in alfalfa grown in

the potted soils showed a high degree of correlation with AB-DTPA-extractable Se

which, in turn, was highly correlated with hot water-extractable Se (Soltanpour and

Workman, 1980).

Upon addition of AB-DTPA to soil, soluble Se is extracted, the bicarbonate

anion desorbs Se(VJ) or Se(IV) from exchange sites on clays and metal oxides, and

some of the Se associated with organic matter is solubilized as some of the organic
constituents are dissolved as the pH increases from 7.6 to approximately 8.5 (Jump and

Sabey, 1989). Sharmasarkar and Vance (1995) studied the use of various soil extracts

(AB-DTPA, saturated soil paste, hot water, and phosphate) to characterize the soil-plant
Se relationship in range and coal mine environments. Their results indicated that,

although the order of total Se extractability was phosphate> AB-DTPA > hot water>

saturated paste, AB-DTPA-extractable Se was found to be the best predictor of the soil

plant Se relationship under field conditions. The relationship between the content of Se

in soil and that of plants was determined to be dependent on land type (ie., range or

coal mine) and plant type (ie., forb, grass, or shrub). Based on their results,

Sharmasarkar and Vance (1995) recommended that researchers use site- and vegetation

specific characterization, rather than the broad approach of correlating soil Se

concentrations to all plant species, regardless of environmental conditions.

45



2.2.4. Cycling of selenium

Selenium is widely distributed in the hydrosphere, lithosphere, atmosphere and

biosphere of the earth (Tamari, 1998). An understanding of the concentration of Se in

each of these environmental compartments provides only preliminary information

necessary for understanding the global Se cycle. Indeed, it is the transfer of Se, driven

by both natural (biogenic) and human (anthropogenic) processes, that is responsible for

the continuous redistribution of Se throughout the global environment (Haygarth, 1994).

The global biogeochemical cycle of Se (including compartmental inventories and

steady-state transfer rates) is illustrated in Figure 2.2.2.

Although concentrations of Se in the atmosphere are low (typically around 1 ng

m-3 air), physical and chemical transformations of this Se can be rapid, affecting
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Figure 2.2.2. The global biogeochemical cycle of Se including the compartmental
inventories (109 g) and steady-state transfer rates (109 g year") (Nriagu, 1989).
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ecosystems worldwide (Nriagu, 1989). Thus, transformations of Se through the

atmosphere represent a dynamic and critical stage in the global Se cycle. Many

physical and biological processes (both natural and anthropogenic) result in the

emission of Se compounds into the atmosphere. It is estimated that one-half to two

thirds of the worldwide emissions are biogenic (Mosher and Duce, 1989). Moreover,

approximately 90% of all natural emissions are biogenic, with the marine biosphere

accounting for 70% and the continental biosphere about 20%. Natural sources that are

nonbiogenic include volcanoes, sea salt and crustal weathering. Two-thirds of

anthropogenic Se emissions are derived from fossil fuel combustion, while metal

production and other manufacturing account for 28% and 6%, respectively. Although
the mean residence time of Se in the atmosphere has been estimated to be 45 d,

particulate-bound Se in the atmosphere may be transported thousands of kilometres

during this relatively short time period before it is redeposited onto the global surface

(Haygarth, 1994).

Within the hydrosphere, the reservoir of dissolved Se in rivers is relatively small

(Figure 2.2.2), thus it is one of the global compartments most prone to severe disruption

by anthropogenic inputs of Se into the environment. Ocean water is divided into two

compartments, including the surface mixed to a depth of 75 m and deep waters from 75

to 3725 m. The most significant pathways for the transfer of Se are from land along

aquatic pathways into and within the marine system. Estimates for mean residence time

of Se are 70 years in the mixed ocean layer (Nriagu, 1989) and 1110 years in the deep
ocean (Cutter and Bruland, 1984). Thus, Se in the ocean compartment represents the

major sink in the global Se cycle.

Cycling of Se within terrestrial environments is well-researched, but highly

complex. Furthermore, most of this research has been driven by attempts to understand

soil-plant transfers of Se in agricultural systems, primarily those that are Se-deficient

(Neal, 1995). Processes such as atmospheric deposition, fertilizer inputs, irrigation and

the importance of soil parent materials have been discussed in earlier sections. Greater

than 99% of the Se in a grassland soil-plant system was defined as being fixed (i.e.,

immobile and unavailable for plant uptake), with the transformation of Se into the

mobile or labile pool on the order of 1 ug kg" soil per year (Haygarth, 1994). Based on
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this and other considerations, Haygarth (1994) calculated the recycling time for Se in

grassland soils to be on the order of 500 to 700 years. In terms of agriculture, this slow

rate of Se cycling represents a significant 'loss' of immobilized Se in the soil,

highlighting the potential for livestock deficiency resulting from poor soil-plant transfer

in grassland systems. This serves to underscore the importance of understanding better

the processes of Se transformation in agroecosystems (Section 2.2.3).

The future of the Se cycle will be dictated by the human population as humans

are continuously releasing Se into the environment that would otherwise have been

immobilized for thousands of years. As a result, the anthropogenic rate of Se release is

now much greater than that generated by natural processes (Haygarth, 1994).

2.3. Selenium in Plant, Animal and Human Nutrition

2.3.1. Selenium as an essential nutrient

Prior to the 1950s, Se was considered to be highly toxic (Moxon and Rhian,

1943) and carcinogenic (Nelson et al., 1943). However, research conducted since the

mid-1900s has proven Se to be a micronutrient essential for maintaining animal and

human health (Schwartz and Foltz, 1957; Jenkins and Hidiroglou, 1972; McDowell et

al., 1996). However, there remains little evidence to suggest that Se is essential for

plant growth (Mayland, 1994). Despite this, the ingestion of plants and plant products

is the primary route by which Se is transferred from soil to animals and humans (Ihnat,

1989).

The metabolic function of Se
.

and vitamin E in animals and humans are closely

linked, as both nutrients function to protect biological membranes from oxidative

degeneration (McDowell et al., 1996). The selenium-containing enzyme glutathione

peroxidase (GSHpx) and vitamin E are integral parts of the antioxidant system present

in all cells and both are important for optimum cell function because they help maintain

low cellular and tissue concentrations of reactive oxygen molecules and lipid

hydroperoxides (McDowell et al., 1996).

The nutritional requirement of animals and humans for Se is 0.01 to 0.3 mg Se

kg" of diet (Mayland, 1994). Health problems associated with Se are more often ones

of deficiency rather than toxicity (Reilly, 1996). Several disease syndromes in animals
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and humans are Se-responsive and include musculoskeletal, reproductive,

gastrointestinal, and immunologic (Maas, 1998). Problems of Se deficiency in animals

and humans are generally related to low Se concentrations in crops and forage plants
(Presser et al., 1994). Selenium deficiency in humans (primarily young children) has

been associated with Keshan disease (an endemic cardiomyopathy) in China (Gissel

Nielsen, 1998). Kaschin-Beck disease - a type of osteoarthropathy (cartilage

dysfunction and joint swelling) that also afflicts children - has been documented in

Russia, Japan, Korea, and parts of China (often in geographical association with Keshan

disease) (Reilly, 1996). Chronic ischemic heart death rates in the United States and

China appear to be closely associated with areas characterized as having Se-deficient

agricultural soils (Li and Jackson, 1985). Other medical complaints associated with low

Se intake levels in humans include hypertension, alcoholic cirrhosis, cystic fibrosis,

infertility, cancer, arthritis and multiple sclerosis (Haygarth, 1994). Symptoms of Se

deficiency in fish species include reduced growth, anemia muscular dystrophy, and

increased mortality (Lemly, 1998).

Selenium deficiencies in livestock have been reported in Australia, Denmark,

Finland, France, Germany, Greece, New Zealand, Russia, Scotland, Sweden, and

Turkey (Allaway, 1968). During the past several decades it has become increasingly

evident that most agriculturally productive areas of Canada, as in the United States,

have a high incidence of Se/vitamin E responsive disorders in livestock (Jenkins and

Hidiroglou, 1972). White muscle disease is probably the most recognized and

economically important of the Se-deficient conditions reponed in livestock (McDowell

et al., 1996; Reilly, 1996). Selenium deficiency is most commonly expressed as WMD,

but also results in reduced disease resistance, weak calves, and retained placenta

(Saskatchewan Agriculture and Food, 1992). In Saskatchewan, incidents of Se

deficiency appear to be occurring with increased frequency throughout the province

(Saskatchewan Agriculture and Food, 1992).

As reported by Ylaranta (1993), in 1984 Finland became the first country to

apply Se in mineral fertilizers to soils. Since then, countries such as Yugoslavia

(Blagojevic et aI., 1998) have resoned to Se fertilization to increase the Se

concentration in pasture, cereal and other agricultural crops. However, producers
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should be aware that the effects of other fertilizer components (e.g., N, P, and S) on the
-

availability and uptake of soil Se by plants is still poorly understood (Sharmasarkar et

al.,1998). Ions of these component elements may not only influence the availability of

naturally occurring Se, but may affect Se uptake by changing plant growth rates and

other biological processes in soils and plants (Shand et al., 1992). In situations where

the addition of fertilizers increase the yield of agricultural crops, increases in Se

.deficiency in animals and humans may result due to a decrease in Se concentration in

food products (Walker, 1971; Jacobs, 1972; Galt, 1978). Multimineral supplements

containing Se also are available to increase Se intake by humans and cattle (Lahermo et

al., 1998). Indeed, Se supplements are used throughout western Canada where forage

grains contain inherently low Se concentrations (Miller et al., 1996).

The toxicity of some heavy metals may be reduced in the presence of Se. Of

several nutrients that have been found to affect the toxicity of mercury (Hg), Se has

been the most widely studied. In general, Se has a protective effect in that it delays the

onset of Hg toxicity or reduces the severity of the effects of inorganic forms of Hg as

well as methyhnercury (Goyer, 1997). It has been suggested that aquatic biota maintain

high concentrations of Se in their tissues, presumably to detoxify the myriad of heavy
metals in their environment (Ganther and Sundle, 1974). The mechanism by which Se

reduces the severity ofHg and methylmercury toxicity is probably by preventing

damage from free radicals by increasing mercury-induced depression in glutathione

synthesizing enzymes and by forming inactive Se-Hg complexes. Somewhat surprising,
traces of arsenic (As) have been reported to enhance the value of Se against Hg and

methylmercury toxicities (El-Begiarmi et al., 1980).

2.3.2. Selenium as a toxicant

Selenium is considered to be one of the most toxic elements in the earth's crust

(Doran, 1982). Selenium toxicity problems are associated with the bioaccumulation

and biomagnification of Se in the food chain (McNeal and Balistrieri, 1989; Presser et

al., 1994). A dietary intake level of 5 to 15 mg Se kg" of diet is considered to be the

critical level for Se toxicity in animals and humans (Mayland, 1994). Selenium toxicity

in livestock has generally been classified as being either acute or chronic (Rosenfeld
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and Beath, 1964). Acute Se poisoning often results from short-term consumption of

highly seleniferous materials, such as primary Se accumulator plants. Chronic Se

poisoning often results from the consumption of seleniferous materials for days, weeks,

or even months. Chronic Se poisoning can be further divided to include alkali disease

and blind staggers. Symptoms of alkali disease, which is associated with consumption
of food materials in which the Se is predominantly incorporated into proteins (i.e., not

water soluble), include lack of hair and energy. Symptoms of blind staggers, which is

associated with consumption of materials in which the Se is predominantly water

soluble, include impaired vision, loss of appetite, and respiratory failure.

Documentation of human Se toxicity is rare as extensive investigations have

failed to find evidence that Se toxicity resulting from consumption of naturally
contaminated crops is ever a real possibility, except in exceptional cases (Rosenfeld and

Beath, 1964; Reilly, 1996). Reports of human Se toxicity include contamination from

consumption of home-grown produce in the United States (Rosenfeld and Beath, 1964),

consumption of nuts (e.g., the Brazil nut) in Latin America and South America, and

ingestion of excessive amounts of Se supplements in New Zealand (Reilly, 1996). A

study by Yang et al. (1983) in China has provided the most definite evidence for

chronic Se toxicosis in humans. Symptoms included brittleness and loss of hair and

nails, skin lesions, and various gastrointestinal and neurological complaints. This

incident may be unique in that high soil and water Se levels were augmented by

application of high Se content coal fly ash as a fertilizer. The reports of Se toxicosis

occurred in small, isolated communities with a diet comprised almost entirely of locally

produced vegetables and grains.
The Kesterson Reservoir in California, where the collection of agricultural

drainage water during the 1980s resulted in the concentration of Se in the water and

subsequent Se-related diseases in numerous aquatic and terrestrial wildlife species, is

perhaps the most well-known example of Se toxicity (Ohlendorf and Santolo, 1994).

Unfortunately, well-documented problems of Se toxicity are prevalent in numerous

areas, primarily within the United States. Skorupa (1998) provides a compilation of

twelve real-world case studies (including Kesterson Reservoir) of Se poisoning in fish

and wildlife in the United States. The case studies are associated with cooling basins of
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coal-fired power plants, constructed wetlands near oil refineries, mining activities, and

agricultural and agroforestry drainage water. Symptoms of Se toxicity reported in these

and other studies include the deterioration of hooves, loss of hair, and outbreaks of

lesions on skin and organ surfaces of mammals. For avian species, symptoms include

poor reproductive performance, embryo deformities (e.g., eyes, limbs), hair loss and

outbreaks of lesions (Ohlendorf et al.. 1986; O'Toole and Raisbeck, 1998; Skorupa,

1998). Symptoms of Se toxicity in fish include increases in stillborn deaths, decreases

in species diversity, and, most prominently, teratogenic deformities of the spine, mouth,

and head (Lemly, 1998).

The kinetics of Se toxicity are complex due to factors such as the dose, form,

nutrition and physiology of the affected animal (O'Toole and Raisbeck, 1998).

Although it is not possible to rank chronic toxicities of Se compounds by direct

comparison, sodium selenate and sodium selenite are considered to be most toxic, while

selenomethionine appears to have moderate toxicity. The reduced and insoluble forms

of Se (elemental and metal selenides) exhibit the least long-term toxicity (Mayland,

1994). Interactions between Se and some heavy metals may affect conditions of Se

toxicity. Supplementation of Se-poisoned farm animals with arsenite has been shown to

mitigate the toxicity (Frost, 1983). Thus, interactions between Se and heavy metals

may playa role in counteracting both Se and heavy metal (Section 2.3.1) toxicities.

Therefore, adequate dietary intake of these minerals is essential for the prevention and

intervention of Se and heavy metal toxicities (Goyer, 1997).
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3. MATERIALS AND METHODS

3.1. Description of Sampling Locations

Soil profiles developed on undifferentiated glacial till parent material and

currently used in agricultural crop production were sampled within" each of four major
soil zones along a north-south transect in central Saskatchewan in the fall of 1998

(Table 3.1.1; Figure 3.1.1). The term "undifferentiated" is used to describe glacial till

deposits that have not been classified as a more specific type of parent material. In

other words, the deposits have not been studied in sufficient detail to allow for the

recognition of local differences in geological origin, composition, or other chemical and

physical properties (Mitchell et al., 1944). A representative soil profile was selected in

each of the soil zones. Samples of all genetic horizons (ca. 2 kg) were collected

following excavation of a soil pit to a depth of 1 m. In the laboratory, the soil samples
were air-dried, mildly ground with a wooden roller, sieved « 2 mm) and homogenized

(Jackson, 1956). A 200 g subsample of each soil sample was stored in a 40 DRAM vial

and used for all analyses.

Table 3.1.1. Location of sampling sites.
Site
no. Location Soil zone Soil Subgroup

1 N49°2' EI04°40' Brown Orthic Brown
Chemozem

2 N50042' ElO5°16' Dark Orthic Dark Brown
Brown Chemozem

3 N5lo50' El04°56' Black Orthic Black

Soil
Associationt

Haverhill

Weybum

Oxbow

t All soils developed on undifferentiated glacial till parent material.

Chemozem
4 N52°54' El05°l7' Gray Orthic Gray Luvisol Waitville
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Figure 3.1.1. Map of Saskatchewan showing the distribution of sampling sites within
the soil zones of Saskatchewan.

3.2. Determination of General Soil Properties

The following analyses were carried out in duplicate on all soil samples: soil pH,
cation exchange capacity, organic and inorganic carbon, particle size analysis, and

sodium pyrophosphate- and ammonium oxalate-extractable iron (Fe), aluminum (AI),

and manganese (Mn).
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Soil pH was determined on a saturated soil paste using a Fisher Accumet pH
meter (Fisher Scientific, Ottawa, ON). Cation exchange capacity was determined by

leaching a 5 g soil sample with ammonium acetate following initial saturation with

barium chloride-triethanolamine and using flame emission spectrophotometry to

determine the barium concentration in the resulting extract (Osborne, 1978). The

contents of total and organic carbon (OC) were determined by dry combustion in a

LECO CR-12 Carbon Analyzer (LECO Corp., St. Joseph, MI) in which the soil

samples, 0.5 and 0.2 g of soil, respectively, were combusted at a temperature of 1100

and 840 °C (Wang and Anderson, 1998). Inorganic carbon (IC) was determined as the

difference between the total carbon and organic carbon.

Particle size analysis was conducted using the modified pipette method of

Indorante et al. (1990). A 10 g soil sample « 2 mm) was pre-treated with 30%

hydrogen peroxide and concentrated glacial acetic acid. The clay fraction was pipetted
from a depth of 5-cm after a predetermined time period and the sand fraction was

subsequently determined by wet sieving the soil suspension through a 53 um sieve. The

silt fraction was determined as the difference between total sample weight and the sum

of the clay plus sand fractions.

Sodium pyrophosphate was used to extract organically bound AI (Alpy) and Fe

(Fepy) from the soil samples (McKeague, 1967). Although not initially intended for

extracting Mn, in the present study this extracting solution also was used to extract

organically bound Mn (Mnpy) from the soil samples. Forty-five millilitres of the

extracting solution (0.1 M Na2P2� '.10 H20; pH 10.0) was added to 10 g of soil

« 2 mm), the suspension was shaken for 16 h at room temperature and filtered through

Whatman no. 42 filter paper. The filtrate was analyzed for AI, Fe and Mn using a

Perkin-Elmer 3100 Atomic Absorption Spectrometer (Perkin-Elmer Corp., Norwalk,

Cf).

Acidified ammonium oxalate was used to extract poorly ordered inorganic AI,

Fe, and Mn from the soil samples (Alox, Feox, and Mnox, respectively) (McKeague and

Day, 1966). Forty-five millilitres of extracting solution [0.2 M (�hC204 + 0.1 M

H2C204; pH 3.0] was added to 10 g of soil « 2 mm), the suspension was shaken for 4 h

at room temperature in the dark and filtered through Whatman no. 42 filter paper. The
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filtrate was analyzed for AI, Fe and Mn using a Perkin-Elmer 3100 Atomic Absorption

Spectrometer (perkin-Elmer Corp., Norwalk, Cf).

3.3. Determination of Total Selenium in Soils

Total Se content of soil samples was determined in duplicate using fluorimetric

methods following digestion of the soil samples in a mixture of concentrated acids

(Huang and Fujii, 1996). Al g soil sample « 0.15 mm) was digested in a mixture of

concentrated acids (9 mL HN03, 2 mL HCI04, 2 mL H2S04, and 10 mL HF) for 12 h at

125 °C (Huang and Fujii, 1996). After cooling, each sample digest was brought to a

fmal volume of 50 mL using 6 M HCI and the sample was left to stand for 1 h prior to

analysis.
The soil digests were analyzed for total Se as described by Lipinski et ala (1987).

A 10 mL aliquot of the digest solution was added to a 100 mL Teflon beaker containing
1 mL of a 30% solution of hydrogen peroxide. The flask was placed on hotplate at 80

°C and the solution allowed to gently boil for 10 min to oxidize any organic compounds

present that may interfere with the analysis (Rankin, 1973). A 5 mL aliquot of

concentrated HCI (35-37%) was added and the solution gently boiled for 5 min to

reduce all Se in solution to Se(IV). After heating, the beaker was removed from the

hotplate and 5 mL of concentrated �OH (28-30%) was slowly added to the solution.

Once the solution had cooled to room temperature, 5 mL of 0.06 M

ethylenediaminetetraacetic acid (EDTA) and 10 mL of deionized distilled water were

added and the solution was transferred to a 30 DRAM plastic vial. The pH of the

solution was adjusted to 1.8 ± 0.2 using concentrated �OH and 6 M HCI. A 2 mL

aliquot of 0.1 % (w/v) 2,3-diaminonapthalene (DAN) solution (prepared according to

Wilkie and Young, 1970) was added, the vial was then loosely capped and heated at 60

°C for 20 min. The solution was allowed to cool in the dark for 45 min and then

transferred to a 125 mL flat-bottomed boiling flask containing 10 mL of n-hexane. The

flask was capped with a cork stopper and shaken for 5 min on a reciprocating shaker at

a setting of 150 cpm. The phases in the flask were allowed to separate for 5 min and a

portion of the n-hexane extract was transferred to a fluorescence-measuring cuvette.

The cuvette was capped with a cork stopper and the fluorescence of the extract
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determined using a Turner Model 111 Filter Fluorometer (Turner Associates, Palo Alto,
.

CA) fitted with a No. 7-60 (369 run) primary filter and a No. 58 (525 run) secondary
filter,

3.4. Determination of Particulate-bound Species of Soil Selenium

3.4.1. Development of the selective sequential extraction scheme

The particulate-bound fractions of soil Se that were initially planned to be

determined for this study are outlined in Table 3.4.1. Hereafter, the Se fractions will be

referred to according to their respective italicized abbreviated name given in

parentheses below.

Table 3.4.1. Initial selective sequential extraction scheme proposed for the study.
Step Se fraction Reagent Conditions References

1 Water soluble Deionized distilled water Shake 1 hat 2SO C Zawislanski and
Zavarin (1996)

Martens and
Saurez (1997a)

Lipton (1991)
McKeague

(1967)
Chao (1972)

2 Exchangeable

3
4

Carbonate-bound

Metal-organic
complex-bound

Easily reducible
metal oxide
bound

Amorphous
mineral colloid
bound

Crystalline Fe
oxide-bound

5

6

7

8 Organic bound

9 Residual

Shake 1 h at 2SO C

1.0 M NaOAc; pH 5
0.1 M Na.iP2�·lOH20
pH 10

0.1 MNH20H-HCI
in 0.01 M RN03; pH 2

Shake 20 h at 2SO C
Shake 16 hat 2S C

Shake 30 min at 25D C

0.2 M {NH4hC204 + Shake 4 h at 2SO C (in the McKeague and
0.2 M H2C204; pH 3 dark) Day (1966)

0.2 M {NH4hC204 + Shake 30 min at 95D C Shuman (1982)
0.2 M H2C204 + 0.1 M
ascorbic acid; pH 3

0.7 M NaOCI; pH 8.5 30 min in boiling water Shuman (1983)
bath; stir occasionally;
repeat one time

HN03• HCI04• H2S04• HF Digest residue in acid Huang and Fujii
mixture at 125 DC for 12 h (1996)

The deionized water extraction (Step 1) is meant to liberate the water soluble

(Soluble) fraction of Se. Water soluble Se typically represents the Se that is dissolved

or could be dissolved in the soil solution and is primarily Se(VI). though it may include

some Se(IV) (Elrashidi et al., 1989).

The oxyanion of phosphate is known to replace Se(IV) on geothite surfaces

(Balistrieri and Chao, 1987; Lipton, 1991) and clay minerals (Singh et al., 1981) via
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ligand exchange, thus the potassium orthophosphate extraction (Step 2) is employed to

remove adsorbed Se [Exchangeable, and is primarily Se(IV)] from the soil samples. In

studying the effect of pH and concentration of phosphate solution on the desorption of

Se(JV) from geothite, Lipton (1991) concluded that the highest level of Se(IV)

desorption was achieved using 0.1 M phosphate at pH 8, as almost 90% of the Se(IV)

was removed. However, Martens and Saurez (1997a) were able to recover 96 to 100%

of the Se(IV) added to soils using 0.1 M phosphate at pH 7.0. The phosphate extraction

method of Martens and Saurez (1997a) was selected for this study due to the neutral pH
of the extractant which was anticipated to solubilize less SOM during extraction than if

the extractant had a higher pH of 8.0.

Reagents recommended for selectively dissolving the carbonate fraction in soils

make use of sodium acetate-acetic acid at acidic pH values (Jackson, 1956; Tessier et

al., 1979). Sodium acetate at pH 5 has been commonly used to extract Se bound to

carbonates (Carbonate) (Lipton, 1991; Tokunaga et al., 1991; Zawislanski and Zavarin,

1996) and was adopted for use in this study (Step 3).

Metal oxides in soils are bound to organic components and exist as metal

organic complexes that can be extracted by pyrophosphate (McKeague, 1967). In

comparison to the amorphous inorganic metal oxides, the amorphous colloidal metal

oxides bound to organics are more reactive physicochemically (Bascomb, 1968). To

date, the fractionation schemes used to characterize soil Se have ignored the Se fraction

bound to the metal-organic complexes. Hence, in the present study, the Se bound to

metal-organic complexes (M-O complex) was extracted using sodium pyrophosphate

(McKeague, 1967) (Step 4).

Previous Se extraction schemes (Lipton, 1991; Tokunaga et al., 1991) attempted
to delineate Se associated with easily-reducible metal oxides, amorphous metal oxides,

and crystalline Fe oxides. Extractants suggested for a sequential extraction scheme of

other metals (i.e., AI, Cu, Fe, Mn, Zn) are NH20H-HCI for easily reducible metal

oxide-bound metals (Shuman, 1982) (Reducible; Step 5), an oxalate solution shaken

with soil in the dark for amorphous mineral colloidal-bound metals (McKeague and

Day, 1966; Shuman, 1982) (Amorphous; Step 6), and ascorbic acid-ammonium oxalate

for crystalline Fe oxide-bound metals (Shuman, 1982) (Crystalline; Step 7). Due to the
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sensitivity of Se to redox conditions, these reducing reagents may have an effect on the .

repartitioning of the Se remaining in the soil residue, which may confound

interpretation of the results. Indeed, in an attempt to extract Se associated with

crystalline Fe oxides using a solution containing ascorbic acid-ammonium oxalate,

Lipton (1991) obtained highly variable results which he attributed to the reduction of

Se(VI) to Se(IV) and the subsequent re-adsorption of SeeN) to the remaining soil

components.

Determining when and what reagent should be used to extract trace metals

associated with the organic fraction is often difficult because the metals in this fraction

are fairly labile and should be taken early in the sequence (Tessier et al., 1979).

However, strong oxidizers required to destroy organic matter often solubilize oxides of

Fe, Mn or AI. Hydrogen peroxide, for example, dissolves manganese dioxide (Jackson,

1964). To solve this problem, one can extract trace metals associated with the organic
fraction after the trace metals associated with the oxide fractions have been extracted

(Tessier et al., 1979). Relative to hydrogen peroxide, sodium hypochlorite oxidizes a

greater portion of the organic fraction (Lavkulich and Wiens, 1970), with minimal

effects on Fe, Mn and AI (Shuman, 1985); therefore, sodium hypochlorite was selected

as the extractant for organic-bound Se (Organic; Step 8).

As discussed by Tessier et al. (1979), procedures for dissolving primary and

secondary minerals (i.e., the residual fraction) in sequential extractions usually involve

the use of alkaline fusion or dissolution with mixtures of HF and another strong acid

(i.e., HN03 or HCI04). Therefore, the same digestion procedure used for determining
total soil (Huang and Fujii, 1996) Se was also used for determining the residual Se

fraction (Residual; Step 9).

Prior to implementing the extraction scheme outlined in Table 3.4.1, standard

SeeN) solutions were prepared using the sodium salt of selenite (Na2Se03) in the

presence of each extracting solution, analyzed using the method of Lipinski et al.

(1987), and a calibration curve was established for each extractant. This was of

particular importance with respect to the reducing agents used in steps 5 through 7

which could contribute to repartitioning of the Se remaining in the soil residue by

reducing soluble Se(VI) or Se(IV) to Se(O) or Set-If). If complications were to arise in
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association with the use of one or more of these reducing agents, the reduced Se species
were to be re-oxidized to Se(IV) using a combination of pH adjustment and aeration or

oxygenation. Upon failure to re-oxidize the reduced Se species to recover the added Se,

the extraction scheme (Table 3.4.1.) was to be simplified so as to avoid any

misinterpretation of the results due to the effect of the reducing agent(s) on the

redistribution of Se among the soil constituents remaining after the extraction(s).

3.4.2. Fractionation of soil selenium using the selective sequential
extraction scheme

The fractionation of soil Se (Table 3.4.1) in each soil sample was determined in

duplicate. A soil:solution ratio of 1:5 [20 g « 2 mm):100 mL] was used for all soil

samples during the first extraction (Step 1) and, for each of the remaining extractions,

100 mL of the appropriate extracting solution was added to the soil residue remaining
from the preceding extraction. Following each extraction, the supernatant was collected

by centrifugation (16,000 g for 30 min) and stored at 4 °C prior to analysis. The soil

residue after each extraction (except Step 1) was rinsed once with 100 ml of deionized

water and the rinse discarded. With the exception of the M-O complex and Organic

extracts, aliquots of the soil extracts were analyzed for total Se by the method described

in Section 3.3. Fifty millilitre glass beakers were substituted for the 100 mL Teflon

beakers for all but the residual Se extracts which contained HF.

The M-O complex and Organic extracts required two additional treatments prior
to fluorimetric analysis. The first treatment involved oxidation of organic matter

present in the extracts using 30% hydrogen peroxide (Jackson, 1979). A 10 mL aliquot
of soil extract was added to a 100 mL Teflon beaker and the beaker was placed in a

sand bath at 80°C to reduce the solution down to < 5 mL. A 5 mL aliquot of 30%

hydrogen peroxide was added to the extract and the oxidation reaction allowed to

proceed. Once the reaction had subsided, the solution was again reduced down to < 5

mL and a 10 mL aliquot of hydrogen peroxide was added to the solution. Additional

aliquots of hydrogen peroxide were added to the solution until no further colour change

of the solution was observed; this was taken to indicate that the oxidation of the organic

matter was complete (Jackson, 1979).
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Following oxidation of the organic matter, aqua regia and HF were added to the .'

solution to dissolve any precipitates that could interfere with Se analysis. The solution

left over from the oxidation of organic matter was again reduced down to < 5 mL and a

5 mL aliquot of concentrated aqua regia and a 5 mL aliquot of concentrated HF were

added to the solution. The solution was heated in a sand bath at 80°C until no

particulate matter was observed in solution (approximately 2 h). A 5 mL aliquot of

concentrated Hel was added and the solution gently boiled for 5 min to reduce all Se in

solution to Se(IV). The analysis of tota! Se then proceeded as described in Section 3.3.

3.5 Determination of Selenium Bioavailability Index of Soils

The ammonium bicarbonate-diethylenetriaminepentaacetic acid (AB-DTPA)

extraction technique of Soltanpour and Workman (1980) was used to provide a Se

bioavailability index (SBI) for the soils studied. In duplicate, 20 mL of 1 M NRJiC03
- 0.005 M DTPA solution (pH 7.6) was added to 10 g of soil « 2 mm), the suspension
was shaken for 15 min, and then filtered through Whatman no. 42 filter paper. A 10 mL

aliquot of the soil extract was then analyzed for total Se as described in Section 3.3.

3.6. Statistical Analysis
Statistical analysis of all data was performed using SigmaStat for Windows,

Version 2.03 (SPSS Inc., Chicago, Il.). Descriptive statistics and sample distributions

of all parameters were determined to assist in the selection of the appropriate statistical

tests. Several parameters (OC, rc, Mnox, AIpy, Fepy, Mnpy, Exchangeable, M-O

complex, Amorphous and SBI) were found to be non-normally distributed using the

Kolmogorov-Smirnov test (Ebdon, 1985). In an attempt to obtain a normal distribution

for these parameters, a logarithmic (log) transformation of the data was performed

(Webster and Oliver, 1990). Following the transformation of the data, several

parameters (logIC, 10gFepy, 10gMnpy, 10gExchangeab/e, and 10gAmorphous) still did not

have a normal distribution. Because a normal distribution (which forms the basis of a

large group of statstical tests known as parametric techniques) could not be obtained for

several parameters, comparisons between parameters had to be made using

nonparametric statistical analyses. Thus, the Spearman rank correlation (a
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nonparametric test) was used for all statistical analyses. The data for Fepy and Alpy of

the Waitville Bt horizon were defined as extreme outliers as their values were greater

than the sum of three times the interquartile range (IQR) plus the 75% quartile (Ott,

1984) (Table 7.1 in Appendix). As a result, the data for this horizon were omitted in all

statistical analyses.
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4. RESULTS AND DISCUSSION

4.1 General Soil Properties

Selected chemical and physical properties of the soils studied are presented in

Table 4.1.1. Descriptive statistics of the soil properties are provided in Table 7.1

(Appendix). Results of correlation analysis among the soil properties are presented in

Table 4.1.2.

Soil OC content was greatest in the surface horizons and decreased with depth,
whereas the IC content increased with depth. As a result, soil pH generally increased

with depth. The IC content of all the C horizons ranged from 20.7 to 36.7 g C kg" (i.e.,

a CaC03 equivalent between 17.2 and 30.6%). The Agriculture Canada Expert
Committee on Soil Survey (1987) defines "strongly calcareous" soils as those with a

Caco3 equivalent of 6 to 40%; therefore, the C horizons of the soil profiles studied

were classified as strongly calcareous.

The origin of the cation exchange capacity (CEC) of soils is associated with the

negative charges carried by soil particles, in particular, organic matter, clays, and metal

oxides. The values for CEC were generally higher in those soils with relatively high
contents of organic carbon, clay and sodium pyrophosphate-extractable AI, Fe, and Mn

(AlpY' Fepy, and Mnpy). Indeed, correlation analysis (Table 4.1.2) revealed that CEC was

significantly correlated with Alpy (a. = 0.01), Fepy (a. = 0.05), and MnpY' DC, Alox, and

Mnox (a. = 0.10).

Results of particle size analysis (Table 4.1.1) indicated that the soils were

generally of loam and clay loam texture, which are typical textures for the types (i.e.,

Soil Association) of soils studied (Mitchell et al., 1944.). The clay content of surface

horizons was generally lower than that of the B horizons; this was especially true in the

Waitville profile where clay translocation has occurred, resulting in the formation of a

Bt horizon.
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Table 4.1.1. Selected chemical and Eh�sical EroEerties of the soils studied. t

Soil Soil Horizon Soil CEC Organic-C Inorganic-C
Association horizon depth (em) pH (cmol kg") k -1 % Clay % Silt % Sand Texture!--------- g g ---------

Haverhill Ap 0-11 7.3 22.0 20.5 1.8 23.9 34.3 41.8 L
Bm 11-25 6.9 21.8 7.1 3.0 29.2 23.2 47.6 SCL
Ck1 25-60 7.9 16.6 7.7 29.9 33.0 31.4 25.7 CL
Ck2 60-95 8.3 21.4 2.1 29.9 31.1 34.3 24.6 CL

Weyburn Ap 0-11 7.2 23.3 19.9 1.9 25.6 36.1 38.3 L
Bml 11-24 6.9 24.2 10.4 1.5 31.8 37.1 31.0 CL
Bm2 24-36 6.9 18.4 8.9 1.1 27.5 32.0 40.6 L-CL
Ck1 36-61 7.9 14.5 7.8 30.4 33.9 39.8 26.2 CL

� Ck2 61-100 8.0 34.4 1.9 30.6 29.8 35.4 34.8 CL

Oxbow Ap 0-12 7.4 26.9 27.7 3.5 17.7 31.2 51.1 L-SL
AB 12-20 7.3 23.3 22.2 1.1 16.6 27.6 55.8 SL
Bm 20-33 7.4 16.9 13.0 1.2 18.0 30.0 52.0 L-SL
Bmk 33-44 7.7 17.4 8.4 5.0 21.1 31.8 47.1 L-SL
Ck1 44-66 7.7 7.4 2.3 20.7 16.9 22.0 61.1 SL
Ck2 66-100 7.8 14.4 1.6 27.5 17.1 30.0 52.9 L-SL

Waitville Ap 0-13 6.3 12.6 15.3 0.8 11.5 52.8 35.7 SiL
Bt 13-33 6.8 27.7 7.2 1.4 41.6 24.7 33.8 C
Bmk 33-44 7.3 19.5 6.2 21.3 27.2 35.7 37.1 L-CL
Ckl 44-75 7.5 15.3 3.7 31.5 27.9 36.6 35.5 L-CL
Ck2 75-100 7.6 12.8 1.2 36.7 28.0 36.9 35.2 L-CL

fThe values reported are the mean values of duplicate analyses. The percent variation of all duplicate analyses was less than 5%. continued ...

*Soil texture classes: SL = sandy loam; SCL = sandy clay loam; L = loam; SiL = Silt loam; CL = clay loam; C = clay;



(Table 4.1.1 continued)
Ammonium oxalate-extractable metals Sodium pyrophosphate-extractable metals

Soil Soil Horizon Al Fe Mn Al Fe Mn

Association horizon depth (cm) ---------------------------------------------- mg kg
- t

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

Haverhill Ap 0-11 651 915 399 426 471 203
Bm 11-25 793 760 346 366 300 62
Ckl 25-60 344 292 143 261 24 1
Ck2 60-95 188 377 66 259 47 1

Weyburn Ap 0-11 618 831 379 411 225 253
Bml 11-24 822 922 373 444 370 73
Bm2 24-36 678 899 348 392 297 53

0\ Ckl 36-61 244 317 94 251 21 1Ut
Ck2 61-100 99 405 53 230 45 1

Oxbow Ap 0-12 644 998 410 430 275 188
AB 12-20 702 1398 331 631 797 76
Bm 20-33 772 812 241 347 276 50
Bmk 33-44 811 982 257 293 212 16
Ckl 44-66 214 668 163 197 32 1
Ck2 66-100 52 815 70 212 ·10 1

Waitville Ap 0-13 334 1435 372 378 448 214
Bt 13-33 922 1312 409 4143 2238 67
Bmk 33-44 339 1204 149 252 235 26
Ckl 44-75 173 648 59 233 44 2
Ck2 75-100 92 465 18 225 20 1



Table 4.1.2. Results of correlation analysis among soil properties and between soil properties and total Se concentration.
Total

(!H CEC oc IC CIa! Silt Sand AI... Fe... Mn.., All!! F2 MD... Se

pH 1.000
CEC -0.185 1.000
OC -0.584·· 0.421· 1.000
IC 0.774··· -0.229 -0.770··· 1.000

Clay 0.324 0.183 -0.367 0.528·· 1.000

0"1 Silt -0.120 -0.066 -0.029 0.190 0.385 1.000
0"1 Sand -0.282 -0.044 0.286 -0.460· -0.811··· -0.729··· 1.000

A1""t -0.574·· 0.442· 0.698··· -0.709··· -0.067 -0.241 0.265 1.000

Fe...t -0.703··· 0.247 0.630··· -0.729··· -0.682··· -O.QI8 0.491·· 0.488·· 1.000

Mn..,t -0.728··· 0.415· 0.870··· -0.817··· -0.375 -0.108 0.370 0.721··· 0.681··· 1.000

AI * -0.668··· 0.620··· 0.895··· -0.776··· -0.163 -0.006 0.133 0.781··· 0.616··· 0.844··· 1.000
py

FCpy* -0.770··· 0.505" 0.753··· -0.853··· -0.325 -0.063 0.267 0.726··· 0.711··· 0.756··· 0.854··· 1.000

Mnpy* -0.846··· 0.445· 0.853··· -0.799··· -0.425· 0.085 0.304 0.615··· 0.759··· 0.887··· 0.858··· 0.842··· 1.000

Total Se 0.014 0.522·· 0.456· -0.218 -0.132 -0.361 0.107 0.290 0.110 0.406· 0.460· 0.388· 0.395· 1.000
T Ammonium oxalate-extractable metal.
* Sodium pyrophosphate-extractable metal.

., ••
,
••• Significant at a= 0.10, a = 0.05, and a = 0.01 respectively.



The amount of sodium pyrophosphate-extractable metals generally decreased

with depth in the soil profiles studied (Table 4.1.1). Of the three metals, the amount of

AIpy was generally highest (median = 320 mg kg"), followed by Fepy (median = 230 mg

kg") and MnP}' (median = 38 mg kg"). The presence in soil of sufficient amounts of

soluble organic ligands can inhibit or delay the crystallization of AI and Fe

oxyhydroxides by forming complexes (i.e., chelates) with the metals in solution (Hsu,

1989; Schwertman and Taylor, 1989). For example, a concentration of citric acid as

low as 10-6 M can inhibit or delay the crystallization of AI hydroxides (Kwongand

Huang, 1975). At a given pH, Fe and AI will remain in solution at a much higher
concentration if organically complexed than if simply inorganic (Chadwick and

Graham, 2(00). It is expected that greater amounts of organic ligands will occur in

association with the high organic matter content in the surface horizon, thus one could

expect a greater concentration of noncrystalline metal oxides to be associated with the

SOM. The amounts of AIpy and Fepy were approximately one to two orders of

magnitude higher in the Waitville Bt horizon than in any other soil horizon. Dissolved

chelates precipitate when the metal:organic carbon ratio exceeds a critical value at

which all binding sites of the organic ligand are occupied. When the metal:OC ratio is

low, chelates may still be immobilized by adsorbing on positively charged material,

such as Fe and Al oxyhydroxides or high metal:OC material already precipitated.
Chelates may be deposited by desiccation or by aggregation in a zone of relatively high
ionic strength and greater pH (Chadwick and Graham, 2000). Though there was no

positive correlation between the concentration of AIpy and Fepy and clay content (Table

4.1.2), the accumulation of extractable metals in the Bt horizon may also be attributable

to the immobilization of the chelates by exposed negative charges on the clay particles
that accumulated in this horizon (Chadwick and Graham, 2000).

Results of the correlation analysis (Table 4.1.2.) indicated that OC content was

significantly correlated (a = 0.01) with pyrophosphate-extractable metals in the order:

AI > Mn > Fe. Iron tends to form oxyhydroxide structures (Kaiser and Zech, 1996),

such as ferrihydrite and geothite, thus the association of Fe with SOM is thought to

result from adsorption of organic molecules to Fe oxyhydroxide surfaces. Aluminum

exhibits a weaker tendency to form oxyhydroxide structures; therefore, AI tends to
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associate more closely with the SOM through the formation of stable complexes (Kaiser.'

and Zech, 1996). Therefore, one would expect the correlation between DC content and

the concentration of Alpy (r = 0.895***) to be greater than that between OC content and

Fepy (r = 0.753***). Likewise, this presumably accounts for the fact that the

concentrations of Alpy were generally greater than that of Fepy.
Ammonium oxalate-extractable metals also exhibited a tendency to decrease

with depth in the soil profiles. Significantly lesser amounts of oxalate-extractable

metals were recovered from the C horizons than in the solum. In pan, this can be

attributed to the relatively high carbonate content that contributes to the formation of

highly insoluble precipitates during the extraction. For example, Stonehouse and St.

Arnaud (1971) attributed a decrease in the extractability of Fe by dithionite to the

formation of ferrous carbonate (which is quite insoluble) immediately upon reduction of

the ferric ion during the extraction. The greater concentrations of oxalate-extractable

metals in the solum may be attributed to increased weathering of minerals and the

distribution of SOM and the associated effect of organic ligands on the crystallization of

metal oxides as discussed. Similar amounts of Feox and Mnox were present in the Bt

horizon compared to the amounts ofFeox and Mnox in the surface horizon of the

Waitville soil profile; approximately three times as much Alox was present in the Bt

horizon than in the surface horizon. Stonehouse and St. Arnaud (1971) reported Alox

and Feox in Bt horizons ofLuvisolic soils to be two to three times greater than in the

surface horizons. Of the three metals, the amount of Feox was generally highest (median

= 823 mg kg"), followed by Alox (median = 481 mg kg") and Mnox (median = 249 mg

kg"). This trend may be due to the fact that the oxalate extraction was initially

developed and calibrated for Fe oxides and, thus, may not be directly applied to Al and

Mn oxides (Bertsch and Bloom, 1996).

In addition to the stronger correlation between OC and Alpy (r = 0.895***)

compared to OC and Fepy (r = 0.753***), the results ofthe correlation analysis indicated

very strong correlations between OC and all of the pyrophosphate- and oxalate

extractable metals (Table 4.1.2). Furthermore, the results indicated very strong

correlations between pyrophosphate- and oxalate-extractable metals. Indeed, the results

provide support for the argument that pyrophosphate is not as specific an extractant of
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organic complexed AI as it is for organic complexed Fe (McKeague et al., 1971) and

that the two extractants overlap (Arshad et aI., 1972). Moreover, the results support the

statement ofBertsch and Bloom (1996) that the degree to which sodium pyrophosphate
and ammonium oxalate provide differentiation between organic complexed

noncrystalline metal oxides and noncrystalline inorganic metal oxides is soil and

method specific.

4.2 Total Selenium in Soils

Concentrations of total Se in the soil profiles ranged from 0.263 to 1.295 mg

kg" soil (Table 4.2.1). Descriptive statistics of total Se are provided in Table 7.1

(Appendix). With the exception of the Waitville soil profile, the greatest Se

concentration within each soil profile occurred in the surface horizon (Figure 4.2.1).

Table 4.2.1. Total Se of the soil Erofiles studied.
Soil Soil Horizon Total SeT
Association horizon d�th (em) (mg kg·l)
Haverhill Ap 0-11 1.295

Bm 11-25 0.693
Ckl 25-60 0.792
Ck2 60-95 0.860

Weybum Ap 0-11 0.770
Bml 11-24 0.342
Bm2 24-36 0.324

Ckl 36-61 0.314
Ck2 61-100 0.652

Oxbow Ap 0-12 1.218
AB 12-20 0.691
Bm 20-33 0.661
Bmk 33-44 0.652

Ckl 44-66 0.414
Ck2 66-100 0.408

Waitville Ap 0-13 0.643
Bt 13-33 1.126

Bmk 33-44 0.525
Ckl 44-75 0.457
Ck2 75-100 0.263

f The values reported are the mean values of duplicate analyses.
The percent variation of all duplicate analyses was less than 10%.
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Figure 4.2.1. Total Se in genetic soil horizons of the soil profiles studied.



These results are in agreement with similar observations of greater Se concentrations in .

surface horizons compared to deeper horizons reported by Levesque (1974) and

Blagojevic et al. (1998) and is attributable to phytocycling of Se from lower soil

horizons to the surface horizon. Relative to the surface horizon, the greater

concentration of Se in the Bt horizon of the Waitville soil profile is apparently due to

the accumulation of clay and pyrophosphate-extractable AI and Fe.

Total Se concentration in the Ck2 horizons of the soil profiles decreased from

the Brown to Gray soil zones (Figure 4.2.2.). This trend is most likely a reflection of

differences in the origin and nature of the soil parent material. Soils in the

agriculturally productive areas of Saskatchewan have developed on geologic materials

of the Mesozoic and Cenozoic eras and have been influenced by marine shales

(Edmunds, 1944). In comparison to nonmarine materials, marine shales generally
contain higher concentrations of Se (Mayland et al., 1989). In the few samples of

marine shales from Saskatchewan that have been analyzed for total Se content, the

concentration of Se ranged from 0.3 to 3.0 mg kg" (Byers and Lakin, 1939).

Conversely, Se concentrations ranging from 0.08 to 1.5 and 0.07 to 0.26 mg kg" have

been reported for glacial till and aeolian sand parent materials in Saskatchewan,

respectively (Doyle and Fletcher, 1977).

Brown

(Haverhill)
Dark Brown

(Weybum)
Black

(Oxbow)
Gay

(Waitville)

Soil zone

(Soil associaton)

Figure 4.2.2. Trend in total Se content of the Ck2 horizons

of the soils in different soil zones.
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The decrease in Se content in the parent material from the Brown to Gray soil

zones may be due to differences in the degree to which the geological materials were

influenced during periods of glaciation within the province. Because the glaciers

generally advanced across the province in a northeast-to-southwest direction during the

last period of glaciation, the landscape of the southern areas of the province (the
southwest in particular) were affected to a lesser degree than those areas further north

(Edmunds, 1944). This may have resulted in less mixing ofthe southern shale deposits
with the materials asociated with glacial systems and, subsequently, a greater Se

concentration in the southern deposits. Further, shale material that was picked up by the

glacier as it advanced southward may have been incorporated into the glacial till prior to

deposition in the southern regions; this also would have increased the Se content in the

southern glacial till deposits. The total Se values obtained in this study are comparable
to those obtained by Byers and Lakin (1939) for Saskatchewan soils and also fall within

the range of average worldwide soil Se concentrations reported by Mayland (1994).

Results of correlation analysis (Table 4.1.2) indicated that total Se concentration

was significantly correlated (a = 0.10) with OC, Mnox, AlpY' Fepy, and Mnpy. These

results are in general agreement with those of Levesque (1974) who concluded that total

Se distribution in 54 soil profiles (including Podzols, Luvisols, Gleysols, and Brunisols)

was closely associated with organic carbon content. However, Levesque (1974) also

concluded that Se distribution was closely associated with Alox and Feox in B horizons,

particularly in Podzolic profiles (Levesque, 1974). That this was not the case in this

study may simply reflect differences in the soils studied. Similar to Levesque (1974),

the results of the present study indicated a negative (non-significant) correlation

between total Se and clay content. The present study marks the first time that

correlations between total Se concentration and sodium pyrophosphate-extractable
metals have been reported (Table 4.1.2). Significant correlations between total Se

concentration and AlpY' Fepy, and Mnpy reported here are attributed to the binding of Se

with poorly ordered metal-organic complexes.
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4.3 Particulate-bound Species of Soil Selenium

4.3.L Development of the selective sequential extraction scheme

One of the first steps in evaluating an extraction scheme is establishing an

appropriate calibration curve for each extractant. For the initial sequential extraction

scheme outlined in Table 3.4.1, calibration curves could be established for only seven of

the nine extracting solutions (calibration equations are presented in Table 4.3.1).

Selenium standards ranging in concentration from 5 to 125 ug L-1 were prepared for

each extracting solution to establish the calibration curve. The linear range of the

calibration curve for each extractant fell within this range of Se concentrations. New

calibration curves were established daily prior to sample analysis.

Table 4.3.1. Percent fluorescence of selected Se standard solutions and the resulting
calibration equations for seven of the nine extracting solutions of the initial sequential
extraction scheme.

Solution

% Fluorescence
o 25 50

--------------Se (gg L-1) _ Calibration equation!
Deionized water

O.l_M KZHP04; pH
7.0

l_M NaOAc; pH 5.0
0.1 M NaJ>zo,·10HzO;
pH 10.0

0.2 M <NH4)zCZ04 +

0.2 M HzCz04; pH
3.0

0.2 M <NH4)zCZ04 +

0.2 M HzCz04 + 0.1
M ascorbic acid; pH
3.0

9 Mixed-acid digestion 5 25 49 y = 0.967x + 0.258; r = 0.945

1
2

3
4

6

7

y = 0.754x - 0.436;? = 0.994

y = 1.009x + 1.200; r = 0.999

y = 0.688x + 2.494; r = 0.992

y = 0.963x + 0.594; r = 0.999

y = 1.227x + 0.315; r = 0.998

3 19 39
4 27 52

3
6

20
25

37
48

4 31 61

3 27 y = O.601x - 1.099; ?- = 0.98114

t Step corresponds to the step outlined for the sequential extraction scheme in Table 3.4.1. Calibration

equations for Steps 5 and 8 could not be established.
* Based upon the analysis of seven Se concentrations ranging from 5 to 125 ug L-1•

Based on the slope of the calibration equation obtained for each extractant

(Table 4.3.1), the greatest sensitivity in the detection of Se was obtained in the presence

of ammonium oxalate (Step 6) and potassium phosphate (Step 2). In contrast, the least

sensitive fluorescence response was obtained in the presence of acidified ammonium

oxalate (Step 7). Though these differences in sensitivity exist, this does not necessarily

imply that, for example, the data obtained for Amorphous and Exchangeable Se is more
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reliable than any other Se fraction. The detection limit of Se in deionized water was

determined to be 3 ug L-1. Though the detection limit of Se was not clearly established

in the presence of the other extractants, Se at a concentration of 5 Jlg L-1 was detected in

each of these extractants, with the exception of hydroxylamine hydrochloride (in which

the detection limit of Se was> 10 Jlg L-1).
Problems were encountered during standard calibrations in hydroxylamine

hydrochloride (Step 5) and sodium hypochlorite (Step 8) solutions. A typical
calibration curve obtained in the presence of hydroxylamine hydrochloride is presented
in Figure 4.3.1 (a). Clearly, Se-induced fluorescence was completely quenched in the

presence of hydroxylamine hydrochloride; this was attributed to the reduction of Se(JV)

to Se(O) and possibly Se(-ll), none of which are detectable by fluorimetric methods.

(a) (b)

100 100
D

80 Y = 0.0217x + 0.6648 D y = -O.3797x + 72.011

i i
80 1=0.3709

1 = 0.6931
60 60

� 40 � 40 DIi: Ii:
fI 20 fI

20
D

0 0

0 so 100 150 0 50 100 150

Se(ugkg·I) Se(ugkg-I)

Figure 4.3.1. Calibration curves obtained in the presence of (a) hydroxylamine
hydrochloride and (b) sodium hypochlorite.

According to the reduction half-reactions in equations 4.1 to 4.3 (James and

Bartlett, 2(00), an increase in pH in combination with the addition of an oxidant should

result in the oxidation of the reduced species of Se in soil and aquatic environments.

IhSeol- + e' + W = IhSeOl- + IhH20

1/4SeO? + e' + 3hH+ = 1/4Se + 3/�20

1/6SeOl + e' + 4hW = 1/�2Se + IhH20

(4.1)

(4.2)

(4.3)
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Based on equation 4.1, an increase in pH and the addition of an oxidant should result in ..

the oxidation of Se(N) to Se(VI). Similarly, for equations 4.2 and 4.3, an increase in

pH and the addition of an oxidant should result in the oxidation of Se(O) to Se(1V) and

Se(-m to Se(IV), respectively.
For two standard Se solutions (0 and 95 ug Se L-1) prepared in the presence of

hydroxylamine hydrochloride, a combination of pH adjustment and aeration or

oxygenation were used in attempts to re-oxidize reduced species of Se to Se(JV).

Following adjustment of the solution pH to either 7.0 or 8.0 using- i M KOH, air or

oxygen was bubbled into the solution at a rate of 200 mL min-I for a period of one hour.

During this period, the pH, Eh, and dissolved oxygen content of the solutions were

monitored at selected intervals. The Eh of the solutions was measured using a

METROHM 672 Titroprocessor (METROHM Ltd., Switzerland) equipped with a

combined platinum electrode. The dissolved oxygen concentration was determined

using an ORION dissolved oxygen meter (ORION Research Inc., Boston, MA). After a

period of one hour, the solutions were analyzed for total Se (Section 3.3). A summary

of the results of these analyses is presented in Table 4.3.2. Complete results of these

analyses are provided in Tables 7.2 and 7.3 (Appendix).

Table 4.3.2. A summary of the values for pH, Eh, and dissolved oxygen content (DO)
in Se standard solutions prepared in NH20H-HCl, prior to and following adjustment of

pH from 2.0 to 7.0 and from 2.0 to 8.0. Readings of % fluorescence were obtained

following a 60 min period of aeration or oxygenation.
----------------- Aeration ---------------- ------------------Oxygenation -------------------

% %

Se pH Eh{mY)t DO(mg L-ll' Fluorescence Eh (mY) t
DO(mg L-ll' Fluorescence

ijJ.g L-l) tot l6() to l6() l6() to l6() to l6() l6()

0 7 175' 192 8.2 8.3 8.8 175 196 8.3 36.0 8.0

95 7 175 190 8_3 8.1 3_0 175 1% 8_3 35.7 47.8

0 8 125 123 8.3 8.8 8_0 125 161 8.3 35.8 7.1

95 8 125 137 8.3 8.7 22.0 125 165 8.3 33.8 26.8

t Eh of all samples prior to adjustment of pH from 2_0 to 7.0 and from 2_0 to 8_0 using 1 M KOH and application of

aeration or oxygenation ranged from 398 to 399 mV and 395 to 397 mV, respectively.
, Dissolved oxygen content of all samples prior to adjustment of pH from 2_0 to 7.0 and from 2.0 to 8.0 using 1 M

KOH was 9.3 mg L-l_
* Elapsed time (t) (subscript indicates minutes) for aeration or oxygenation following initial adjustment of pH from

2.0 to 7.0 and from 2.0 to 8.0_
f

Values are reported as the mean of duplicate samples.
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In comparison to the results presented in Figure 4.3.1, the values of percent

fluorescence in Table 4.3.2 demonstrated that a combination of an increase in pH and

the addition of oxygen to the NH20H-HCI solution did, to some extent, improve
the recovery of added Se(IV); however, the improvement was not sufficient to warrant

the use of the extracting solution. The results indicated that there is potential for an

increase in pH and the addition of oxygen to bring about the oxidation of the reduced Se

species; however, the question remains as to the period of time required to sufficiently
oxidize the reduced Se species. Therefore, the proposed extraction of the Reducible Se

fraction using NH20H-HCI (Step 5) was omitted from the extraction scheme.

A typical calibration curve obtained in the presence of sodium hypochlorite is

presented in Figure 4.3.1(b). The poor calibration equation obtained in the presence of

sodium hypochlorite was attributed to the possible destruction of the DAN reagent, the

compound that Se(IV) complexes with and, subsequently, whose fluorescence is

measured. In the presence of hypochlorite, a dark brown gel-like substance, similar to

that present in the DAN reagent prior to its purification with n-hexane, was present in

the samples and resulted in exceptionally high readings of the blanks and erratic

readings for the standard solutions. It is unknown why the results for this calibration

equation exhibited an inverse relationship between Se concentration and percent

fluorescence.

In choosing a suitable extractant for Organic Se (Step 8), it was decided to

follow the recommendation of Nelson and Summers (1996) and use sodium hydroxide

(NaOH) (Schnitzer and Schulten, 1992). Indeed, 0.5 M NaOH is the reagent

recommended by the International Humic Substances Society for extracting SOMa The

typical calibration curve obtained in the presence of sodium hydroxide was linear (y =

0.908x - 0.415; � = 0.990), yielding satisfactory results comparable to those obtained

for the other extractants (Table 4.3.1).

Extraction of Crystalline Se (using acidified ammonium oxalate) (Step 7)

yielded results that were poorly reproducible during preliminary experiments involving
a subset of the soil samples. These results were attributed to the likelihood that the

distribution of crystalline Fe oxides in the soils was very heterogeneous, as well as the

possibility that Se was being reduced and/or sorbed by the soil constituents remaining in
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the acidified extracting solution. Lipton (1991) encountered similar problems with this :

extraction, but was able to extract Se bound to crystalline Fe oxides using a solution of

4 M HCl In the present study, however, it was anticipated that a solution of 4 M HCI

would solubilize some of the Se associated with the organic-bound and residual

fractions, thus confounding the interpretation of the results. Consequently, the

extraction of crystalline Fe oxide-bound Se was omitted from the final selective

sequential extraction scheme (Table 4.3.3).

Table 4.3.3. The modified selective sequential extraction scheme used in the present
study to partition total soil Se into seven particulate-bound fractions.

1 Water soluble Deionized distilled water Shake 1 h at 25° C
ReferencesStep Se fraction Reagent Conditions

2 Exchangeable 0.1 M KzHP04; pH 7.0 Shake 1 h at 2SO C

3 Carbonate-bound 1.0 M NaOAc; pH 5.0 Shake 20 h at 2SO C
4 Metal-organic 0.1 M Na.J>2�·10H20; Shake 16 h at 2SO C

complex-bound pH 10
5 Amorphous 0.2 M <NH.t)2C204 + Shake 4 h at 2SO C (in the

mineral colloid- 0.2 M H2Cz04; pH 3.0 dark)
bound

6 Organic-bound 0.5MNaOH Shake under N2 for 72 h at

20°C
7 Residual HNO). HCI04, H2SO4• Digest at 125°C for 12 h

HF

Zawislanski and
Zavarin (1996)

Martens and
Saurez (1997a)

Lipton (1991)
McKeague

(1967)
McKeague and

Day (1966)

Schnitzer and
Schulten (1992)

Huang and Fujii
(1996)

4.3.2. Fractionation of soil selenium using the selective sequential
extraction scheme

Concentrations of particulate-bound Se fractions in the soils studied were

determined using the modified selective sequential extraction scheme (Table 4.3.3).

Descriptive statistics of the Se fractions are provided in Table 7.4 (Appendix). Percent

recovery, expressed as the sum of the particulate-bound Se fractions divided by the total

Se, ranged from 86.8 to 112.2 %, with an average value of96.8% (Table 4.3.4). These

results are similar to those obtained by others using alternative sequential extraction

schemes: 81.0 to 109.7% (Chao and Sanzolone, 1989); 90.0 to 110.0% (Tokunaga et al.,

1991); and 85 to 104% (Sharmasarkar and Vance, 1995). The percent distribution of

the various particulate-bound Se fractions in the soils studied is presented in
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Table 4.3.4. Concentrations of particulate-bound Se fractions in genetic soil horizons of selected soil profiles as derived

using the modified selective seguential extraction scheme. t

Se fraction
M-O Sum of Total

Soil Soil Soluble Exchangeable Carbonate complex Amorphous Organic Residual fractions Se %

Association horizon -- -------------- --------__ ____________ ____________________ (mg kg-1) __________________________________________________________ Recovery'

Haverhill Ap n.d," 0.011 n.d. 0.468 n.d 0.250 0.666 1.395 1.295 107.7
Bm 0.007 0.006 n.d. 0.123 n.d 0.129 0.359 0.624 0.693 90.0
Ckl 0.015 0.002 n.d. 0.125 n.d 0.105 0.521 0.768 0.792 97.0
Ck2 0.034 0.037 0.040 0.121 n.d. 0.103 0.535 0.871 0.860 101.2

Weyburn Ap n.d. 0.002 n.d. 0.239 0.007 0.102 0.353 0.703 0.770 91.2
Bml n.d. 0.004 n.d. 0.095 0.003 0.062 0.181 0.345 0.342 100.9
Bm2 n.d. 0.004 n.d. 0.088 0.002 0.054 0.197 0.345 0.324 106.5

-...J Ckl 0.010 0.009 n.d. 0.048 0.005 0.032 0.191 0.295 0.314 93.900

Ck2 0.020 0.032 0.022 0.085 n.d 0.072 0.494 0.725 0.652 111.2

Oxbow Ap n.d. 0.006 n.d. 0.415 0.008 0.189 0.490 1.108 1.218 91.0
AB n.d. 0.002 n.d. 0.198 0.006 0.139 0.431 0.776 0.691 112.2
Bm n.d, 0.002 n.d. 0.127 0.006 0.096 0.343 0.574 0.661 86.8
Bmk n.d. 0.002 n.d. 0.089 n.d, 0.094 0.445 0.630 0.652 96.6
Ck1 n.d. 0.002 n.d. 0.037 0.006 0.040 0.292 0.377 0.414 91.1
Ck2 0.013 0.002 n.d. 0.027 0.006 0.035 0.279 0.362 0.408 88.7

Waitville Ap n.d. 0.002 n.d. 0.198 0.029 0.100 0.380 0.709 0.643 110.3
Bt n.d. 0.031 n.d. 0.288 0.016 0.110 0.537 0.982 1.126 87.3
Bmk n.d. 0.002 n.d. 0.121 0.010 0.043 0.290 0.466 0.525 88.8
Ck1 0.004 0.006 n.d. 0.053 0.006 0.035 0.293 .0.397 0.457 86.9
Ck2 0.003 0.009 n.d. 0.031 0.006 0.017 0.187 0.253 0.263 96.3

f The values reported are the mean values of duplicate analyses. The percent variation of all duplicate analyses was less than 10%.
* Expressed as the sum of the particulate-bound Se fractions divided by the total Se.
"
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Table 4.3.5. Percent distribution of,Qarticulate-bound Se fractions in the soils studied."
Soil Soil M-O
Association horizon Soluble Exchangeable Carbonate complex Amorphous Organic Residual

Haverhill Ap n.d. * 0.8 n.d 33.5 n.d. 17.9 47.7
Bm 1.1 1.0 n.d. 19.6 n.d. 20.7 57.6
Ckl 2.0 0.3 n.d. 16.3 n.d. 13.7 67.8
Ck2 3.9 4.3 4.6 13.9 n.d. n.8 61.4

Weyburn Ap n.d. 0.3 n.d. 34.0 0.9 14.5 50.3
Bml n.d. 1.1 n.d. 27.6 0.9 17.9 52.5
Bm2 n.d. 1.1 n.d. 25.6 0.5 15.8 57.1
Ckl 3.4 3.1 n.d. 16.2 1.7 11.0 64.6
Ck2 2.8 4.4 3.0 11.7 n.d. 9.9 68.2

-.J
\0

Oxbow Ap n.d. 0.6 n.d. 37.5 0.7 17.0 44.2
AB n.d. 0.3 n.d. 25.5 0.8 17.9 55.5
Bm n.d. 0.4 n.d. 22.1 1.1 16.7 59.7
Bmk n.d. 0.3 n.d. 14.1 n.d. 14.9 70.7
Ckl n.d. 0.6 n.d. 9.9 1.6 10.5 77.4
Ck2 3.6 0.6 n.d. 7.4 1.7 9.6 77.1

Waitville Ap n.d. 0.3 n.d. 28.0 4.0 14.1 53.6
Bt n.d. 3.1 n.d. 29.4 1.6 11.2 54.7
Bmk n.d. 0.5 n.d. 26.0 2.1 9.2 62.3
Ckl 1.0 1.6 n.d. 13.2 1.5 8.8 73.9
Ck2 1.2 3.4 n.d. 12.3 2,4 6.7 73.9

f The values reported are the mean values of duplicate analyses. The percent variation of all duplicate analyses was

less than 10%.
t Not detected



Table 4.3.6. Results of correlation analysis among the particulate-bound Se fractions
and between the particulate-bound Se fractions and selected soil properties. t

Soluble Exchangeable M-O complex Amorphous Organic Residual

(8) * (19) (19) (13) (19) (19)
Soluble 1.000

Exchangeable 0.303 1.000
M-O complex 0.405 -0.123 1.000

Amorphous -0.258 -0.410* 0.514** 1.000

Organic 0.491 0.009 0.892*** 0.394 1.000
Residual 0.786** 0.167 0.608*** 0.668** 0.794*** 1.000
Total Se 0.690* 0.064 0.807*** 0.670** 0.914***

pH 0.862** 0.288 -0.469** -0.183 -0.258
CEC 0.571 0.301 0.522** -0.019 0.586**
OC 0.095 -0.249 0.824*** 0.280 0.655***
% clay 0.452 0.564** -0.261 -0.561 * -0.195
AIo" 0.095 -0.270 0.550** -0.176 0.526**

Fec,,, -0.429 -0.453* 0.480** 0.468 0.316
Mno" 0.143 -0.248 0.737*** 0.199 0.625***

Alpy 0.190 -0.096 0.803*** 0.017 0.717**

Fepy 0.310 -0.092 0.733*** 0.075 0.654***

Mn", -0.483 -0.219 0.793*** 0.394 0.594**

0.892***
0.237
0.378

·0.265
-0.112
0.091
0.000
0.167
0.247
0.253
0.162

f Due to insufficient data, Carbonate Se was excluded from the correlation analysis.
* Values in parentheses indicate sample number.
*. **, *** Significant at the a=0.10, a=O.05 and a=O.01 significance level, respectively.

Table 4.3.5. Results of correlation analysis of the soil properties and Se fractions are

presented in Table 4.3.6. Due to insufficient data, Carbonate Se was excluded from the

correlation analysis.
Soluble Se was detected in only eight of the twenty horizons studied. Moreover,

Soluble Se was not detected in any of the surface horizons, but was found at depth

(primarily in the C horizons) in the soil profiles. Concentrations of Soluble Se in the C

horizons extracted using deionized water ranged from 0.003 to 0.034 mg kg" (Table

4.3.4) and accounted for only 1.0 to 3.9% of the total Se (Table 4.3.5). Water soluble

Se typically represents the Se that is dissolved or could be dissolved in the soil solution

and is primarily Se(VI), though it may include some Se(IV) (Elrashidi et al., 1989).

The significant correlation between the concentration of water soluble Se and pH may

be explained by the tendency for increasing pH to decrease Se(IV) and Se (VI)

adsorption (Barrow and Whelan, 1989a). However, if this were true, the decrease in Se

adsorption and subsequent increase in Se mobility should have resulted in the leaching

of this mobile fraction of Se from the soil profile. Thus, this apparent correlation is

likely just coincidental and attributable to the fact that water soluble Se has leached into
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the C horizons which have been characterized as being strongly calcareous (Section 4.1)

and having a high pH (Table 4.1.1).

Concentrations of Exchangeable Se ranged from 0.002 to 0.037 mg kg" (Table

4.3.4) and accounted for 0.3 to 4.4% of the total Se (Table 4.3.5). Relative to Se(VI),

Se(IV) has a strong affinity for sorption onto soil and sediment components, particularly
Fe and AI oxides and clay minerals (Hingston et al, 1968). Correlation analysis of the

results indicated a significant correlation (a = 0.05) between Exchangeable Se and clay

content for the soils studied (Table 4.3.6), again suggesting that clay min�rals·play an

important role in the retention of Se. Christensen et al. (1989) also reported that clay

particles playa dominant role in the adsorption of Se(IV).

Carbonate Se was detected in only two of the twenty soil horizons studied. The

concentration of Carbonate Se in the Ck2 horizon of the Haverhill and Weyburn soils

was 0.040 and 0.022 mg kg", respectively (Table 4.3.4) and accounted for 4.6 and 3.0%

of the total Se (Table 4.3.5). Lipton (1991) reported that Se could be readsorbed by the

residual solids during dissolution of carbonates in acidic sodium acetate. Thus, the

results obtained in the present study may underestimate the amount of Carbonate Se in

the soil profiles studied.

The concentration ofM-O complex Se ranged from 0.027 to 0.468 mg kg"
(Table 4.3.4) and accounted for 7.4 to 37.5% ofthe total Se (Table 4.3.5). With the

exception of the Waitville profile, the concentration of M-O complex Se was greatest in

the surface horizon and decreased with depth. This was attributed to the high SDM and

pyrophosphate-extractable metal content of the Ap horizons, as reflected by the

correlation between M-O complex Se and DC and Alpy, Fepy, and Mnpy (Table 4.3.6).

Correlations between M-0 complex Se and oxalate-extractable metals reflect the

binding of Se with poorly ordered metal oxides and overlap in the fractions extracted

with pyrophosphate and ammonium oxalate. Moreover, there was a significant
correlation between M-O complex Se and Amorphous Se (Table 4.3.6).

In the fourteen samples in which Amorphous Se was detected, the concentration

of this fraction ranged from 0.002 to 0.029 mg kg" (Table 4.3.4), accounting for 0.5 to

4.0% of the total Se (Table 4.3.5). Low concentrations ofAmorphous Se may reflect a

small amount of Se in this fraction present in the soils studied. The low concentrations

81



ofAmorphous Se also may have been the result of the solubilization of amorphous
metal oxides during the previous (pyrophosphate) extraction step (Bascomb, 1968)

and/or readsorption by the undissolved solids during dissolution of amorphous metal

oxides in the acidic oxalate solution (Gruebel et aI., 1988; Lipton, 1991). These

conditions would have resulted in an underestimation ofAmorphous Se. Indeed, Lipton

(1991) found that secondary extractions were required to recover Se that had readsorbed

onto solid phases during acidified extractions. Secondary extractions using 0.01 M

KOH to increase the pH of the supernatant to about 12.0 were most effective, resulting
in recoveries of 95 to 102% of the Se spiked into acidic extracting solutions (Lipton,
1991). Secondary extractions [such as those used by Lipton (1991)] were no�

incorporated into the extraction scheme of the present study, as they would have

resulted in the release of a portion of Organic Se.

Concentrations of Organic Se ranged from 0.017 to 0.250 mg kg" (Table 4.3.4)

and accounted for 6.7 to 20.7% of the total Se (Table 4.3.5). As with M-O complex Se,

Organic Se concentrations generally decreased with depth. Not surprisingly, there was

a significant correlation between Organic Se and soil OC content (Table 4.3.6). In the

Waitville soil, the concentration of Organic Se in the Bt horizon was greater than that in

the surface horizon; this may be due to the fact that the concentration of total Se in the

Bt horizon is 1.75 times greater than that in the A horizon. Organic Se was

significantly correlated with total Se content and M-O complex Se (Table 4.3.6); this

reflects the importance of organic matter (Christensen et al., 1989; Gustaffson and

Johnsson, 1992; and Zawislanski and Zavarin, 1996) and metal-organic complexes in

the fixation of Se in soil.

Concentrations of Residual Se in the soil samples studied ranged from 0.181 to

0.666 mg kg" (Table 4.3.4) and accounted for 44.2 to 77.4% ofthe total soil Se (Table

4.3.5). Though there was no general trend in the distribution of Residual Se

concentrations in the soil profiles, when expressed as a percent of the total Se,

distribution ofResidual Se generally increased with depth in all the profiles. Residual

Se, which consists of Se associated with crystalline metal oxides, humin, and silicates,

accounted for the majority of the total Se present in the soil profiles studied. Together,
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the Residual, M-O complex, and Organic Se fractions accounted for 87.1 to 99.7%

(mean = 96.2%) of the total soil Se in the individual soil horizons.

The percent distribution of individual Se fractions in the Ap and Ck2 horizons of

the Haverhill, Weyburn, Oxbow and Waitville soils is illustrated in Figures 4.3.2 and

4.3.3, respectively. None of the surface horizons contained either Soluble or Carbonate

Se, and the proportion of the Exchangeable Se in these horizons was < 1 % (Figure

4.3.2). The absence of Soluble Se in the Ap horizons was attributed to losses due to

leaching, plant uptake, and volatilization. The absence of detectable Carbonate Se is a

reflection of the low content of IC in these horizons. Amorphous Se was detected in

three of the four surface horizons, with values ranging from 0.7 to 4.0%. The

proportion of M-O complex, Organic, and Residual Se fractions was generally quite
similar among the surface horizons, with contributions ranging from 28.0 to 37.5%,

14.1 to 17.9%, and 44.2 to 53.6% of the total Se, respectively. Despite differences in

the pedogenic and agricultural processes occurring at each of the four sampling sites,

the percent distribution of the Se fractions among the surface horizons was quite
similar.

In contrast to the Ap horizons, each of the Ck2 horizons contained small

amounts of Soluble Se (Figure 4.3.3). The presence of this Se fraction in the Ck2

horizons was attributed to the addition of soluble forms of Se leached from the upper

horizons and a decrease in the amount of soluble Se lost from these horizons via plant

uptake or volatilization. The amount of the Exchangeable Se also was generally greater

in the Ck2 horizons than in the Ap horizons (Figures 4.3.2 and 4.3.3) and was attributed

to the differences in clay content of these horizons (Table 4.1.1) - as reflected in the

strong (r = 0.564**) correlation between these parameters (Table 4.3.6). Carbonate Se,

absent from all Ap horizons, was present in the Ck2 horizons of the Haverhill and

Weyburn soils but not the Oxbow and Waitville soils. The variation in Carbonate Se is

most likely related to differences in the parent materials on which the soils have

developed. Amorphous Se was detected in only the Oxbow and Waitville Ck2 horizons

and, as with the Ap horizons in which it also was present, accounted for a relatively

small proportion of the total Se in these horizons (Figures 4.3.2 and 4.3.3).
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Figure 4.3.3. Percent distribution of particulate-bound Se fractions in the Ck2 horizons of the four soil profiles.



The proportion of both M-O complex and Organic Se in the Ck2 horizons was

substantially lower than in the Ap horizons. The decrease in the proportion of M-O

complex and Organic Se fractions in the Ck2 horizons can be linked to a similar

decrease in the content of sodium pyrophosphate-extractable metals and OC content,

respectively, in these horizons. In all profiles, the proportion of Residual Se in the Ck2

horizons was substantially greater than that in the Ap horizons - a likely result of

increased mineral weathering in the Ap horizons. Though the proportion of the

remaining Se fractions also differed between the Ap and Ck2 horizons, the differences

were relatively small.

The lack ofuniformity between the extraction scheme used in the present study
and the extraction schemes used in past Se fractionation studies does not allow for

detailed comparisons between the results of these studies. Moreover, only surface soils

have been used in past Se fractionation studies (Chao and Sanzolone, 1989; Lipton,

1991; Martens and Saurez, 1997a, b), with the exception ofthe study conducted by
Zawislanski and Zavarin (1996) in which A and B horizon soils were studied.

Similar to the results obtained in the present study, the sum of Soluble plus

Exchangeable Se fractions in agricultural surface soils from Hawaii (Chao and

Sanzolone, 1989) and California (Lipton, 1991; Zawislanski and Zavarin, 1996;

Martens and Saurez, 1997a) accounted for less than 10% of total soil Se - undoubtedly

a result of leaching, plant uptake and/or volatilization. The Organic Se fraction in

agricultural surface soils in California also has been found to account for a significant

proportion of total soil Se, ranging from 10 to 36% (Zawislanski and Zavarin, 1996), 19

to 26% (Lipton, 1991) and 25 to 35% (Martens ans Saurez, 1997a) - values that are

generally similar to those (7 to 21 %) obtained in the present study. The Residual

fraction of Se has been reported to range from 1 to 5% (Lipton, 1991),2 to 20%

(Martens and Saurez, 1997a) and 50 to 72% (Zawislanski and Zavarin, 1996) of total Se

in agricultural surface soils in California. The Residual fraction of Se in agricultural

surface soils of Hawaii was reported to account for 29 to 88% of total soil Se (Chao and

Sanzolone, 1989). The range in the Residual Se fraction reported in the present study

(44 to 77%) is most similar to that reported by Zawislanski and Zavarin (1996).
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In contrast to the results obtained in the present study, Zawislanski and Zavarin .

(1996) reported that Soluble Se in B horizon soils accounted for 45 to 62% of total soil

Se. These values are more than one order of magnitude greater than that obtained for

the surface horizons of the same soil profiles (Zawislanski and Zavarin, 1996) and the

value (1 %) obtained for the B horizon in which this Se fraction was detected in the

present study. Zawislanski and Zavarin (1996) attributed this distribution in Soluble Se

to the history of Se deposition in the soil profile; Se (primarily as reduced species) in

ponded agricultural drainage water was recently deposited in the surface soil horizon

and upon oxidation following the drying out of the pond, was mobilized and transported
as oxidized species [Se(IY) and Se(VI)] deeper into the soil profile. In comparison, the

primary source of Se in Saskatchewan soils is likely the weathering of parent materials,

thus requiring a much greater period of time to contribute to the Soluble Se fraction.

The results of the present study have provided the first information on the

distribution ofM-0 complex Se in soil profiles. Indeed, for the soils studied, this Se

fraction accounted for 28 to 38%, 14 to 29%, and 7 to 14% of total soil Se in A, B and

C horizon soils, respectively. These results underscore the importance of metal-organic

complexes in the binding of Se in the soil profiles studied.

4.4 Selenium Bioavailability Index of Soils

The Se bioavailability index (SBI) for each soil sample is presented in Table

4.4.1. Descriptive statistics of the SBI are provided in Table 7.4 (Appendix). There are

no general trends in the SBI throughout any of the soil profiles. The SBI for the Ck2

horizons of the Haverhill and Weyburn soils (in the Brown and Dark Brown soil zones)

was distinctly higher than that of the Oxbow and Waitville soils (in the Black and Gray
soil zones) and is presumably related to differences in the origin and nature of the soil

parent materials. In addition, the SBI of the surface horizons decreased progressively
from the Brown to Gray soil zone - a trend also attributable to differences in the origin
and nature of the soil parent materials. This trend may provide an explanation for the

results of Owen et al. (1977), who reported a progressive decrease in Se content of

feeds from the Brown to Gray soil zone. Moreover, one would also expect differences

in pedogenic, environmental and land management factors to affect the SBI in the
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Table 4.4.1. Selenium bioavailability index (SBI) and

Eercent bioavailable Se of the soil Erofiles studied. t

Soil Soil Horizon SBI %

Association horizon deEth (em) (mg kg-i) bioavailable Set

Haverhill Ap 0-11 0.034 2.65
Bm 11-25 0.019 2.80
Ckl 25-60 0.017 2.15
Ck2 60-95 0.037 4.28

Weyburn Ap 0-11 0.028 3.62
Bml 11-24 0.018 5.13
Bm2 24-36 0.014 4.44

Ckl 36-61 0.019 6.13
Ck2 61-100 0.047 7.17

Oxbow Ap 0-12 0.019 1.56

AB 12-20 0.015 2.22

Bm 20-33 0.021 3.10
Bmk 33-44 0.017 2.68

Ckl 44-66 0.012 2.86
Ck2 66-100 0.008 2.07

Waitville Ap 0-13 0.011 1.64
Bt 13-33 0.024 2.16

Bmk 33-44 0.016 3.06
Ckl 44-75 0.008 1.72

Ck2 75-100 0.006 2.23
t The values reported are the mean values of duplicate analyses. The

percent variation of all duplicate analyses was less than 10%.
* % bioavailable Se = (SBI/fotal Se) x 100

surface horizons. The fraction of bioavailable Se in each profile was generally greater

in the B horizons than in the surface horizons (Table 4.4.1) and this was attributed to the

loss of bioavailable Se from the surface horizons in association with volatilization and

plant uptake (Zieve and Peterson, 1984) and leaching (Miladinovic et al., 1998).

Correlation analysis was used to determine if there was a relationship between

the SBI and the different particulate-bound Se fractions or total Se. The results of

correlation analysis indicated that there was a significant correlation (a = 0.05) between

the SBI and Soluble, M-O complex and Organic Se (Table 4.4.2), suggesting that any of

these Se fractions could potentially contribute to bioavailable Se. The Soluble,

Exchangeable and Carbonate Se accounted for small proportions of the total soil Se.

Further, the sum of the Soluble, Exchangeable and Carbonate Se fractions in the vast
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Table 4.4.2. Results of correlation analysis between SBI and total Se and
the particulate-bound Se fractions',
Se fraction Number of samples r

Total Se 19 0.627***
Soluble 8 0.747**
Exchangeable 19 0.413*
M-O complex 19 0.488**

Amorphous 13 0.041

Organic 19 0.551 **

Residual 19 0.544*
t Correlation analysis was not performed using Carbonate Se due to insufficient sample

number.

*, **, *** Significant at a = 0.10, a = 0.05, and a = 0.01 significance level, respectively.

majority (92%) ofthe soil horizons ofthe solums (Table 4.3.4) was much less than the

SBI for the corresponding horizons (Table 4.4.1). Because the M-O complex Se

fraction was extracted immediately following the extraction of Soluble, Exchangeable

and Carbonate Se, the results suggest that the M-O complex fraction of soil Se could

playa relatively significant role in contributing to bioavailable Se. Contribution of

various Se fractions to the SBI can be further investigated by conducting a

bioavailability (plant) experiment.
The results of the correlation analysis indicated a significant linear correlation

between the SBI and total Se (a = 0.01) and Residual Se (a = 0.10) (Table 4.4.2).

However, these correlations were attributed to the lack of independence between total

Se and the Residual, Organic and M-O complex Se fractions (Table 4.3.6).
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s. SUMMARY AND CONCLUSIONS

The distribution of total Se and particulate-bound soil Se fractions were

determined for four soil profiles developed on undifferentiated glacial till parent

material in the Brown, Dark Brown, Black, and Gray soil zones ofSaskatchewan and

currently used in agricultural production. The relationships between the various Se

fractions and selected soil properties and a Se bioavailability index also were examined.

Total Se concentrations in the soils studied ranged from 0.263 to 1.295 mg kg".
These values are comparable to those previously obtained for Saskatchewan soils and

also fall within the range of average worldwide soil Se concentrations. In all but the

Waitville soil profile, the greatest Se concentration occurred in the surface horizon - a

likely result of the phytocycling of Se from the subsoil. In the Waitville soil profile, the

greatest concentration of total Se occurred in the Bt horizon and was attributed to clay
translocation and the accumulation of pyrophosphate-extractable Al and Fe. The results

of correlation analysis indicated that clay content was not closely associated with the

distribution of total soil Se in the soil profiles studied; rather, the concentration of total

Se was significantly correlated with the content of organic carbon and sodium

pyrophosphate-extractable AI, Fe and Mn and ammonium oxalate-extractable Mn. This

study marks the first time that correlations between total Se concentration and sodium

pyrophosphate-extractable metals have been reported. Significant correlations between

total Se concentration and pyrophosphate-extractable metals were attributed to the

binding of Se with poorly ordered metal-organic complexes. The total Se concentration

in the Ck2 horizons ofthe soil profiles studied was in the order of Haverhill > Weyburn
> Oxbow> Waitville (ie., a progressive decrease from the Brown to Gray soil zones)

and this trend was attributed to differences in the origin and nature of the soil parent

material

The selective sequential extraction scheme initially proposed for the present

study was to be used to partition soil Se into nine particulate-bound fractions. Due to
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the sensitivity of Se to redox conditions and possibly the heterogeneous distribution of

crystalline Fe oxides, Se associated with easily reducible metal oxides and Se associated

with crystalline Fe oxides were not selectively extracted. The results of the

investigation into the re-oxidation of reduced Se species in NH20H-HCI suggest that it

should be possible (using pH control and the addition of oxygen) to improve the

recovery of Se in extractions containing reducing agents, such as NH20H-HCl.

The modified selective sequential extraction scheme (which included the

substitution of NaOH for NaOCI as the extracting solution for Organic Se) developed
for the present study partitioned soil Se into seven particulate-bound fractions.

Sequential extraction of the seven Se fractions recovered 86.8 to 112.2 % of the total

soil Se. The sequential extraction scheme demonstrated acceptable reproducibility, as

the percent variation of Se extracted by individual extractants was less than 10%.

Although the oxidation states of Se in the individual extracts were not determined, the

extraction scheme provided a tool to identify soil components with which soil Se may

be associated.

Soluble Se, detected in only eight of the twenty horizons, accounted for 1.0 to

3.9% of the total soil Se. The proportion of Exchangeable Se ranged from 0.3 to 4.4%.

In contrast to the distribution of total Se, the Exchangeable fraction of Se was

significantly correlated with clay content. Carbonate Se was detected in only two of

the twenty soil horizons, accounting for 3.0 and 4.6% of total Se in these horizons.

Selenium associated with metal-organic complexes accounted for 7.4 to 37.5% of the

total Se in the soils studied. With the exception of the Waitville soil profile, the

concentration of M-0 complex Se was highest in the surface horizons and decreased

with depth; this was attributed to corresponding decreases in the concentrations of

pyrophosphate-extractable metals with depth. In the Waitville soil profile, the Bt

horizon contained a higher concentration of M-0 complex Se than did the surface

horizon; this was attributed to the immobilization of metal-organic complexes on the

clay particles that accumulated in this horizon.

Amorphous Se was present in 14 of the 20 soil horizons and accounted for 0.5 to

4.0% oftotal soil Se. Organic Se accounted for 6.7 to 20.7% of total soil Se. Similar to
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M-O complex Se, concentrations of Organic Se decreased with depth, with the

exception of the Waitville soil profile. Furthermore, Organic Se also was significantly
correlated with OC content and M-O complex Se. The majority of soil Se in all soil

horizons studied was associated with the Residual Se fraction, as this fraction accounted

for 44.2 to 77.4% of the total soil Se. Residual Se included Se associated with

crystalline metal oxides, humin, and silicates - soil components that were not

selectively dissolved during the sequential extractions. The proportion ofResidual Se

generally increased with depth in all soil profiles. Together, M-O complex, Organic,

and Residual Se accounted for a minimum of 87% of the total soil Se in all the soils

studied.

The lack of uniformity between the extraction.scheme used in the present study
and the extraction schemes used in past Se fractionation studies does not allow for

detailed comparisons between the results of these studies. However, on a global scale,

the sequential extraction scheme developed in the present study has provided the first

information pertaining to the presence and distribution ofM-O complex Se in soil

profiles. Indeed, the results indicated that M-O complex Se accounted for a significant

proportion of total soil Se, particularly in the surface horizons. Further, the results of

the present study show for the first time the distribution of particulate-bound Se

fractions in Canadian soils and, thus, have advanced our understanding of the chemistry
of soil Se.

Similar to the trend in total Se content in the Ck2 horizons, the SBI in the

surface horizons of the soil profiles studied decreased from the Brown to Gray soil

zones. Differences in the SBI within and between the soil profiles studied suggest that

parent materials, along with pedogenic, environmental, and land management practices,

affect the bioavailability of Se. The Soluble, M-O complex and Organic Se fractions

were significantly correlated with the SBI; thus, any of these Se fractions could

potentially contribute to bioavailable Se. Because Soluble Se accounted for a small

proportion of total soil Se and was much less than the SBI in the vast majority of the

soil horizons of the solums, M-O complex Se could playa relatively significant role in

contributing to bioavailable Se.
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Although chemical fractionation does not offer absolute specificity, selective

sequential extraction schemes, such as the one used in the present study, provide the

opportunity to further our understanding of the associations that exist between soil Se

and soil components. Further research is needed to improve our ability to manage Se in

soils and related environments for the purpose of minimizing the potential for Se-related

health problems.
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Table7.1. DescriEtive statistics of the soil EroEerties and total Se concentration for the soil Erofiles studied. t

Ammonium oxalate-extractable metals Sodium pyrophosphate-extractable metals Total

Statistics EH CEC oc IC %ClaI % Silt % Sand AI Fe Mn AI Fe Mn Se

Mean 7.4 19.5 9.8 14.0 25.S 33.1 40.4 475 823 234 519 319 64 0.655

S.D.* 0.5 6.2 7.7 14.0 7.5 6.7 10.5 291 346 143 860 495 82 0.297

Median 7.4 18.9 7.7 4.2 27.4 33.2 37.7 481 823 249 320 230 38 0.652

Minimum 6.3 7.4 1.2 0.8 U.S 22.0 24.6 52 292 18 197 10 1 0.263

Maximum 8.3 34.4 27.7 36.7 41.6 52.8 61.1 922 1435 410 4143 2238 253 1.295

25%11 7.1 15.1 3.4 1.5 17.9 30.0 34.6 208 602 88 246 41 1 0.413

._.75%11 7.7 23.3 13.5 29.9 30.1 36.2 48.5 719 986 372 415 317 74 0.776
._.

0\IQR' 0.6 8.2 10.1 28.4 12.2 6.2 13.9 511 384 284 169 276 73 0.363

Skewness' -0.31 0.40 0.95 0.37 0.Q3 0.95 0.32 -0.03 0.15 -0.15 4.36 3.37 1.29 0.783

N-Oist£ p P F . F P p P P P F F F F P

TThevalueof each statistic is based on a sample number oftwenty (i.e., n = 20)
*Standarddeviation
II
Quartiles
IInterquartile range OQR = 75% quartile - 25% quartile)
,
Skewnessmeasures the extent to which the bulk of the values in a distribution are concentrated to one side or the other of the mean.

£
Resultsofthe Kolmogorov-Smimov (Normality) test. A 'P' indicates the parameter passed the test (i.e., has a normal distribution) and 'F' indicates the parameter failed the test (i.e., has a nonnormal

distribution).
.



Table7.2. Values for pH, Eh, and dissolved oxygen content (DO) in Se standard solutions prepared in NH20H-HCl, prior to and
following adjustment of pH from 2.0 to 7.0. Readings of % fluorescence were obtained following a 60 min period of aeration or

oxvaenation.

FluorescenceTreatment ijl:�.t) I --�:�;--------;�-:�- pH
-��-:�i-------�-=:;- I -�-�i-----;�-�j (m���*---.--��-��*- I -�:�*--------�-;-�; (mg ���i-------��-�i-

Aeration 0 7.0:t0.0" 7.l:t0.0 7.l±0.0 7.1:t0.0 175:t1 168:tl 17814 192±8 8.2±0.0 8.4±0.0 8.6±0.1 8.3iO.0

95 7.0±0.0 7.1±0.0 7.UO.0 7.l:t0.0 175:tl 175i6 180i6 190±4 8.3iO.l 8.4:t0.0 8.6 ± 0.0 8.l±0.1
Oxygen- 0 7.0 ± 0.0 7.l:t 0.0 7.l± 0.0 7.1 ± 0.0 175 ± 1 187 ± 1 194 ± 1 196 ±l 8.3 ± 0.1 39.3 ± 0.6 42.4 ± 0.5 36.0 i 1.8
ation 95 7.0 ± 0.0 7.0 ± 0.0 7.1±0.0 7.0±0.0 175±1 190±1 195:tl 196±1 8.3:t0.0 39.4±0.3 42.7±0.4 35.7±0.5

-
-
-..J

TEhofallsamples prior to adjustment of pH from 2.0 to 7.0 using 1 M KOH and application of aeration or oxygenation ranged from 398 to 399mV.
§Dissolved oxygen content of all samples prior to adjustment of pH from 2.0 to 7.0 using 1 M KOH and application of aeration or oxygenation was 9.3 mg t.'.
*Periodofaeration or oxygenation following initial adjustment of pH from 2.0 to 7.0.
,
Allvalues are reported as mean i standard deviation.

Table7.3. Values for pH, Eh, and dissolved oxygen content (DO) in Se standard solutions prepared in NH20H-HCI, prior to and

following adjustment ofpH from 2.0 to 8.0. Readings of % fluorescence were obtained following a 60 min period of aeration or

oxvzenation,

%

8.8 ± 0.4

3.0i 2.1
8.0±2.1

47.8 ± 13.1

FluorescenceTreatment (J1:�.t) I --�:��---------;�-::*
pH

-��::;-------��=-�;- I -�-�:*-----";;�ij (m�� �:*-----��:::* I -�::i:*--------��-�; (mg ��)��*--------���-�*--
Aeration 0 8.0iO.0" 8.1±0.0 8.liO.1 8.1:t0.1 125:t1 115:t1 113iO 123:t3 8.2iO.0 8.4:t0.0 8.6:t0.1 8.8:t0.0

95 8.0:t 0.0 s.i e 0.0 8.2:t 0.0 8.1 :t 0.1 125:t I 115:t 1 115:t 2 137:t 6 8.3:t 0.1 8.3:t 0.0' 8.H 0.1 8.7:t 0.0
Oxygen- 0 8.0:t0.0 8.ltO.0 8.ltO.1 8.2:t0.0 125:t1 143:t0 155:t2 161:t3 8.3:t0.1 38.l:t0.6 41.5:t0.7 35.8:t0.4
ation 95 8.0:t 0.0 8.1 i 0.0 8.2:t 0.0 8.2 i 0.0 125 ± I 145 ± 1 161 ± 4 165 ± 3 8.3 :t 0.0 37.1± 0.1 38.7 ± 0.7 33.8 ± 0.6
TEhofallsamples prior to adjustment of pH from 2.0 to 8.0 using I M KOH and application of aeration or oxygenation ranged from 395 to 397mV.
§Dissolved oxygen content of all samples prior to adjustment of pH from 2.0 to 8.0 using 1 M KOH and application ofaeration or oxygen�tion was 9.3 mg L·t•
*Periodof aeration or oxygenation following initial adjustment of pH from 2.0 to 8.0.
,
Allvalues are reported as mean ± standard deviation.

%

8.0 ± 1.4
22.0 ± 2.8
7.1 ± 1.6

26.8 ± 3.9



Table7.4 Descriptive statistics of the particulate-bound Se fractions and Se bioavailability index (SBI) for the soil profiles studied. t

Statistics Soluble Exchangeable Carbonate M-O complex Amorphous Organic Residual SBI
Mean 0.013 0.009 0.031 0.149 0.008 0.090 0.373 0.020
S.O.* 0.010 0.011 0.013 0.122 0.007 0.057 0.138 0.010
Median 0.012 0.004 0.031 0.121 0.006 0.095 0.356 0.017
Minimum 0.003 0.002 0.022 0.027 0.002 0.017 0.181 0.006
Maximum 0.034 0.037 0.040 0.468 0.029 0.250 0.666 0.047
25%' 0.006 0.002 0.027 0.077 0.006 0.042 0.287 0.014

:::75%' 0.016 0.009 0.036 0.198 0.008 0.106 0.491 0.021
00IQR' 0.010 0.007 0.009 0.121 0.002 0.064 0.204 0.007
skewness" 1.298 1.915 n.d.! 1.523 2.460 1.241 0.295 1.198
N-Oist.
£ P F P F F P P F
,.Thevalue of each statistic is based on a sample number of twenty (i.e., n = 20).
*Standard deviation

'Quartiles
IInterquartile range (IQR = 75% quartile - 25% quartile)
YSkewness measures the extent to which the bulk of the values in a distribution are concentrated to one side or the other of the mean.
£Resultsof the Kolmogorov-Smirnov (Normality) test. A 'P' indicates the parameter passed the test (i.e., has a normal distribution) and 'F' indicates the
parameter failed the test (i.e., has a nonnormal distribution).
,Nodata
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