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ABSTRACT 

The ObJective of this study w~s to investig~te the 

inter~ctions of selen~te ~nd selenite with sediments 

from Buff~lo Pound ~nd K~tepw~ L~kes in the upper Qu'Appelle 

River b~sin in southern s~sk~tchew~n- C~n~da. Selenite 

~nd selen~te at submicrogr~m concentr~tions were ~dded 

to suspensions of the lake sediments. The studies of 

the re~ctions were conducted ~t constant temperature. 

The sediment from Buff~lo Pound L~ke w~s found to 

r~pidly oxidize selenite to selen~te; the oxid~tion followed 

the Arrhenius type re~ction ~nd obeyed multiple first 

order kinetics. The sediment from K~tepw~ L~ke ~lso 

oxidized selenite, but ~t ~ much slower r~te. Selenite 

w~s strongly ~dsorbed by both sediments; the ~dsorption 

decre~sed with incre~sing temper~ture. The oxid~tion 

of selenite by these sediments w~s ~n ~biotic process. 

Selen~te w~s r~pidly reduced to selenite by the K~tepw~ 

L~ke sediment ~t 25•c. The reduction slowed consider~bly 

~t 4•c ~nd w~s not observed at Go•c. The Buffalo Pound 

Lake sediment did not reduce selen~te. Selen~te was 

not ~dsorbed by the Buffalo Pound L~ke sediment- but 

was adsorbed by the Katepw~ Lake sediment after reduction 

to selenite. The reduction of selen~te by the K~tepwa 

Lake sediment w~s likely mediated by biotic ~ctivity. 

~ssoci~ted biochemical processes, and/or organic m~tter. 

Selenium transform~tions and its subsequent bio~vailability 
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would vary with seasonal fluctuations of temperature 

in freshwater ecosystems. 

When the sediments were treated with sodium hypochlorite 

to remove the organic components the redox reactions 

o£ selenite and selenate were halted. The retention 

of selenite by the treated sediments was decreased and 

the retention of selenate by the sediments was not observed. 

The suspension of the reduction of selenate by Katepwa 

Lake sediment after the treatment was attributed to the 

elimination of microbial activities and the loss of the 

organic components o£ the sediment. The removal of active 

inorganic materials by the treatment was responsible 

for the cessation of oxidative activity by both sediments. 

The sodium hypochlorite treated Katepwa Lake sediment 

lost more of its retentive capacity for selenite than 

did treated Buffalo Pound Lake sediment. These results 

indicate that the Katepwa Lake sediment is more dependent 

on the organo-mineral complexes for selenite retention 

than the Buffalo Pound Lake sediment. 

When treated with acetylacetone-benzene for the 

removal of sesquioxidic components- the Buffalo Pound 

Lake sediment was unable to oxidize selenite to selenate 

and selenite retention was decreased. This indicates 

that the Buffalo Pound Lake sediment depended on the 

sesquioxidic components for its 

oxidative ability. The capacity 
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sediment to ret~in selenite w~s ~lso decre~sed by the 

~cetylacetone-benzene treatment, but the sediment w~s 

not ~s severely affected ~s when tre~ted with sodium 

hypochlorite. This observation ~gain indicates that 

organic matter and/or organo-mineral complexes were largely 

responsible for selenite retention in the Katepwa Lake 

sediment. The acetylacetone-benzene treatment halted 

the reduction of selenate to selenite by this sediment. 

This was ~ttributed to the inhibition of biotic activity 

and the associated biochemical processes by the treatment. 

The Buffalo Pound and Katepwa Lakes have similar 

basic mineralogy, climatic conditions and natural and 

anthropogenic inputs. Their differences in the redox 

behaviors and retention of selenium compounds may be 

explained by the chemical and biological milieu and the 

associated sediment properties created by differing physical 

characteristics of the lakes. 
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1. INTRODUCTION 

Selenium is a trace element whose paucity understates 

its importance. It is an essential nutrient for both 

animals and human beings, and its role in the prevention 

of a wide range of diseases is under study. Intake of 

0.1 to 0.4 mg Se•kg-1 of food in the diet is recommended 

for the maintenance of health in human beings and livestock 

<Lag, 1980). Selenium is also a toxic element. The 

intake of between 0.5 to 1 mg Se•kg-1 of food in the 

diet over a long period can cause chronic toxicity symptoms 

and a dose of over 1 milligram Se per kilogram of body 

weight may be lethal <Lewis, 1976: Lag, 1980>. This 

small concentration difference between essential and 

toxic quantities· of selenium underlines the significance 

of the processes which govern the bioavailability of 

selenium. For this reason an understanding of natural 

processes and the impact of man's activities on the avail

ability of selenium is essential in order to avoid the 

contamination or depletion of selenium in natural environ

ments. 

For a better understanding of the reactions of selenium, 

studies have been made on selenium in soils and sediments 

for some years. Soils are the main source of selenium 

to plants which in turn supply their accumulated selenium 

to higher organisms. including man. Through water and 
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wind erosion~ soils may be transported to and deposited 

as sediments in streams~ rivers~ lakes and oceans. Any 

selenium compounds present in the aquatic sediments are 

subJected to new conditions which may affect sel~nium 

bioavailability. Selenium from the wastes of many human 

activities also contributes to accumulation and transforM

ation of selenium in aquatic environments. 

Sediments are thus important regulators of selenium 

in aquatic environments. Consequently~ the reactions 

which affect the availability of selenium to organisms 

in this environment merit attention. 

The obJective 

kinetics of the 

of this study was to investigate the 

interaction of selenate and selenite 

with selected freshwater sediments in Saskatchewan with 

special reference to ita redox reactions and adsorption 

processes. 
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2. LITERATURE REVIEW 

2.1. Sources of Seleniu• in Soila and Freshwater 
Environaenta 

2.1.1 Natural aourcea 

Selenium occura in oxidation statea 6~ 4. 0 and 

-2. It is a rare but widely distributed element. and 

is estimated to be present in the earth's crust at a 

concentration of about 0.7 mg•kg-1 by weight <Sharma 

and Singh. 1983>. Selenium occurs in nature aa aelenidea 

of various metals and aometimea as the free element in 

aasociation with elemental sulfur. Moat of the selenium 

used by man ia obtained through the refining of aulfide 

ores and from aulfuric acid production. 

The aaaociation of selenium and aulfur occurs aa 

a result of isomorphic substitution of selenium for sulfur 

in the sulfide crystal lattice during the early magmatic 

stage. Selenium is thus incorporated in aulfidea of 

iron. cobalt and nickel as they separate from the magma. 

Therefore the highest mineral concentrations of selenium 

have been found in sulfidic minerals. such as pyrite 

and chalcocite. where selenium concentrations of up to 

5~ have been found <Coleman and Delevaux. 1957>. Any 

selenium or aulfur not precipitated at this stage is 

often volatilized into the atmosphere. Volcanic action 

can release significant quantities of selenium into the 

environment <Trudinger et al.~ 1979>. The average selenium 
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content o£ igneous rocks has been placed £rom 0.09 mg•kg-1 

<Goldschmidt, 1954>, to 0.1 0.37 mg•kg-1 <Sindeeva, 

1964). 

Sediment~ry rocks usu~lly h~ve selenium concentrations 

higher th~n those of igneous rocks. Sh~lea were found 

to have a selenium concentration o£ 0.24 to 277 mg•kg-1, 

sandstones £rom 0.05 to 1.12 mg•kg-1, carbonates £roa 

0.0 to 30 mg•kg-1 <Lakin and Davidson, 1967>. Selenium 

h~s been associated with uranium in s~ndstone deposits, 

as a result of geochemical ~ction. 

Soils derived from shales are gener~lly well supplied 

with selenium. The maJority of seleniferous soils are 

weathered from shales <Johnson, 1976>. Soils derived 

from sandstones ~nd limestones •~Y h~ve v~riable selenium 

concentr~tions. Soils derived from igneous parent m~teri~la 

are moat likely to be deficient in selenium. 

Gener~lly, the selenium content of ~ soil depends 

on three. f~ctors <Lakin ~nd Davidson, 1967>: 1> the 

presence of selenium in the p~rent m~teri~l: 2> ita 

remov~l by leaching or addition by meteoric or ground 

water during soil formation; 3> ita addition or depletion 

by processes subsequent to soil formation <eg. poor drainage 

increases selenium, cropping depletes selenium>. 

Bi&bJerg <1972> at~ted that the concentration of 

selenium in a soil depends on parent material, climate, 

topography and ~ge of the soil. In Ireland and Engl~nd, 



high selenium levels o£ up to 90 mg•kg-1 were found in 

soils <Nye ~nd Peterson, 1975>. The high selenium concen-

trations were associated with poorly drained org~nic 

. 
soils derived from carboniferous parent materials. 

Soils in Scandinavian countries are generally deficient 

in selenium. In Finland, Sippola (1979> tested 250 sites. 

The selenium content ranged from 5 to 1241 ~g·kg-1, the 

highest levels occurring in clay soils, the lowest in 

peat soils. Only one sample of timothy <Phleum pratense 

L.> grown on these sites was sufficient in selenium. 

In Sweden, soils were found to contain 165 to 976 ~g 

Se•kg-1 <Lindberg and Bingef'ors, 1970>. None of the 

cereals met the selenium requireaent <50 ~g Se•kg-1 in 

plant material> of cattle feed <Sippola, 1979>. Lag 

and Steinnes <1978> found that soil selenium concentration 

decre~sed with increasing distance from the ocean, indicating 

that much of the element in that country is supplied 

through precipit~tion. In southern Norway, industrial 

pollution seems to be a •~Jor contributor to the total 

selenium content of soils. 

Soils from northeastern China were found to contain 

selenium levels which varied £rom 0.015 to 0.540 ag•kg-1. 

with a mean of 0.108 ag•kg-1 <Cheng et al., 1980>. Forest 

soils generally contained leas selenium than chernozema. 

Keshan disease, a human disorder occurring aa a result 

of selenium deficiency. occurred in zones where extensive 
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leaching had taken place. 

The selenium content of various Indian soils were 

low~ but normal~ when compared with other 

world <Misra and Tripathi, 1971~ 1972>. 

found to contain the most selenium~ 0.4 to 

while black soils contained the least~ 

Se•kg-1. 

soils in the 

Red soils were 

0.7 ag•kg-1~ 

0.1 to 0.6 ag 

Large areas of New Zealand and Australia were found 

deficient in selenium <Reuter, 1975; Wells, 1967>. This 

is especially important in these two countries where 

the cattle and sheep industries are very large. Wh~te 

muscle disease, the animal equivalent of Keahan disease, 

is a maJor problem aa a result of selenium deficient 

fodder. 

In North America, there exist seleniuM deficient 

and toxic soils. The northwest, northeast and southeast 

areas of the United States are generally deficient, while 

soils in the midwest range from sufficient to toxic in 

seleniuM <Gissel-Nielsen, 1977b>. Areas in Canada with 

cliMate and mineralogy similar to these areas of the 

United States have similar conditions. A survey conducted 

in Saskatchewan by the United States Geological survey 

in 1939 found selenium indicator plants of the Astragalus 

~· spread over large areas, notably east of Saskatoon 

to the Manitoba border, southeast of Weyburn, east of 

Maple Creek and south of Herbert. Vegetation was found 
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to contain selenium at levels which varied from 830 mg•kg-1 

at Weyburn to 2310 ag•kg-1 east o£ Maple Creek. Wheat 

samples from these areas were found to contain aeleniua 

at levels between 80-140 mg•kg-1 <Williaas et al •• 1939>. 

No indication waa made if these seleniferous areas were 

isolated or widespread. or if the vegetation waa taken 

from particularly bad spots or was sampled randomly. 

Selenium deficient areas were not identified. since this 

was a relatively cursory survey and it was not known 

that selenium was an essential nutrient at the time the 

survey was carried out. In 1980. McKeague and Wolynetz 

determined the background levels of minor eleaents in 

Canadian soils. 0£ a total of 73 saaplea the levels 

of soil selenium in different geographical regions are 

as follows: 

Appalachian 
Canadian Shield 
St. Lawrence Lowlands 
Interior Plains 
Cordilleran 

0.24 ag Se•kg-1 
0.18 
0.24 
0.31 
0.30 

Despite the fact that, with the exception of the Canadian 

shield. the selenium levels are fairly uniform. grains 

grown on these soils vary widely. Grains grown on the 

prairies contain five to ten tiaes that of grains from 

Ontario and Quebec <Arthur. 1971>. All grains fro• Ontario 

and Quebec had comparable low levels while durum from 

the prairies had the highest selenium content. Other 

feed ingredients. such as rapeseed and linseed meal were 
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high in selenium, while soybean meal waa low. Thia may 

reflect the selenium levels of aoila in the regions where 

theae cropa are generally grown. ftilk byproduct&, which 

contained 0.15 mg Se•kg-1 were very low in seleniua, 

while fish aeal which contained 2 mg Se•kg-1 had the 

highest levels of selenium. 

Aquatic, and especially marine, organisms generally 

contain higher levels of selenium than terrestrial organisms. 

This is in line with the observations of Huckabee and 

Blaylock <1974> that lake sediments tend to act aa a 

sink for selenium, making 

the aquatic and marine food 

more selenium 

chains. It 

available in 

has also been 

observed that selenium •ay be deliberately accumulated 

by these organisms, to counter the toxicity of other 

metals <Frost, 1983>. 

Since 1957, when it was determined that aelen~um 

ia an essential nutrient for animals and human beings, 

it has become clear that selenium deficient areas pose 

more of a health risk, both in the number of acre& affected 

and in the potential for health problema in the future. 

2.1.2. Anthropogenic aourcea 

The inputs of anthropogenic sources of selenium 

to the environment are approximately equal to those of 

the natural sources <Huckabee and Blaylock, 1974>. Approx

imately 7200 tonne& of selenium per annum reach the environ-
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ment by weathering~ while 5400 tonnes result from man's 

activities. Of those. coal burning. disposal of coal 

ash and combustion of other fossil fuels account for 

the vast maJority of inputs. The only other man-made 

input is from mining, smelting and industrial operations, 

and these account for only 360 tonne& from the total 

of 5400 tonnes of selenium from anthropogenic sources. 

This estimate of 5400 tonnes of selenium per annum 

from anthropogenic sources may be low. Andren et al. 

<1975> estimated that 1.5 to 2.3 times as much selenium 

is mobilized through disposal of fly ash and slag wastes 

alone as by natural weathering and erosion of crustal 

materials. The quantity of selenium discharged to the 

earth's atmosphere from the burning of coal represents 

6 to 11~ of the aelenium mobilized through weathering 

processes and river flow. 

The selenium in discarded fly ash and slag wastes 

enters the environment as a point source. Selenium in 

coal is concentrated in the fly ash and vapor phases 

of coal residue <Zoller et al., 1974; Lindberg et al.~ 

1975; Andren et al., 1975; Klein et al., 1975; Straughan 

et al •• 1978>. Andren et al. <1975> indicated that the 

coal entering the thermal power plant studied had a selenium 

content o£ 2.2 mg•kg-1. The precipitated fly ash had 

a selenium content of 28.0 mg•kg-1, while the fly ash 

lost to the atmosphere contained 88.3 mg Se•kg-1. A 
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mass balance for the reaction shows 80~ of selenium in 

the coal was in the electrostaticly precipitated fly 

ash and 13~ was lost to the atmosphere. This precip

itated and volatilized selenium was in the elemental 

form <Klein et al., 1975>. The concentration of selenium 

in the ash is so high, however, that if the ash is added 

to soils, plants are able to pick up selenium readily 

<Straughan et al., 1978: 

release of fly ash to 

of fossil fuels has also 

Gutenmann et al., 1976>. The 

the atmosphere through burning 

been implicated in the food 

chain magnification of selenium in aquatic ecosystems, 

increasing with proximity to metropolitan areas <Copeland, 

1970>. Selenium toxicity can result if the ash is disposed 

of incorrectly, for instance in a holding pond with an 

unsuitable flushing time. This occurred in North Carolina 

where a power plant cooling reservoir received the effluent 

of the ash settling 

arsenic. Although 

pond which was high in selenium and 

the ambient selenium concentration 

in the water was at a sublethal level, fish in the lake 

showed symptoms of chronic toxicity, including an inability 

to reproduce <Lemly, 1985>. 

The selenium content of sludge from municipal wastes 

is also relatively high, up to 11.5 mg•kg-1 in samples 

from Rochester, New York. Disposal of animal and domestic 

wastes may represent a significant source of selenium 

to terrestrial and aquatic environments <Doran, 1982>. 
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When sludge or sludge ash was applied to soil. a gradual 

increase of total selenium occurred. However. the increase 

waa lower than was expected. possibly due to volatilization 

reactions <Cappon~ 1984>. In a long term experiment 

in which municipal wastewater. sewage sludge and compos~ed 

refuse were used as soil ammendments no significant rise 

in soil selenium or arsenic levels were observed <El-Bassam 

et al •• 1977>. The selenium content and chemical nature 

of municipal wastes must be considered before their disposal 

to soils. 

2.2. Health Perapectivea of Seleniu• 

2.2.1. Seleniu• aa an eaaential nutrient 

For •uch of ita history. selenium has been regarded 

aa a substance toxic to humans and animals. It was only 

in 1957 that selenium was identified as an integral con

stituent of certain animal protein& <Demayo et al., 1977>. 

Even with this discovery and thoae subaequent-to it, 

the key word in science and government seems to be caution 

where selenium is concerned. The main fear appears to 

be the potential of selenium aa a carcinogen <Schroeder 

and Mitchener, 1971a, 1971b>, a fear which remains despite 

evidence that aeleniu• compounds may actually protect 

againat several forma of cancer <Frost and Lish, 1975; 

Johnson, 1976>. 

The prime function of selenium in animal metabolism 
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is as the activator 

<Lag. 1980>. This 

of the enzyme glutathione peroxidase 

enzyme breaks down peroxides which 

otherwise would damage cellular membranes. In this action 

lies the basis for claims that selenium is some kind 

of wonder compound. with applications ranging from treatment 

of heart disease and cancer to multiple sclerosis and 

vision disorders <Frost and Lish. 1975>. The theory 

is that these diseases begin when the fat metabolism 

ia disr~pted. causing damage to cell membranes. either 

weakening the cells or inviting entry into the cella 

by viruses and other pathogens or mutagens. Once infectious 

agents have gained entry into the cells. the diseases 

they cause follow <Schelin. 1980>. If the cells are 

merely weakened. their 

affected cells are in 

function is impaired. If the 

an organ like the heart muscle. 

this reduced function can be life threatening. 

The nutritional selenium requirement for humans 

is 0.1 to 0.5 mg•kg-1 in the diet <Lewis, 1976; Lag, 

1980). This is the minimum level required to ward off 

disorders due to selenium deficiency, such as Keshan 

disease <Shamberger et al., 1979>. Higher levels may 

be necessary for the role of selenium in disease prevention. 

levels close to the intake which 

of chronic toxicity, 0.5 to 0.7 

Tauchiya, 1975>. At toxic levels, 

may produce symptoms 

mg•kg-1 <Sakarai and 

selenium is excreted 

through the pores and lungs aa dimethyl-selenide. a volatile 
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compound which has a garlic-like odor. At normal levels 

excess selenium ia excreted through the urine <Lewis, 

1976). 

Much of the information gathered to date concerning 

selenium as an agent in disease prevention is baaed on 

comparisons of ambient selenium levels in soil, air end 

diet with the incidence of disease. Shamberger et al. 

<1975> found that the age-specific death rates per 100,000 

for cardiovasculcr-renal, cerebrovascular, coronary and 

hypertensive heart diseases were ell significantly lower 

in a very high selenium area then in a low selenium area. 

For the aoat part there waa an inverse gradation in mortality 

and selenium biocvailability. In a 25 country study, 

a negative significant correlation coefficient was observed 

between soil selenium end ischemic heart disease <Shamberger 

et cl •• 1975>. Furthermore, selenium deficiency, which 

is prevalent in Finland, ia thought to be responsible 

for the high cardiac end cancer mortality rates in that 

country <MarJanen end Soini, 1972>. 

Similarly, selenium deficient areca have been related 

to higher incidences of breast and colon cancers <Schelin, 

1980), as well as cancers of the rectum. prostate, ovary, 

lung <males> and blood <leukemia> <Schrauzer et al., 

1977>. Inverse correlations have been found between 

selenium and multiple sclerosis <Schelin, 1980>, cystic 

fibrosis <Wallach end Garmaiae, 1979>, end vision disorders 
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<Lewia. 1976; Frost. 1983>. Selenium is useful in the 

treatment of arthritis in animals <Frost and Lish. 1975; 

Frost. 1983>. and appears to be easential for aperm motility 

<U.S. National Academy of Science&. 1976>. It haa alao 

been connected with the prevention of sudden infant death 

syndrome <Frost. 1983>. 

Selenium often work& in conJunction with vitamin 

E. alpha-tocopherol. They are often connected in fat 

metabolis• aa antioxidant&. Selenium is essential to 

tocopherol absorption <Green. 1972>. Conversely. tocopherol 

ia required to transform selenium from oxidized forms 

to the reduced aelenide. for incorporation into animal 

tiasuea. Becauae selenium toxicity symptoms occur as 

a result of selenite accumulation in the blood streaM. 

the presence of vitamin E ensures that selenite accumulation 

does not occur under normal circumstances <Frost. 1983>. 

Selenium and/or vitamin E have the 4bility to reduce 

heavy metal toxicities. Traces of Ag<I>. Cd<II>, Hg<IIl 

or As<III> interfere with the function of selenium and 

tocopherol. Likewise. free selenium or tocopherol will 

their removal from tissues neutralize metals and hasten 

<Frost. 1983>. Selenides of heavy metals. mercury in 

particular. are very insoluble. The formation of mercuric 

aelenide may be a maJor detoxification mechanism of methyl

mercury by dietary selenite <U.S. National Academy of 

Science. 1976>. There is also evidence that selenium 
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is antagonistic to lead <Jackson and Lim, 1982>. These 

authors express the hope that increased seleniua intake 

will provide an iaportant protection against toxic metals 

mobilized by industrialization, Just aa sea animals maintain 

high selenium concentrations in their tissues, presumably 

in order to detoxify the myriad of heavy metals in sea 

water. 

Arsenic is important to the function of selenium 

and necessary for the biosynthesis of glutathione peroxidase 

<Frost, 1983>. Arsenic enhances the ability of selenium 

to neutralize Methylmercury compounds in the human body. 

Selenium and arsenic work to detoxify each otherJ higher 

concentrations of the two chemicals together can be tolerated 

than either alone. Frost <1983> goes so far as to say 

that selenium- and arsenic-baaed compounds should be 

reintroduced into agriculture. as one possible mechanism 

for increasing plant-available levels of the compounds. 

The importance of increasing plant levels of selenium 

has resulted in a great deal of research, as discussed 

below. Plants are the main source of selenium to livestock 

and aan, even though plants have no known need for the 

eleaent <Johnson, 1976J Lag, 1980>. 

5oae plants. notably Astragalus ~· may accuaulate 

large amounts of selenium, resulting in acute toxic reactions 

of livestock fed with the vegetation. Kost plants. however, 

can take up only sparing amounts of selenium, insufficient 
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for human or animal health. Continuing intensive agriculture, 

acid rein, end natural processes such as leeching end 

erosion tend to further reduce selenium levels in soils. 

This, combined with increasing recognition of the important 

role of aeleniua in the maintenance of health, mekea 

aelenium supplementation in a broad spectrum of areas 

a need for the future. 

2.2.2. Seleniua a• en environaental pollutant 

Selenium is the least abundant and moat toxic of 

the elements known to be essential for mammals <Schroeder 

et el., 1970>. In livestock, the disease syndrome caused 

by selenium was described as early as 1295 by fterco Polo 

<Sharma and Singh, 1983), although selenium itself was 

not discovered until 1817, by J.J. Berzeliua. The aympto•s 

of selenium toxicity were noted in children in Columbia 

by Father Pedro Simon in 1560. In 1842 selenium compounds 

were demonstrated to be toxic to animals end -in 1860 

selenium toxicity symptoms were attributed to the ingestion 

of toxic vegetation. 

Acute livestock poisoning ia known as blind staggers 

and can occur froa a doae of 1 to 10 ag•kg-1 o£ body 

weight, depending on the type of selenium ingested. 

It affects the nervous system and is characterized by 

blindness, loss of muscle coordination, fever, labored 

respiration and strained, but week pulse. Deeth as a 
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result of respir~tory f~ilure often occurs. Chronic 

poisoning ia known ~& ~lkali disease. It ia c~uaed by 

ingestion of aubleth~l ~•ounts of selenium over a long 

period of time, generally over 0.5 mg•kg-1 in the diet. 

It ia characterized by dullness- emancip~tion. l~ck 

of vitality. stiffness ~nd l~meneaa. loa& of h~ir ~nd 

nails- nephritis and ~nemia <L~g. 1980>. 

Selenium toxicity occurs due to ingestion of toxic 

vegetation- usually of the genus Astragalus and Stanleya. 

These pl~nts are c~p~ble of taking up large quantities 

of selenium from the soil& and storing it in their tissues 

in org~nic forms which are subsequently ~v~ilable to 

animal& and other plants. Because of this ability and 

the fact that the pl~nta generally grow on soils high 

in total selenium. they are called selenium indicator 

pl~nta <Sh~rma and Singh. 1983>. They have been used 

to aid mapping of selenium-toxic areas world wide. 

Soils which produce selenium 

scattered throughout the world. 

toxic vegetation are 

The midwestern United 

States and the C~nadi~n prairies ~re high selenium zones. 

owing to the l~rge ~reaa of sedimentary shale parent 

material. In Irel~nd and England. high selenium levels 

were attributed to high organic matter contents and poor 

drainage <Nye and Peterson. 1975>. These soils occur 

naturally and are not a result of contamination by man. 

Concentration of selenium by man's activities can 
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result in toxic reGctions in the environment. Lemly 

<1985> reported that a lake contaminated with selenium 

from the effluent from a power plant settling pond had 

drastically altered fish populations. Apparently repro-

duction was inhibited, 

did not kill mature fish. 

of Juvenile fish were 

although selenium concentrations 

Abnormalities in JaW development 

also reported. Effluent from a 

coal conversion plant <an installation which converts 

coal to natural gas> was found to pose a high bioaccum

ulation hazard if released to the environment improperly 

<Lemly, 1985) •. Actual concentrations of selenium released 

would depend on the type of coal used in the process. 

Low sulfur coal usually contains the highest levels of 

selenium <Hildebrand et al., 1976>. In California. selenium 

contamination occurred through leaching into an irrigation 

holding pond used as 

1984>. High mortality 

well as deformations 

a nesting area for ducks <Madson. 

among embryos were reported as 

of feet and billa among the young 

fowl. Selenosis in humans as a result of pollution from 

mine tailings was reported in Mexico <Fleming, 1980>. 

Selenium toxicity is beat characterized as a point 

source problem. Often a section o~ one field on a rancher's 

land will produce vegetation toxic to livestock as a 

result of the natural selenium content of the soil, or 

one lake or holding pond will be contaminated as a result 

of man's activities. Selenium deficiency is a more important 
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problem in that it is widespread and getting worse. 

Any adJustment of this situation, whether it is through 

selenium fertilization, feed additions or direct dietary 

supplementation must be done with care, owing to the 

danger of changing a mild deficiency to a chronic toxicity 

with a relatively small increase in selenium intake. 

2.3. Reactions of 5eleniua in Soils and Freshwater 
Sediments 

The availability of selenium to plant and animal 

life is very much dependent upon ita chemical form in 

the environment. The chemical form of selenium is in 

turn controlled by a number of biotic and abiotic factors. 

which cycle selenium in biological or geological systems. 

Several authors have attempted to describe selenium cycles 

in nature <Shrift, 1964; Allaway et a~.. 1967; Doran, 

1982>. The authors treated the subJect in terms of losses 

and gains of selenium, immobilization and mineralization, 

much like any other nutrient. This approach will be 

followed in the forthcoming discussion in order to describe 

the possible reactions of selenium in the environment 

in the most complete possible manner. The forms of selenium 

in soils and sediments and the processes that govern 

the transformations of selenium will be discussed, with 

emphasis on the effect these forms and processes have 

on selenium availability. Unfortunately, most of the 

research to date has been concerned with agricultural 
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soils- so this review is necessarily biased in that dir

ection. However, the knowledge of the reactions of selenium 

in soils has an important bearing on understanding the 

transformations of selenium in freshwater sediments. 

2.3.1. Basic chemical properties of aeleniu• 

Selenium is an element belonging to group VI-A 

in the periodic table and occurs in oxidation states 

6, 4, 0 and -2. The element has both metallic and non

metallic properties. Selenium and sulfur closely approxiaate 

each other in size. Isomorphic substitution often takes 

place. with selenium substituting for sulfur. Very few 

pure selenide minerals exist owing to the geochemical 

processes involved in its mineral formation. 

Elemental selenium is quite insoluble and relatively 

non-toxic. It may exist in three forma: a> ring chains. 

b) amorphous. or c> crystalline. either ~-monoclinic. 

B-monoclinic or hexagonal. Although elemental selenium 

is theoretically unstable in water which is in equilibrium 

with air- its oxidation proceeds quite slowly under these 

conditions <Allaway et al •• 1967>. 

Selenidea are common constituents of pyrites and 

sulfide ores. Because of the low solubility of these 

compounds, they may persist in agricultural soils. Selenium 

is converted to the selenide form when it is metabolized 

in plant and animal tissue. Organo-selenides are much 
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more susceptible to breakdown into other forms of selenium 

than are the mineral selenides. 

Selenite <Se<IV>> has been recognized as an important 

source of selenium in acid soils <Lakin. 1961>. The 

stable iron-selenite complex has received the most attention 

as the stable form of the species. Selenite also strongly 

interacts with clays. sesquioxidea and organic matter 

<Sharma and Singh. 1983>. 

Selenate <Se<VI>> exiats under well aerated. alkaline 

condition&. It does not fora highly insoluble salts 

with cation& in solution. nor doea it form &table adaorption 

complexes or co-precipitates with sesquioxides. The 

kinetics of the reduction of selenate to selenite are 

slow. which may reault in the presence of selenate under 

redox conditions where leas oxidized forms of selenium 

would be expected <Allaway et al •• 1967). Both selenate 

and selenite exist as anions in solution, Se042- and 

Se032-, respectively. 

2.3.2. Oxidation-reduction reactions of aeleniua 

The availability of selenium to plants and other 

biota depends very much on ita oxidation state and chemical 

form in aoils and sediments. The forma available in 

soils are different from those available in sediments. 

For example. in a soil environment plants take up selenite 

compounds with great difficulty and normally selenium 
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does not GccumulGte in plGnt tissue to any great degree. 

There is then little chance for higher organisas to accumulate 

selenium in their tissues through ingestion of the plant 

material. In sediments. selenite coapounds are retained 

by various sediment components and may be transformed 

by the microbiota into more available organic forms. 

In this state the selenium can move through and accumulate 

in the aquatic food chain. from benthic organisms which 

eat organic detritus to higher animals. including man. 

The least reactive form of selenium in soils and 

sediments is elementa~ selenium. It has been called 

an ••inert•• sink . for seleniu• entering the environment 

in various ways <Demayo et al •• 1977>. It is relatively 

non-toxic. insoluble. and is unavailable for plant uptake. 

In mildly reducing acidic conditions ita formation is 

favored. Mild reducing agents such aa sulfur dioxide 

or ascorbic acid convert selenite to selenium. Bacteria 

which convert selenate or selenite to elemental selenium 

have been isolated <Lindblow-Kull et al •• 1982>. 

Conversely. alkaline conditions or high Eh promote 

the formation of the more oxidized forms of selenium. 

selenite or selenate. In soils. selenite seems to be 

the most common product. although in very alkaline soils 

the more soluble selenate is sometimes favored. Oxidation 

is also a reaction that may be performed by microorganisms. 

The microbiological oxidation of selenite to selenate 
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w~s observed <H~mdy ~nd Gissel-Nielsen. 1976b> ~nd the 

oxidation of elemental selenium to selenite has been 

performed by B~ci~lus megaterium <S~rathch~ndra and Watkinson. 

1981>. 

Reuter <1975> stated that the chemical form of selenium 

w~s dependent on the pH end Eh of the soil. Elemental 

selenium end selenides are found in waterlogged acid 

soils. The content of selenium in surface water& is 

related to water pH: if the pH is high. selenium tends 

to be more soluble. In a study which followed the addition 

of selenium to soils. Cary and Allaway <1969> found that 

the conversion to elemental selenium was rapid and not 

pH dependent. The rate varied in different soils. In 

acid to neutral soils. selenite reacted rapidly to form 

a relatively insoluble adsorption complex; this complex 

was less soluble th~n selenium added as a ferric hydroxide

selenite complex. 

Trudinger et al. <1979> have postulated that the 

redox reactions of elements. although they are affected 

by pH and Eh conditions of the environment. are largely 

carried out by microorganisms. Microorganisms aay influence 

the chemical environment in· several ways <Trudinger et 

al •• 1979>. Many processes involve specific metabolic 

reactions which may be essential for the growth and activity 

of microorganisms. These include the processes of bio

accumulation. metabolic changes in the oxidation state 
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of elements- biomethylation, and the formation of organa

mineral compounds. Other reactions are a result of biological 

activities but are not necessarily essential for the 

survival of the organisms. These inc~ude effects brought 

about owing to the 

and bases which 

production and consumption of acids 

affect environmental pH and alkalinity, 

as well as the production or consumption of oxygen which 

control oxygen levels and the Eh of the milieu. 

As these principles are applied to selenium, it 

is apparent that microorganisms may be integra~ to the 

redox reactions of selenium in the environment. Bacteria 

have been found which can convert selenate to selenite 

to elemental selenium <RcCready et al., 1966; Doran, 

1982> and continue the reduction to the various organo

selenide compounds <Chau et al., 1976; Doran and Alexander-

1977a: 1977b>. It is in the organo-selenide form that 

selenium is metabolized. Plants, anima~& and other microbes 

are also capable of performing the conversion of selenate 

to organo-seleniua, but it is not observed in a stepwise 

fashion <Doran, 1982>. Likewise, they are all capable 

of methylating organic selenium and releasing it into 

the atmosphere. Bacteria which can oxidize the fora& 

of selenium have also been isolated <BisbJerg, 1972: 

Sarathchandra and Watkinson, 1981). 

The speciation of selenium compounds in soils and 

sediments may be affected by the addition of seleniua 
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to the system. by changing the equilibrium of selenium 

compounds present. Coal fly-ash contains high selenium 

concentrations in the eleaental fora. If soils are amended 

with this material plants are able to accuaulate significant 

quantities of seleniua in their tissues. Since plants 

are unable to take up eleaental aeleniua. some rapid 

redox transformations apparently take place in these 

soils CStraughan et al •• 1978>. 

Unfortunately. little is known of the rates of reaction 

for the oxidation and reduction of selenium. The oxidation 

of elemental selenium to selenite by manganese dioxide 

and microbes was described as being very slow <Gearing 

et al •• 1968>. Likewise. the conversion of selenite 

to selenate and vice versa in &oils was ••sluggiah••. 

The conversion of selenite to eleaental selenium was 

••rapid••. These descriptive 

rate of reaction but do little 

terms roughly describe the 

to supply hard data which 

may be used to determine the quantitative movements of 

selenium in the environment. 

The rates of microbiological reactions with selenium 

are better documented. but the rates of reaction in these 

systems appear to depend upon the nature of the substrates 

in which they occur. Much more information froa other 

substrates and other organisms aust be gathered before 

overall quantitative information may be obtained. 

On the whole. the relative importance of the various 
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agents in the redox reactions of selenium is still a 

matter of debate. Microbial activity and the byproducts 

of this activity are certainly important in seleniua 

speciation but it is not clear if they are the most signif

icant factors in this regard. Abiotic conversion of 

selenium compounds. with the exception of the effects 

of redox potential and pH, is an area which has been 

neglected. The mineral fraction is more often known 

to be connected to the retention of selenium than to 

influence selenium speciation. Much more research is 

needed to clarify the roles of abiotic processes in the 

speciation of selenium. 

2.3.3. Retention o~ ••leniua 

The terlll ••retention of seleniu••• refers to all processes 

which remove selenium froa solution. Retention reactions 

are important because they occur in all soils and aquatic 

environments. 

Because selenium is a nutrient of intereat to many 

agricultural researchers. ita presence in soils has been 

aost often described in teras of ita availability to 

crops <Cary et al., 1967; Reuter. 1975; Giaael-Nielaen, 

1977a. 1977b>. The availability of selenium is dependent 

upon a number of factors. The moat important of these, 

according to the literature, is the iron content of the 

soil. Selenite interacts strongly with ferric hydroxide 
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in an anion adsorption reaction <Hingston et al., 1967>. 

Olson <1939> found that 1 g of ferric hydroxide in 100 

aL of a 1500-mg•kg-l selenite solution was capable of 

adsorbing 50~ of the selenium present, compared to 14~ 

for aluminum hydroxide, 0.4~ for silicon dioxide, 5.7~ 

for hydrated aluminum silicate and 6.3~ by decolorizing 

carbon. At a selenite concentration of 15 mg•kg-1, both 

ferric and aluminum hydroxides completely removed the 

selenium from solution, while the other compounds adsorbed 

proportionately less selenium than before, lower by an 

order of magnitude. Selenate, even at low concentrations 

was weakly adsorbed by ferric hydroxide <Olson and Jensen, 

1940>. Plotnikov <1964> found that the interaction between 

selenite and ferric hydroxides is an adsorption phenomenon, 

forming Fe2<0H>4·Se03, although some actual co-precipitation 

can take place to form Fe2<Se03>3. 

This adsorption/co-precipitation reaction occurs 

quite rapidly. Hamdy and Gissel-Nielsen <1977> found 

that, of the selenite that would be adsorbed by ferric 

hydroxides, 85~ adsorption occurred within 4 h. This 

reaction was favorable in the pH range from 3 to 8. 

Fixation decreased slightly at pH 9, possibly owing to 

the conversion of selenite to selenate. For the moat 

part, however, the formation of the selenite-ferric hydroxide 

complex apparently protected selenite from redox conversion. 

In lake sediments, selenium was more likely to be adsorbed 
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than co-precipitated on ferric 

l974a>. 

hydroxides <Levesque, 

Clays are also effective absorbents of seleniuM 

in soils and sediments and have been correlated with 

selenium content. Clay soils often have higher total 

selenium levels than sandy soils <Gissel-Nielsen, l977b>. 

The ability of clays to retain selenium varies between 

clay types. Vermiculite has a greater sorption capacity 

than montmorillonite <Hamdy and Gissel-Nielsen, 1976c, 

1977>. Allophane clay has been correlated with seleniua 

content <John et al., 1976>. Kaolinite compares favorably 

with the 2:1 clays and in some cases may be more effective 

in adsorbing selenium <Gissel-Nielsen, 1977b>. Kaolinite 

owes such a high capacity for selenium to its structure. 

It has four more hydroxyl groups and four fewer oxygen 

groups per unit crystal, compared with montmorillonite 

and vermiculite. The hydroxyl groups oriented outward 

in the surface of the clay are replaced more easily by 

negative ions than are the oxygen groups <Davis. 1935>. 

In addition, Kaolinite has a low Si02/R203 ratio <R stands 

for a trivalent cation>, which favors the fixation of 

selenite <Sharma and Singh, 1983>. The relative content 

of sesquioxidea in the clay fraction can also have an 

impact, especially oxides of iron, aluminum <Wells, 1967> 

and manganese <Geering et al •• 1968>. The adsorption 

of selenium by clay minerals is more pH dependent than 
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that by iron hydroxides. Maximum fixation of selenite 

occurs between pH 3 and 5. decreasing sharply at pH 9. 

Tripathi and Misra <1975> found a retention maxiaum at 

pH 5. which decreases with increasing or decreasing pH. 

This is confirmed by observations that plants are able 

to pick up more selenium when the pH is increased in 

mineral soils <Hamdy and Gissel-Nielsen. 1977>. Plant 

uptake. however generally decreases with increasing clay 

content <Gissel-Nielsen. 1971>. The stage of soil devel

opment. as it pertains to clay development. ia important 

in the retention of se~enium <Hodder and Watkinson. 1976>. 

The last important agent in the retention of selenium 

is organic matter. Several authors have correlated organic 

matter content with total selenium <BisbJerg. 1972: Elsokkary. 

1980: McKeague and Wolynetz. 1980>. Organic compounds 

such aa fulvic acids or proteins may act as complexing 

or chelating agents for selenite. which allows the organic 

matter to retain selenium more strongly than the -mineral 

fraction <Hamdy and Gissel-Nielsen. 197Gb: Sharma and 

Singh. 1983>. Levesque <1974a. 1974b> concludes that 

this ability to retain and concentrate selenium occurs 

because of this strong chelation reaction. Therefore 

organic matter impedes all the processes leading to selenium 

loss. Selenium is also incorporated into organic compounds 

as a result of microbial activity. 

Calcium carbonate may also be important in the retention 
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of selenium. It h~a been rel~ted to high selenium content 

in soils <Jones ~nd Belling_ 1967: Singh ~nd Kum~r- 1976>

but h~a ~lao been connected with incre~sing plant ~vailable 

selenium when added to acid soils <Gissel-Nielsen. 1971: 

Hamdy ~nd GisselNielsen. 197Gb>. The increase in av~ilable 

selenium •~Y be explained by the incre~se in pH ~s a 

result of liming. Hydroxyl groups replace selenite ions 

on the exchange complex. releasing it for pl~nt use. 

The connection of lime to high selenium content is prob~bly 

from its sediment~ry origina. having a natural selenium 

content higher than average. In some soils- c~rbonatea 

may m~ke up a large portion of the fine fraction- which 

would lead to a positive correlation with selenium. 

Soil ammendments affect the re~ctions of selenium 

in soila. Phosphate competes with selenite for ~dsorption 

sites. It is more strongly adsorbed and will replace 

selenite on the exchange complex <RaJ~n and W~tkinson. 

1976>. Phosphorus- nitrogen and sulfur ~dditions to 

soils. however. tend to decrease selenium concentration 

in pl~nt tissue. owing to a dilution effect from increased 

plant growth. If there is no increased pl~nt growth. 

selenium upt~ke ia unaffected or incre~ses <Perdomo et 

al.. 1966: Gissel-Nielsen. 1977b: Soltanpour et al._ 

1982>. Molybdenum addition does not affect the selenium 

concentr~tion <Gupta and Winter. 1975>. 

If the selenium content of soil is high_ retention 
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of added selenium is decreased <Tripathi and Misra~ 1975>. 

Both sulfur and phosphorus additions to soil decrease 

selenium retention by the soil. Sulfur additions more 

easily displace selenium than phosphorus. This effect 

may be attributible to replacement of selenium by anions 

of phosphate and sulfate. The addition of iron increases 

selenium retention. 

Several authors have attempted to correlate total 

selenium content and plant available selenium with soil 

properties. Olson et al. <1942> found no correlation 

between surface soil selenium and plant selenium~ stating 

there was more relation between subsoil selenium and 

plant selenium. Moat authors have found correlations 

between total selenium and ferric hydroxide~ clay minerals~ 

organic matter or lime content. John et al. <1976> found 

a positive correlation between soil selenium and specific 

surface area~ organic carbon. free 5i02~ Al203~ Fe203 

and a.llophane clay content. 

Leaching losses do not appear to be a significant 

factor~ except in soil& that are low in clay and organic 

aatter~ at least in the short term. Jones and Belling 

<1967> found that selenite added to 16 em soil columna 

did not leach after the addition of 460 mm of rainfall. 

if the soils were high in clay and organic matter. When 

the experiment was run using a ~andy soil low in organic 

matter. nearly 40~ of the selenium waa lost. In Denmark 
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when selenite was top-dressed to nine soils cultivated 

with grass. no selenium was found in the drain water 

after two years <Giasel-Nielaen. 1977a>. If conditions 

are such that selenite is oxidized to selenate. leaching 

may occur <Geering et al •• 1968; Gissel-Nielsen and Hamdy. 

1978>. In a microcosm experiment. Huckabee and Blaylock 

<1974> found that when selenite was applied to the terrestrial 

part of a microcosm via simulated rainfall about 75~ 

of the added selenite was retained in the soil. Terrestrial 

plants retained 8~ of the total. litter. 6~. and the 

rest reached the aquatic environment where aedimenta 

retained 8 to 9~ and biota. 0.8~. Irrigation may accelerate 

the leaching process. Fleming <1980> found that irrigation 

can remove substantial quantities of selenium from sur£ace 

layers. 

In the long term. evidence of aeleniu• movement 

exists. Aa early as 1942, Olson et al. observed that 

subsurface soil in the midwestern United States- may be 

the moat important source of selenium. Selenium does 

in fact tend to accumulate in the lower horizons of soils. 

Cheng et al. <1980> reported that Keshan disease occurred 

in areas with extensive leaching. Singh and Kumar <1976> 

found that selenium content increased with depth in high 

rainfall areas of India. Levesque <1974c> reported that 

selenium accumulated in Bfh horizons of podzola, and 

that selenium was apparently more mobile than sulfur. 
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He also postulated <Levesque, 1974a> that seleniua associated 

with iron and aluminum may migrate with these elements 

as they aove down the soil horizons. In areas of poor 

drainage, seleniua accumulates in the soil <Nye and Peterson, 

1975>. 

Unfortunately, there is often little connection 

between total seleniua and plant available seleniua. 

Hawaiian soils have high selenium contents, but moat 

is firmly fixed to iron oxides, resulting in vegetation 

containing noraal amounts of selenium <Fleming, 1980>. 

Conversely, aoae soils with lower.total selenium produce 

toxic vegetation. For this reason, there has been an 

attempt to correlate plant available selenium with water 

soluble selenium <Nye and Peterson, 1975>, or ammonium-

bicarbonate-DTPA extractable selenium <Soltanpour et 

al., 1982>. Neither is an effective measure of available 

selenium for all soils. 

Gissel-Nielaen <1977b> has summarized the most- important 

factors influencing 

especially kaolinite, 

little available to 

selenium fixation. Clay minerals, 

fix selenite strongly, leaving 

plants. The reaction is enhanced 

in the presence of iron 

such as fulvic acid or 

hydroxides. Organic compo~nd& 

protein may act as complexing 

agents for selenite, and sometimes selenate. This complex

ation reaction may result in the evolution of gaseous 

compounds, the formation of soluble organic compounds 
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that can be taken up by plants or leached. or immobilized 

as insoluble organic selenium in the soil. Redox potential 

and pH may influence the fixation capacity of the soil 

and the chemical form of selenium. High pH favors the 

formation of selenate. 

impede this reaction. 

although other soil factors may 

Agricultural practices increase 

selenium losses through cropping. leaching and volatilization 

and may induce more selenium deficiency if action is 

not taken in the future. 

2.3.4. Volatilization of aelaniua 

Selenium may enter the atmosphere following either 

of two pathways. The fi~at is as elemental selenium. 

the volatile product of volcanic action or the burning 

of fossil fuels. The second pathway involves the conversion 

of selenium into organic compounds through biotic action. 

Elemental selenium <Se<O>> ia evolved in relatively 

large quantities by volcanic action. and in even- higher 

quantities through the coabustion of fossil fuels <Andren 

et al •• 1975>. Unlike other volatiles. however. elemental 

selenium ia not carried great distances in the atmosphere. 

Weiss et al. <1971> found that sulfur concentrations 

in cores from the Greenland ice cap have been increasing 

in recent decades. but selenium levels have remained 

fairly constant. The increase in the sulfur concentration 

has been attributed to increased consumption of fossil 
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fuel. Selenium is also enriched in the volatiles released 

by fossil fuel combustion. The fact that the levels 

of selenium did not incre~se with those of sulfur in 

the icecap m~y indicate that selenium is not transported 

long distances in the atmosphere. This is confirmed 

by observations that selenium concentrations tend to 

increase near urban centers and downwind from thermal 

power plants and volcanic activity <Kubota et al •• 1975; 

Lag and 5teinnes. 1978>. The presence of selenium in 

the atmosphere in rural areas is probably because of 

the emission of volatile selenium from other sources. 

The other sources of atmospheric selenium appear 

to be exclusively biotic forces plants. animals and 

microbes. Anim~ls volatilize relatively small amounts. 

usually only when excess amounts of the element are present 

in their bloodstreams <Lewis. 1976>. Plants were found 

to evolve volatile selenium compounds on a routine basis; 

in a greenhouse experiment about 15~ of the total selenium 

present was evolved <Zieve and Peterson. 1984a>. Plants 

are capable of giving off much more selenium when it 

is present in high quantities <Doran. 1982>. 

Microbes produce the vast maJority of volatile organa

selenium compounds in soils and aquatic environments 

<Chau et al.. 1976; Doran and Alexander. 1977a: Zieve 

and Peterson. 1984a>. All types of microbial species 

are capable of this reaction. including bacteria. fungi 
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~nd ~ctinomycetes <Trudinger et ~1 •• 1979; Dor~n. 1982>. 

More vol~tile compounds ~re given off under ~erobic conditions 

than under ~n~erobic conditions <Abu-Erreish et al •• 

1968>, ~nd no vol~tiliz~tion occurs if ~ soil or sediment 

h~s been sterilized <Dor~n. 1982>. This shows th~t vol~

tilization of organo-selenium compounds is an exclusively 

biotic function. 

The nature of these volatile compounds h~s been 

studied relatively extensively. The maJor compound given 

off is dimethyl selenide. Other vol~tiles detected include 

d~methyl diselenide and hydrogen selenide <Francis et 

al., 1974; Doran and Alexander, 1977a>. The production 

of dimethyl selenide may be a detoxification re~ction, 

since the methylation of unnecessary selenium results 

in its volatilization out of the organism. 

The evolution of vol~tile selenium can be affected 

by many factors. The addition of organic matter to selenium

rich soils ~ppeared to incre~ae the rate of vol~tiliz~tion 

<Abu-Erreish et ~l.. 1968; Doran and Alex~nder, 1977a: 

Ylarant~. 1982>. ~!though H~mdy and Gissel-Nielsen <1976~> 

found the ~ddition of organic m~tter diminished the evolution 

of volatile selenium. They concluded that organic matter 

impeded the processes which le~d to losses of selenium. 

Both observations m~y be v~lid, ~s org~nic matter can 

h~ve a two-way effect on the volatilization of selenium. 

Organic matter addition increases the microbial activity 
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in soil~ so th.at increased volatilization might be expected. 

However~ organic matter also increases the capacity of 

the soil to fix selenite <Sharma and Singh~ 1983>. The 

net reaction would depend on the nature of the organic 

matter added and physical~ chemical and biological properties 

of the soil. 

Soil texture is important. Sandy soils are leas 

able to fix selenite~ leaving more selenium available 

for aicroorganis•s <Sharma and Singh. 1983). Clay soils 

fix selenite auch faster~ so there is not as much selenium 

avail.able for microbial action. Conversely, since clay 

soils generally harbour a greater number of JRicroorganisas 

per unit weight, there is more of a potential for volatil

iz.ation. 

Liming increased the rate of volatilization <Ylaranta. 

1982> due to the resulting increase in pH. Increasing 

the pH creates more water soluble selenium which is then 

avail.able for microbial 

high liming will produce 

action. If 

little or 

the pH is-.alre.ady 

no effect. However. 

it is not cle.ar if increased volatiliz.ation occurs owing 

to the increase in .available seleniua or an incre.ase 

in microbi.al .activity. 

In .all types of soils the cycles of wetting and 

drying incre.ase vol.atiliz.ation. Hamdy and Gissel-Nielsen 

<1976a> found a complex effect of moisture on volatilization. 

which varied with soil type. In sandy soil much of the 
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added selenium which was lost volatilized during drying 

while the clay loam end muck soils showed very smell 

losses. Rewetting increased volatile losses initially, 

but the losses quickly tapered off. In the field, where 

wetting end drying occur repeatedly, volatilization could 

produce considerable losses. 

Temperature effects on seleniu• transformations 

ere also important. Chau et cl. <1976) found that dimethyl 

selenide production in enriched lake sediments at 4•c 

end 1o•c was 10~ and 75~. respectively, of what was observed 

at 2o•c. This indicates a rapid rise in the production 

of dimethyl selenide from 4•c, leveling off somewhere 

above 1o•c. 

Volatilization is a nor•al process, but the question 

remains cs to how significant it is in the selenium cycle. 

In the experiment JUst described <Chau et al., 1976>, 

50 g of sediment was suspended in 150 mL distilled water, 

and enriched with nutrient broth and glucose. After 

1 wk, volatile losses amounted to 0.0-0.32~ of the total 

selenium added cs selenite or selenate. Soils maintained 

ct 80~ of field capacity at 24•c for 25 d volatilized 

only 0.30-0.36~ of added selenium <Doran and Alexander, 

1977a>. When organic matter was added, volatilization 

increased to 5.1-5.2~. In a 4-m period, Hamdy and Gissel

Nielsen Cl976a> found <3~ of the total selenium was vola

tilized from a clay loam soil and 7~ from a sandy soil. 
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In a pe8t soil over 96 d. 2.1-4.6~ of total selenium 

was lost <Ylaranta. 1982>. In the same experiment. no 

volatilization was observed from a clay or fine sandy 

soil. 

The form of available selenium can be important. 

When trimethyl-selenonium <a urinary metabolite of seleniua> 

was 8dded to soils. volatilization V8ried from 6.4~ to 

S0-60~. depending on the soil type <Olson et al •• 1976>. 

Abu-Erreish et al. <1968) found that water soluble 

selenium was depleted in upper soil horizons. This may 

be attributed to volatilization of selenium in the upper 

horizons. or through leaching. 

In a pure culture experiment. fungi grown on minimal 

media were able to produce considerable amounts of dimethyl 

selenide <Barkes and Fleming. 1976). 

It is obvious from the data presented that there 

can be considerable vari8tion in the extent of selenium 

volatilization in soils and aquatic environments. -Whether 

significant losses actually occur depends on soil type. 

moisture. pH. and probably other unconsidered factors. 

The importance of this process in affecting the selenium 

availability to biota and the concentrations of selenium 

in biota is not clear. 

Whether these volatile losses are real losses is 

8l&o a question. Higher plants are able to recycle atmos

pheric selenium back to the soil. at least as dimethyl 
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selenide <Zieve and Peterson, l984b). In this study, 

plants grown hydroponically used dimethyl selenide from 

the atmosphere. They were able to accumulate inorganic 

selenite, as well as the seleniua analogues of glutathione 

and methionine in their tissues. This utilization of 

atmospheric selenium may allow plants to regain the selenium 

lost by the soils- and perhaps may provide a source of 

selenium when there is no plant available selenium in 

the soil. It is unknown how far dimethyl selenide will 

travel before it settles or is scrubbed from the air 

by precipitation. The volatile forma of selenium •ay 

be converted to elemental seleniua by oxidation in the 

air <Allaway, 1969). This conversion may facilitate 

its precipitation from the atmosphere. 

2.3.5. Cycling of ael•niua 

When all the data concerning selenium are compiled, 

it is possible to determine the pathways through which 

the eleaent travels in the environment. The determination 

of the cycle of an element is necessary because ita forma, 

levels and availability will deter•ine ita impact on 

the environment. There are two phases to the cycling 

of an element. The first outlines the inputs and losses 

of the element to the system and the second explores 

the transformations of the element and ita subsequent 

availability to the biota. 
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The levels of se1enium in the environment are dependent 

on a number of factors. The amount of selenium originally 

present in a soil or sediment is determined by the nature 

of the parent material. Sedimentary rocks tend to have 

high natural selenium levels. shales having the highest 

of the group. Igneous rocks are generally low in selenium. 

The inputs of selenium to the environment can come from 

natural or man-made sources. The natural sources include 

volcanism. animal excretion and adsorption of volatile 

selenium by plants. Man's inputs come as a result of 

burning of fossil fuel. industrial wastes and fertilization. 

Selenium from volcanism and the combustion of fossil 

fuel enter the environment in the elemental form. The 

others are a combination of organo-selenium compounds. 

selenides. selenite& and selenate&. 

The natural losses of selenium from a system come 

as a result of leaching. erosion. volatilization and 

grazing. Leaching and erosion of materials to ·the sea 

may be a net loss of selenium. If the losses are to 

another soil or inland sediment. then the selenium is 

still very much involved in the cycle. even though there 

is a depletion in the local 

there may be mechanisms 

area. Even in the ocean. 

for the return of selenium to 

the terrestrial environment. for instance. through volatil

ization and precipitation. 

Man's actions can deplete selenium from an area. 
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e~ther by accelerating the natural losses, or removing 

selenium d~rectly through cropping. 

The selenium in the soil or sediment may undergo 

reactions which mod~fy ita availability to biota. Processes 

which change unavailable organo-selenium compounds into 

either soluble organic complexes or inorganic forms make 

selenium more available to biota. This reaction is mediated 

by the microbial populations. Conversely, selenium may 

be converted to unavailable inorganic compounds, _ or immo-

bilized. 

Inorganic selen~um may be converted to the elemental 

form. unavailable to plants. by microbes or by abiotic 

means. Even if r•duction is JUst from selenate to selenite. 

a& would occur in acid soil conditions. the selenium 

ia less available. Selenite may precipitate with ferric 

hydroxide to produce less available selenium compounds. 

If oxidizing conditions exist. selenate will be formed. 

making the selenium more available in the soil. 

Fleming <1980> has proposed four general criteria 

whereby the selenium levels in an area may be estimated: 

1> Soils formed from rocks high in selenium in 
areas of less than 500 mm of annual rainfall will 
provide herbage containing potentially toxic quantities 
of selenium. In such cases insoluble forms of soil 
selenium will be converted to more soluble organic 
and selenate forms. 

2> Acid soils. formed from similar parent materials 
in humid areas. will have selenium present as a 
relatively insoluble complex with iron. Vegetation 
w~ll not be toxic but will probably contain sufficient 
selenium to protect livestock from selenium deficiency. 
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3> I£ soils formed from high selenium source rocks 
are poorly drained and alkaline. toxic vegetation 
will most probably be produced. 

4> Where rocks inherently low in selenium weather 
to fora soils in either humid or dry environments. 
plants are likely to contain insufficient selenium 
to protect animals against deficiency. The more 
humid the region and the more acid the soils. the 
greater the likelihood o£ extremely low levels o£ 
selenium in the plant. 

Soil amendments may affect the availability o£ selenium. 

Liming increases plant uptake o£ selenium as a result 

o£ increased pH conditions. Increasing organic matter. 

while it allows the soil to hold more selenium. may make 

the ex~sting selenium less available. 

In some climates. increased availability may not 

be desirable. I£ the selenium is at a level which borders 

on the toxic, more uptake may cause increased plant 

content of selenium. which in turn can cause health problems. 

In an area of high rainfall, increasing the availability 

may provide only short tera gain, as the excess is leached 

away, leaving the soil more depleted than before. 

The question of whether selenium fertilization is 

worthwhile when the soil is deficient has been a topic 

of research for years. When elemental selenium was added 

to the soil to increase the selenium content of forage 

crops, Gissel-Nielsen and BisbJerg (1970> found small 

increases in the selenium content of mustard and clover. 

but the effect did not extend beyond the first year. 

Barley showed no increase in selenium content. Selenite 
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addition resulted in incre8sed selenium concentrations 

in the forage crops but the levels tapered off rapidly 

with subsequent cuttings. In the second year the effect 

was reduced by 50 to 80~. When selenate was used. forage 

crop upt8ke was 20 to 50 times that of selenite in the 

first cutting. but the plant selenium levels decreased 

much more rapidly with subsequent cuttings. The conclusion 

was that selenate has the most immediate effect in increasing 

the selenium content of plant tissue. but crop toxicity 

may be a proble•. Selenite addition had the best overall 

effect in terms of producing adequate plant selenium 

concentrations over a longer period. However. soil accum

ulation may result. since only about 1~ of the selenium 

added as selenite was actually used by the plants. 

Cary and Allaway <1969> found that when elemental 

selenium was used as a soil amendment. 90~ stayed in 

that form over the cropping period of ten months. When 

seleniuM was added as a selenized superphosphate at 2.5 

mg•kg-1, the concentration o£ selenium in plant tissue 

was increased so that toxicity might result if the material 

was used for animal feed <Cary et al •• 1967>. Soluble 

selenite may be the moat practical way to add selenium 

to soils in order to produce crops containing sufficient 

selenium. Gissel-Nielaen (1977b) advocates selenite 

application as a fertilizer on the grounds that it does 

not affect soil organisms and that higher selenium levels 
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in forages are necessary. Gupta et al. <1982> found 

that addition of 1.12 to 2.24 kg of selenite per hectare 

on acid soils were sufficient for two years for barley. 

and three years for timothy. If the soil was very acid 

the treatment was sufficient for up to five years when 

timothy was grown. They recommended repeated application 

of low selenium rates. 

On the negative aide. there is no long term research 

to indicate what the effects of selenium accumulation 

might be. As well, since leas than 1~ of added aelenite 

is used by crops in the short term, fertilization of 

&oil& may be wasteful <Frost and Lish, 1975>. 

In aquatic environments. conditions are different. 

Although the conversion of elemental selenium to selenate 

or soluble organo-aelenium may result in increased plant 

uptake in an aqueous ecoayatem, the selenium may be easily 

flushed out of the system. If not removed, the dissolved 

selenium may be accumulated by organisms. It is.1arge1y 

the fixed forma on clays, sesquioxidea and organic matter 

that become the food of lower organisms and concentrate 

in the food chain. However, little is known of the trans

formations of selenium in aquatic environments. 



46 

3. MATERIALS AND METHODS 

3.1. Description of the Lake Sediaenta Studied 
and the Aaaociated Lianological Conditions 

The lake sediments studied were from Buffalo Pound 

and Katepwa Lakes in southern Saskatchewan. They are 

located in the Qu'Appelle Valley. a geographical feature 

which resulted from melt-water erosion in the last ice 

age <Fig. 3.1.1>. 

These two lakes are different in their physical 

conditions. Buffalo Pound Lake is shallow. with a large 

surface area <Table 3.1.1>. It ia also very long and 

narrow. with the result that winds which travel down 

the valley in which it is located tend to atir the waters 

so that they are nearly always aerated. Katepwa Lake 

has aore than double the volume of Buffalo Pound Lake. 

but half the surface area. Its •ean depth of 14.4 m 

is almost five times that of Buffalo Pound Lake. This 

mean depth is significant. since Rawson <1936> found 

that Prince Albert National Park lakes with a mean depth 

exceeding 10 • became stratified. that is. they develop 

a temperature gradient from top to bottom which prevents 

the waters above and below from mixing. Hammer <1971> 

found that the same principle is applicable to the lakes 

in the Qu'Appelle River Basin. Katepwa Lake is the only 

lake in the system with a mean depth of over 10 m and 

it stratifies on a regular basis while the other lakes 
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do not stratify. or do so for a short period only. Strat

ification which persists results in a depletion of oxygen 

in the lower water strata of productive lakes and may 

have iaportant implications in regard to fish populations 

and other properties. Atton and Johnson <1962> reported 

that fro• mid-July until the end of August of 1953. 63~ 

of Katepwa Lake was not available as fish habitat due 

to low oxygen concentrations. This finding implies that 

all areas in the lake below approximately 6.5 :m had oxygen 

levels which were too low to support fish life. Because 

of this str.atification biota in the oxygen depleted areas 

must function differently. using coapounds other than 

oxygen as the terminal electron acceptor in their respiratory 

processes. The Eh of the sediments used in this study 

were affected by the stratification <Appendix l>. Buffalo 

Pound Lake sediaent had an initial Eh considerably higher 

than the sediment from Katepwa Lake. The difference 

in Eh between these lake sediments may cause different 

electrochemical reactions in the aquatic systems. 

These two lakes also have other differences which 

aay affect their reactions with selenium. Buffalo Pound 

Lake had half the dissolved solids of Katepwa Lake. and 

smaller amounts of the individual cations and onions 

<Appendix 2>. Buffalo Pound Lake is slightly saline 

while Katepwo Lake is :moderately saline <Hammer, 1971>. 

This difference con be attributed to the position of 
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Figure 3.1.1 - Location of the lake& and strea•s of the 
upper Qu'Appelle River basin in Saskatchewan 
<Oscarson et al •• 1981>. 

~ 
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Table 3.1.1 - Korphoaetric data for Buffalo Pound and 
Katepwa Lakes <Haaaer, 1971>. 

Property 

Sur£ace Area <ka2) 

Maximua length <ka> 

Maxiaua depth <•> 

Mean depth <a> 

Water voluae <a3-1o6> 
~ of volume in each 
depth stratua: 

o- 5 • 
5-10 • 

10-15 JR 

15-20 • 
20-25 • 

Buffalo 

29.5 

33.2 

1.2 

5.6 

3.0 

98.8 

98.5 
1.5 

Lake 

Pound Katepwa 

16.1 

10.6 

1.6 

23.0 

14.4 

231.9 

29.8 
25.6 
22.3 
17.8 
4.5 

the lakes in the Qu'Appelle River Basin <Figure 3.1.1>. 

Buffalo Pound Lake, which is near the beginning of the 

chain of lakes, receives sporadic inflow froa Lake Dief-

enbaker, as well as the surrounding countryside. Katepwa 

Lake ia located auch further down the basin. It gets 

its maJor inflow from Mission Lake, which in turn gets 

water fro• four other lakes in the chain and creeks which 

feed the lakes, as well as sewage effluent from Moose 

Jaw and Regina. The level of total dissolved solids 

in the waters of this drainage systea tends to increase 

fro• west to east, down the Qu'Appelle River. 
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These sediments have similar basic mineralogy <Oscarson 

at al •• 1981>. The fine clay fraction of both sediments 

contained amectite. mica. feldspar and kaolinite; in 

addition. the fine clay fraction of Katepwa Lake sediment 

contained vermiculite. The coarse clay fraction of the 

sediment& contained quartz. kaolinite. mica. feldspar 

and vermiculite. The fine silt fraction of both sediments 

contained feldspar. quartz. kaolinite. vermiculite. smectite 

and the Buffalo Pound Lake sediment contained cristobalite 

aa well. Both have high concentration& of calcite and 

dolom~te <Ghebre-Egziabhier and St. Arnaud. 1983>. 

The texture of the two sediments was significantly 

different <Table 3.1~2>. Katepwa Lake sediment had a 

considerably coarser texture than did the Buffalo Pound 

Lake sediment. This difference may affect the retention 

capabilities of Katepwa Lake sediment. compared to Buffalo 

Pound Lake sediment. The cation exchange capacity of 

Buffalo Pound Lake sediment was 38~ higher than _Katepwa 

Lake sediment <Table 3.1.3>. largely owing to this difference 

in texture. However. 

double the carbon content 

Katepwa Lake sediment had almost 

of Buffalo Pound Lake sediment 

and 50" more organic carbon. Since organic matter contributes 

greatly to the CEC and has a high affinity for selenite 

<McKeague and Wolynetz. 1980>. this may be a factor in 

selenium retention. 

Tables 3.1.4 and 3.1.5 show the amounts of extractable 



51 

Table 3.1.2 - Fractionation of sediment& fro• Buffalo 
Pound and Katepwa Lakea <Oacaraon eta~., 
1981>. 

Lake Sediment 
P~rticle Size 

Buffalo Pound Katepwa 

Sand <>50}'Dl) 1.6a 0.8 

Co~rae Silt (20-50}lJft) 0.5 2.6 

MediuJR Silt <S-20J-tm> 37.8 66.1 

Fine Silt <2-S}la> 9.4 17.4 

Coarse Clay <0.2-2}'Jft) 37.7 9.4 

Fine Clay <<0.2Jo&JR) 13.0 3.7 

a Fraction " 

Tabla 3.1.3 - Carbon content, CEC and pH of the Buffalo 
Pound and Katapwa Lake aedi•anta <Oscarson 
et al., 1981>. 

l.ot~ke sediment 
Property 

Buffot~lo Pound Katepwa 

CEC <c:aol•kg-1> 28.8 20.9 

pH 7.2 7.3 

Total Carbon <"> 4.5 8.0 

Inorganic Carbon <"> 0.9 2.6 

Organic Cot~rbon (%) 3.6 5.4 
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T~ble 3.1.4 - The ~mounts of extract~ble Al. Fe. Si. 

Element 

Al 

Fe 

Si 

Mn 

Ca 

Mg 

A 
B 
c 

A 
B 
c 

A 
B 
c 

A 
B 
c 

A 
B 
c 

Mn. C~ and Mg removed from Buffalo Pound 
Lake sediment by sequential treatmenta.a 

>50 

40 
1700 
2800 

260 
1100 
2400 

440 
2800 
6000 

620 
44 

130 

72000 
4000 
n.d. 

2700 
1000 
n.d. 

~g-g-1 o£ particle size £raction 

Particle Size <~m> 

20-50 

440 
2400 
7200 

150 
2100 
4300 

130 
4800 
8000 

89 
n.d.c 

130 

27000 
5000 
n.d. 

9300 
500 

n.d. 

5-20 

40 
1900 
5200 

620 
1300 
4100 

460 
3600 

15000 

310 
44 
66 

34000 
2000 
n.d. 

7000 
900 

n.d. 

2-5 

470 
110 

4700 

1800 
460 

12000 

2000 
500 

24000 

1200 
n.d. 
n.d. 

92000 
37000 
38000 

12000 
1300 

200 

0.2-2 

2000 
200 

1700 

1200 
480 

14000 

5000 
840 

14000 

670 
n.d. 
n.d. 

52000 
39000 
16000 

4900 
1700 

190 

<0.2 

6700 
790 

5400 

1900 
1800 

16000 

11000 
5200 

13000 

510 
n.d. 
n.d. 

50000 
20000 
75000 

7300 
1500 

600 

aunpublished data o£ P.M. Huang; the values o£ the mean and 
range of the amounts of extractable Al. Fe. Si. Mn. Ca and 
Mg of the sediments from a series of lakes from the Qu'Appelle 
River Basin are reported by Oscarson et al. <1981>. 

bsequential treatments: A - sodium acetate 

CNot detectable. 

B - hydrogen peroxide 
C - sodium dithion~te - citr~te -

bicarbon~te 
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Table 3.1.5 - The aaounta of extractable Al. Fe. Si. Mn. Ca 
and Mg reaoved fro• Katepwa Lake aediaent by 
aequantial traetaanta.a 

EleJRent 

Al 

Fe 

Si 

Mn 

Ca 

Mg 

A 
B 
c 

A 
B 
c 

A 
B 
c 

A 
B 
c 

A 
B 
c 

>SO 

n.d.c 
450 
640 

820 
360 

2900 

65 
980 

2200 

270 
45 
66 

23000 
3000 
6000 

4000 
n.d. 
n.d. 

~g·g-1 o£ particle size £raction 

20-50 

n.d. 
1100 
1700 

100 
1200 
3100 

240 
2100 
2300 

220 
89 
66 

63000 
9000 
5000 

11000 
n.d. 
n.d. 

Particle Size 
(}'JR) 

5-20 

n.d. 
1600 
8000 

7200 
2200 
7000 

1100 
5800 

11000 

1100 
44 
66 

2-5 

n.d. 
400 

4400 

2800 
360 

12000 

870 
1800 

23000 

1100 
n.d. 
n.d. 

0.2-2 

n.d. 
1600 
5300 

2200 
100 

15000 

2200 
650 

52000 

1500 
n.d. 
n.d. 

<0.2 

350 
3000 
3500 

2400 
1300 
8200 

8100 
3900 
2800 

800 
42 

n.d. 

81000 110000 110000 130000 
4000 29000 24000 28000 
4000 14000 18000 13000 

9600 
400 

n.d. 

8000 
2500 
1000 

7500 
1600 

100 

31000 
2200 

100 

aunpublished data o£ P.M. Huang; the values o£ the mean and 
range of the a•ounta of extractable Al. Fe. Si. Mn. Ca and 
Mg of the aediJRents from a series of lakes froJR the Qu'Appelle 
River Basin are reported by Oscarson et al. <1981>. 

bsequential treatments: A - sodiua acetate 
B - hydrogen peroxide 
C - sodiuJR dithionite-citrate-

bicarbonate. 
CNot detectable. 
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Al- Fe- Si, Mn, c~ ~nd Mg removed from the sediments 

by sequenti~l treatments. The tot~l ~mounts of the elements 

in the two sediments were roughly similar but the size 

fractions in which they were concentrated may be significant. 

Both sediments had the highest concentration of Al, Fe 

and Si in the fine fractions, but this may not be as 

important in the Katepwa Lake sediment because it did 

not have as much of the fine fractions as did Buffalo 

Pound Lake sediment. The fine fractions are important 

in that they are more chemically active than are the 

coarser materials. 

3.2. Preparation of 5ediment 5aaplea 

The sediment samples were collected with an Ekman 

dredge from selected sites from Buffalo Pound and Katepwa 

lakes in the Qu'Appelle Drainage Basin in southern Saskat

chewan. A composite sample of each lake sediment was 

prepared by thoroughly mixing and combining the sediments 

obtained from the individual sites; these composite samples 

were used for all subsequent studies. The composite 

lake sediments were stored in sealed plastic bottles 

at 4•c. 

3.3. Fluoro•etric Deter•ination of 5eleniua 

The analysis for selenium is baaed on the reaction 

between selenite and 2,3-diaminonapthalene <DAN>. When 
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exposed to incident light at a w~velength of 369nm the 

piazselenol complex which is formed fluoresces at 525nm. 

The DAN re~gent reacts only with selenite <Se<IV>>. 

It is thus possible to determine the concentration of 

selenite in solution and then convert all the selenium 

in solution to selenite for a total seleniu• value. 

The procedures used in this analysis were based on the 

method described by Huang et al. <1983>. Any ch~nges 

made were carried out to allow the determination of a 

greater number of samples <Appendix 3>. 

3.3.1. Determination of selenite 

The DAN complexing reagent was prepared and purified 

according to the procedure given by Wilkie and Young 

<1970>. It was stored refrigerated in a sealed glass 

bottle under at least 1-cm of n-hexane to prevent oxidation 

of the reagent through contact with the air. 

A 5-mL aliquot of a solution that contains aeleniu• 

was placed in a 50-mL Erlenmeyer flask. Twenty-five 

mL of deionized-distilled water and 5-mL of O.OGM EDTA 

were added and the pH was adJusted to 1.8±0.2 with 25~ 

HCl. Two mL of DAN reagent was added~ the flask was 

covered with Parafilm and the solution was heated at 

60°C for 20 min in an oven. The solution was allowed 

to cool at room temperature in the dark for 45 min and 

was then transferred to a 125-mL flat bottomed boiling 
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flask which contained 10-mL of n-hexane. The flask was 

capped with a cork stopper <rubber stoppers tended to 

dissolve in the n-hexane. resulting in high fluorescence 

values>. the mixture was shaken vigorously for 5 min 

on a Burrell wrist-action shaker at a setting of 5 and 

the phases were allowed to separate for 4 min. A portion 

of the hexane extract was transferred to a fluorescence

measuring tube and the tube was capped with a cork stopper: 

the fluorescence deter•ined by a Turner Model 111 fluor

ometer fitted with a No. 7-60 (369 nm> primary filter 

and a No. 58 <525 nm> secondary filter. 

3.3.2. Determination of total aeleniua 

A 5-mL aliquot of a solution containing selenate 

and selenite was transferred to a 50-mL erlenmeyer flask 

which contained 0.5-mL of 30~ solution of hydrogen peroxide. 

This flask was placed on a hot plate and allowed to boil 

gently for 10 min so a& to oxidize any organic compounds 

present which might interfere with the analysis <Rankin. 

1973>. An aliquot of 5-mL of concentrated HCl <35-37~> 

was added and the solution was allowed to boil for 5 

min to reduce all selenium in solution to selenite. 

At the end of this period the flasks were removed from 

the hot plate and 5-mL of concentrated NH40H <28-30~> 

was added slowly to the solution. When the solution 

was cooled to room temperature 5-mL 0.06M EDTA and 10-mL 
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deionized-distilled water were added and the pH of the 

solution was adJusted to 1.8:0.2 using concentrated NH40H 

and/or 20~ HClJ Two mL of the DAN solution was added 

and the analysis then proceeded by the method described 

for the selenite analysis in section 3.3.1. The aaount 

of selenate in solution was deter•ined by subtracting 

the amount of selenite from the total selenium. 

3.4. Interactions of aalenite and aelenate with 
freshwater aadiaanta 

3.4.1. Untreated aediaanta 

The composite sediment samples from Buffalo Pound 

and Katepwa Lakes were used for this study. Sediment 

samples were suspended in deionized-distilled water at 

a ratio of 1-g <oven-dry weight basis> of sediment to 

100-aL of solution which contained 100 ng Se as selenite 

or selenate per mL of solution. The selenite and selenate 

used was reagent grade Na2Se03 and Na2Se04, respectively, 

which was standardized gravimetrically by the method 

described by Erdey <1965>. 

For all experiments, the flasks containing the aua-

pensions were stoppered and placed on a Blue M oscillating 

shaker at a speed of 80-90 oscillations • ain-1 in a 

water bath at 4, 25 or Go•c. At various time periods 

up to a maximum of 7 weeks, the suspensions were thoroughly 

mixed and an aliquot was withdrawn. The suapension waa 

centrifuged at 1400 ~ for 30 min and the supernatant 
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was filtered using cellulose nitrate membrane filters 

<0.45 ~m pore size>. The determination of selenite and 

selenate in the solution was carried out as described 

in Sections 3.3.1 and 3.3.2. 

At each sampling period. the Eh <me8sured with a 

Pt electrode vs. a AgCl/Ag reference electrode in 4 M 

KCl> and pH of the suspensions were determined. 

3.4.2. Sodium hypochlorite treated aediaenta 

The sodium hypochlorite treatment <Anderson. 1963> 

was used to remove,organic matter from tbe sediment samples. 

A 20-mL aliquot of 4-6- sodium hypochlorite solution 

freshly adJusted to pH 9.5 was added to a 10-g sediment 

sample in a 100-mL centrifuge tube. The tube was placed 

in a boil~ng water bath for 15 min. and then centrifuged 

for 5-10 min at 1400a. The solution was decanted and 

saved for analysis of the elements extracted. The treatment 

was repeated three times. The sediment was then placed 

in dialysis tubes to wash out the remaining sodium hypo

chlorite. 

At the end of the treatment the sediment was resuspended 

in water and stored at 4•c in a glass bottle. The pH 

was adJusted with dilute acetic acid to approach that 

of untreated sediments. Experiments using selenite and 

selenate were then carried out at 25°C in the same manner 

as for untreated sediments <Section 3.4.1>. The elemental 
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analysis of the supernatant of the sodium hypochlorite 

treatment was done using plasma arc atomic absorption 

spectroscopy <the analysis was done on contract by the 

S~skatchewan Research Council- Analytical Services Dept.>. 

3.4.3. Acetylacetone-benzene treated aediaanta 

A 100-mL aliquot of 5~ acetylacetone in benzene 

solution was added to 10-g of air-dried sediment. The 

suspension was kept at room temperature with occasional 

shaking for a period of 200 hours. At the end of this 

period the extract was decanted and saved for analysis 

of the elements extracted. The sediment was washed in 

diethyl-ether. Final washing was carried out in water 

to remove the last traces of the organic solvents. The 

sediment was stored at 4•c. The pH w~s adJusted by addition 

of dilute acetic acid to approach that of 

menta. The experiments investigating 

and redox reactions of selenite and 

untreated aedi

the adsorption 

selenate at 2s•c 

were carried out in the same manner as for untreated 

sediments <Section 3.4.1>. The elemental analysis of 

the extract of the acetylacetone-benzene treatment was 

conducted in the same manner as for the sodium hypochlorite 

extract. 
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4. RESULTS AND DISCUSSION 

4.1. Kinetica of the Retention and Redox Reactions 
of Selenite and Selenate By Selected Freshwater 
Sediaenta 

The data presented in Table 4.1.1 show the satisfactory 

recovery of selenite and selenate added to the sediment 

extracts. This indicates the suitability of the proposed 

fluorometric method for the quantitative differentiation 

of selenite and selenate in solution. 

All selenium in solution was believed to be either 

in the selenite or selenate form. Previous work suggests 

that in the systems and the time period studied in this 

experiment the production of organic or volatile seleniua 

would be insignificant <Chau e~ al •• 1976: Gissel-Nielsen. 

1976a: Doran and Alexander. 1977a: Ylaranta. 1982>. 

Any of this type of selenium species produced. which 

w~a still in solution. would be included in the value 

for selenate. Elemental selenium is insoluble: it would 

remain with the sediment and be considered part of the 

retained seleniu•. 

The Katepwa Lake sedi•ent was capable of reducing 

selenate to selenite at 4 and 25•c. The depletion of 

selenate by the sediment was only observed at the initial 

stage at 6o•c <Fig. 4.1.1>. The Buffalo Pound Lake sediment 

was unable to reduce selenate to selenite <Fig. 4.1.2>. 

This represents a change in the sediment since the original 

experiment was carried out <Huang et al •• 1983>. At 
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Table 4.1.1. Recovery 
<Se<VI>> 
eediaenta. 

of aelanite <Se<IV>> and selenate 
added to extract& of the lake 

ng Se recovereda 
ng Se added 

Katepwa Buffalo Pound 

I 250 Se<IV> 272~3b 250~0 

250 Se<VI> 230:!:5 245:!:5 

II 500 Se<IV> 468%12 497:!:13 
15 Se<VI> 20%2 13±3 

III 15 Se<IV> 12±2 17±4 
500 Se<VI> 489±7 510:!:10 

GThe tiae period necessary to complete the seleniua 
analysis was less than 3 hr •. 

bSeleniua in solut~on ~ standard deviation, n = 3 

that tiae the levels of selenite in solution after 7 

wks were approximately 4" and 16" of the total seleniua 

in solution in the Buffalo Pound and Katepwa Lake sediment 

systems. respectively. This loss in reductive ability 

of the Buffalo Pound Lake sediment is attributed to oxidation 

of the sedimen~ during storage at 4•c. It was unable 

to reduce selenate at any of the temperatures studied 

<Fig. 4.1.2>. 

The rate of the reduction reaction of selenate by 

the Katepwa Lake sediment was very drastically decreased 

at 4•c and not observed at Go•c <Fig. 4.1.1- Table 4.1.2>. 

ind~cating that the reduction reaction was mediated by 

biota. related biochemical processes and/or organic matter. 
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Figure 4.1.1 Effect of te•perature on the reduction 
of selenate to selenite in Katepwa Lake 
sediment. The experiaent at 4•c waa extended 
to 35 d: the depletion of selenate and 
the for•ation of aelenite continued. 
If no deviation ia indicated. the standard 
deviation ia within the aize of the ay•bol. 
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This also reinforces a suggestion made by Huang et al. <1983> 

that selenate may serve as an electron acceptor in the 

oxidation of organic metter. They found conversion of 

selenate to selenite to be a relatively slow process. 

The color of .the sediment changed from a dark to a light 

brown within days after the sediment suspensions had 

been placed in flasks on en oscillating shaker at 25•c. 

indicating that the organic matter of the sediments was 

being oxidized. The positive log K<W> value of the following 

reaction indicates that the reduction of selenate to 

selenite by organic matter. here CH20. is a thermodynamically 

favorable reaction: 

2Seo4-2 + CH20 + 4H+<W> = 2H2Se03 + C02<g> + H20 

log K<W> = 54.7 <Eq. 1> 

The relevant half reactions for the organic aeterial 

and selenium were taken from Stuma end Morgen- <1980> 

and Weest <1978>, respectively. K<W> is the equilibrium 

constant for the redox reaction at pH 7 and 2s•c. 

The role of active biota in the reaction is still 

not clear: they may mediate the redox reaction JUSt described. 

or their role may be of minor importance. The fact that 

in the present study the reduction reaction in the Katepwa 

Lake sediment continued. albeit slowly. at 4°C may indicate 

that organisms were still growing at that temperature. 
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This conclusion is supported by Cullimore and Johnson 

<1971> who found that a significant portion of bacteria 

in the water and sediments of these lakes were psychro

philic <they were capable of remaining active over the 

winter>. 

Huang et al. <1983> found that when selenate was 

initially added to the sediment suspensions. the concentration 

of selenite appearing in solution was greater in the 

Katepwa than it was in the Buffalo Pound Lake sediment 

system at any given time after 72 hr. This means that 

the Katepwa Lake sediment had a greater ability to reduce 

selenate relative to Buffalo Pound Lake sedi•ent. an 

ability which remained in the present study even after 

storage of the sediment at 4•c. 

When the nature of the two sediments is taken into 

account the observations on the reducing ability of the 

sediments should not be surprising. The sample of Katepwa 

Lake sediment studied had a greeter organic matter -content 

than did the Buffalo Pound Lake sediaent <Oscarson et 

al •• 1981>. Therefore. if organic matter is important 

in the reduction of selenate. the Katepwa Lake sediment 

would be expected to have the greeter ability to reduce 

selenate. As well. in the natural environment the Katepwa 

Lake sediment undergoes far more drastic reducing conditions 

than does the Buffalo Pound Lake sediment. even though 

most sediments have reducing conditions to some extent 
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below the water-sediment interface. In the experiment 

conducted by Huang et al. <1983> the Eh of the Ketepwc 

Lake sediment system was lower. at least during the first 

part of the reaction period <during the letter pert of 

the reaction periods. the Eh of the two sediment systems 

was similar>. than that of the Buffalo Pound Lake sediment 

system <Appendix 1>. The lower initial Eh in the Katepwe 

Lake sediment system would also tend to promote the reduction 

of selenate to selenite. Katepwa Lake sediment was thus 

expected to reduce selenate more rapidly than Buffalo 

Pound Lake sediment. In the present study the ability 

of the Katepwa Lake sediment to reduce selenate to selenite 

even after storage at 4•c suggested an intrinsic difference 

in the nature of the biota and/or the organic matter 

present in the two sediments studied. 

The Katepwa Lake sediment. after storage at 4•c. 

was capable of oxidizing small amounts of selenite to 

selenate. although the rate of the reaction did not vary 

substantially from 4•c to 25•c <Fig. 4.1.3. Table 4.1.2>. 

At 6o•c. the reaction appeared to become more complex. 

La~ge amounts of selenate were initially formed and then 

disappeared. Competing reactions apparently occurred. 

and thus affected the equilibrium of selenite and selenate 

in the system. 

In the previous study Buffalo Pound Lake sediment 

displayed a striking ability to oxidize selenite to selenate 
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<Huang et al •• 1983>. This trend was verified in the 

present study <Fig. 4.1.4>. Furthermore. the rate of 

the oxidation of selenite increased with increasing temp

erature from 4°C to 60°C <Table 4.1.2>. indicating that 

substantial seasonal variations of the speciation of 

selenium in water would occur. The 

for the fast reaction was 57.8 

reaction and 34.8 kJ·mol-1 for the 

heat of activation 

kJ·aol-1 for the fast 

slow reaction <Table 

4.1.2>. The oxidation of selenite by the Buffalo Pound 

Lake sediment followed the Arrhenius type reaction. indicating 

that the oxidation of selenite by the Buffalo Pound Lake 

sediment was an abiotic process. 

The kinetics of the oxidation of selenite by the 

Buffalo Pound Lake sediment as well as the reduction 

of selenate by the Katepwa Lake sediment had two phases. 

The fast phase occurred over a short period of time. 

·from 2 to 5 days; the length of the period decreased 

with increasing temperature. The slow phase continued 

to the end of the reaction period. 

The Katepwa Lake sediment both oxidized and reduced 

selenium compounds <Figures 4.1.1. 4.1.3. Table 4.1.2>. 

There aust. therefore. be an equilibrium that would be 

reached between the levels of selenate and selenite in 

the sediment system. Theoretically. as the sediment 

becomes more oxidized. the overall reaction would favour 

the formation of selenate. 
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Figure 4.1.3 - Effect of teMperature on the oxidation 
of selenite to selenate in Katepwa Lake 
aediaent. The experiMent at 4•c waa extended 
to 35 d: the depletion of selenite and 
the foraation of selenate continued. 
If no deviation is indicated- the standard 
deviation ia within the aize of the ay•bol. 
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Table 4.1.2 - Rate conatanta of the oxidation of selenite 
to selenate and reduction of selenate to 
selenite by Buffalo Pound and Katepwa Lake 
aediaenta. 

Conversion 
of Se 

Specie& 

Se<IY> 
to 

Se<YI> 

Se<VI> 
to 

Se<IV> 

Se<IV> 
to 

Se<VI> 

Se<VIJ 
to 

Se<IV> 

Temperature <·c> 

Reaction 4 25 60 
Phase 

Rate Constant (d-1) . 103* 

Buffalo Pound Lake sediment 

Feat 7.1 :t3.0 70.0 :t3.6 506 :tl9 

Slow 3.3 :!:1.0 13.9 :!:0.7 42.8 :!:2.3 

Fast o.oo o.oo 

Slow o.oo 0.00 0.00 

Katepwa Lake sediment 

Fast 0.95 ~0.08 0.37 ~0.03 --·· 
Slow --a --a --a 

Fast 35.5 :!:1.1 283.0 ±14.0 o.oo 

Slow 5.4 :!:0.4 104.0 ±7.3 o.oo 

Heat of 
Activation 
(k.J·mol-1>* 

57.8 :t4.6 

34.8 :!:4.6 

N.A.6 

N.A. 

--·· 
--a 

67.9±3.1 

96.8:!:7.4 

* The oxidation of Se<IV> and the reduction of Se<VI> were 
calculated on the basis of the amounts of Se<IV> and 
Se<YI> remaining in the systems <solution and adsorbed 
phase> 

**Competing reactions interfere with calculations o£ rate 
constants and heat of activation 

6 Calculation o£ heat of activation did not apply as no 
reaction occurred 

a Fast and slow reactions could not be differentiated 
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Selenite can be adsorbed by allophanic clay <RaJan 

and Watkinson. 1976) and/or co-precipitated with iron 

oxides <Geering et al •• 1968>. Conversely. selenate 

does not form stable sorption complexes or co-precipitates 

with iron or aluminum oxides <Allaway et al •• 1967>. 

The sediments of the Buffalo Pound and Katepwa Lakes 

contain hydrous oxides of aluminum. iron. manganese and 

silicon <Oscarson et al._ 1981> which are apparently 

partially responsible for the sorption of selenite. 

Since selenite had a stronger affinity for the sediments 

than selenate, it is reasonable to conclude that there 

was far more reduction occurring than was indicated by 

the amounts of selenite in solution. In fact. most of 

the selenite produced may still be associated with the 

sediment. This may in turn suggest that most. if not 

all, of the selenium depletion from solution is a result 

of the reduction of selenate to selenite. 

It is possible that some of the selenium retained 

by the sediment was in the form of elemental selenium. 

If the sediment reduces selenate to selenite there is 

likely nothing to stop the reduction from going further 

to produce elemental selenium since biota are known to 

exist which may perform this reaction <McCready et al., 

1966; Doran. 1982>. This reaction would also lead to 

the immobilization of selenium in aquatic systems. 

Compared with the Buffalo Pound Lake sediment. the 



72 

Katepwa Lake sediment had a higher sorption capacity 

for selenite <Table 4.1.3>. Buffalo Pound Lake sediment 

showed no interaction at all with selenate: no reduction 

or retention of selenate was observed <Fig. 4.1.2>. 

This observation supports a previous suggestion <Huang 

et al.~ 1983> that any apparent retention of selenate 

occurred as a result of the reduction of selenate to 

selenite - it was in fact selenite which was retained 

by the sediment. If reduction was halted~ as occurred 

owing to the oxidation of the Buffalo Pound Lake sediment 

during storage ~ince the previous study~ all apparent 

interactions between selenate and the sediment would 

also cease. This same relationship was probably also 

true for Katepwa Lake sediment. Any apparent retention 

was likely a result of the reduction of selenate to selenite. 

Temperature at 4 and 25•c did not affect the sorption 

reaction in the Katepwa Lake sediment <Table 4.1.3>. 

the oxidation of selenite by this sediment was also not 

very temperature sensitive in the same temperature range 

<Fig. 4.1.3~ Table 4.1.2>. 

The sorption of selenite by the Buffalo Pound Lake 

sediment, like its ability to oxidize selenite to selenate. 

w~s highly temperature sensitive. The adsorption decreased 

from 4• to 6o•c by 3.7 times <Table 4.1.3>. Even with 

a temperature increase from 4•c to 25•c. the adsorption 

of selenite decreased by 1.3 times. indicating that the 
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Table 4.1.3 - Adaorption of selenite by Buffalo Pound 
and Katepwa Lake aediaenta at the end of 
a 7-day reaction period. 

Reaction Final Final ng Se<IV> ng Se<VI> ug Se·<IV> 
Temp. pH Eh ·aL-l in ·aL-l in adaorbed·g-1 
<•C> <Mv> solution* solution* o£ sediaent 

Buffalo Pound Lake sediment 

4 8.0 420 15 ~ 1.4 14 ~ 1.4 7.1 ~ 0.2 

60 8.1 400 41 ~ 4.2 40 ±11.4 1.9 ± 0.7 

25 8.0 400 24 ~ 1.7 23 ± 3.6 5.4 ± 0.4 

256 7.5 420 40 :t 4.7 nd** 6.0 :t o.s 

25"T 7.6 430 57 :t 4.6 nd 4.3 :t 0.5 

Katepwq Lake sediment 

4 7.7 430 8 ± 2.2 4 ± 2.2 9.2 ± 0.1 

60 7.7 420 43 ± 1.0 0 ± o.o 5.7 ± 0.1 

25 7.7 430 9 ± 0.8 2 ± o.o 9.1 ± 0.1 

256 7.8 430 69 :t 7.7 nd 3.1 :t o.a 

25"T 7.3 450 32 :t 3.1 6 :t 3.1 6.2 :t 0.3 

.. the initial Se concentration in solution was 100 ng 
Se<IV>·mL-1 and 0 ng Se<VI>·aL-1 

•• not detectable 
6 - Sediment treated with NaOCl ..., - Sediaent treated with Acetyl acetone in benzene 
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mobility of selenium in 

vary with seasonal variations 

the 

of 

freshwater system would 

temperature. The rate 

of the oxidation of selenite to selenate and the subsequent 

mobility of selenium in the freshwater systems would 

thus be higher in summer than winter. 

It should be noted that both sediments were in a 

similar state of oxidation <Table 4.1.3>. This indicated 

that EhiPH status was not the primary cause of reduction 

or oxidation in these systems. 

In the previous study. the Buffalo Pound Lake sediment 

was capable of reducing selenate to selenite <Huang et 

al •• 1983>. In the present study. this ability was lost 

<Fig. 4.1.2>. Katepwa Lake sediment was previously incapable 

of oxidizing selenite to selenate <Huang et al •• 1983>. 

In the present study. it had limited oxidizing ability 

<Fig~ 4.1.3>. Both the Katepwa and Buffalo Pound Lake 

sediments have become more oxidized and thus the initial 

Eh of the systems has risen. This suggests that the 

fluctuations of the ambient Eh of a system and the associated 

changes in sediment properties may have influenced the 

oxidation of selenite or the reduction of selenate. 

The rates of these reactions were relatively slow. In 

the previous study. the Buffalo Pound Lake sediment pre

dominantly oxidized selenite to selenate while the reduction 

of selenate to selenite by the sed~ment was possible 

<Huang et al •• 1983>. The Katepwa Lake sediment predom-
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inantly reduced selenate to selenite <Huang et al., 1983> 

while the oxidation of selenate to selenite by the saae 

sediment after storage at 4•c was possible in the present 

study <Fig. 4.1.3>. This suggests that changes in the 

ambient Eb of the systea will affect the equilibrium 

of selenite and selenate in a sediment. but such changes 

in the equilibrium will be small, owing to the redox 

buffering capacity of the sediments. 

Even though the Eh and pH of the systems were not 

the primary cause of oxidation or reduction in these 

sediments, their roles in affecting the overall nature 

and properties of the ecosystem should not be ignored. 

Because the two sediments share similar basic mineralogy 

and environmental inputs, it would be surprising that 

the two sediments interacted with selenium in such different 

ways, if it were not because of the physica~ differences 

in the lakes, notably depth and the associated changes 

in limnological conditions. Buffalo Pound Lake sediments, 

which remain in contact w~th oxygen almost continuously, 

interact with selenium in processes predominantly involving 

oxidation. As the sediment oxidized further during storage, 

the interaction involved oxidation exclusively. Katepwa 

Lake sediment, which undergoes anaerobiosis for a significant 

portion of the year, interacts with selenium in processes 

predominantly involving reduction. As the sediment became 

oxidized during storage, the interaction began to include 
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limited oxid~tion of selenite to selenate. 

From this information. it is possible to postulate 

that the sediment properties· which are associated with 

the physical differences of the l~kes have caused the 

observed reactions. The physical. chemical and biological 

properties of the Buffalo Pound Lake sediment are apparently 

far different from those of the Katepwa Lake sediment. 

which would contain little or no oxygen for much of the 

year <Hammer. 1971>. The high organic matter content 

in the Katepwa L~ke sediment indicates that biota were 

unable to completely break. down the products of microbial 

metabolism. and plant .and animal residues. Therefore 

these residues built up in the sediments. The physical 

characteristics of the lakes have affected the chemical 

and biological milieu of the sediments which in turn 

resulted in their very different interactions with selenium. 

4.2. Effects of Sediment Treataenta on the 
Interactions of Selenite and Selenate 
With Selected Freshwater 5ediaenta 

4.2.1. Sodium hypochlorite treat•ent 

The tre~tment of sediments with sodium hypochlorite 

was given as an alternate method to the hydrogen peroxide 

treatment for the removal of organic matter <Jackson. 

1979). This technique permits the removal of organic 

matter and dispersion of soil or sediment without the 

dissolution of alkaline earth carbonates and phosphates 
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or manganese dioxides <Anderson. 1963>. The residual 

carbon in soil after treatments with hydrogen peroxide 

or with sodium hypochlorite are about the same <Lavkulich 

and Wiens. 1970>. but the former treatment may result 

in the release of manganese, iron .and aluminium to solution. 

while the sodium hypochlorite treatment maint~ins these 

elements less mobile. 

When selenate was added to the untreated Katepwa 

Lake sediment there was a rapid reduction of selenate 

to selenite, depleting selenium from solution <Fig. 4.2.1>. 

When the sediment was treated with sodium hypochlorite. 

the observed reduction and adsorption reactions ceased. 

The reduction of selenate and the subsequent retention 

of selenium by the Buffalo Pound Lake sediment was not 

observed either before or after treatment with sodium 

hypochlorite <Fig. 4.2.1>. 

The oxidation of selenite to selenate occurred when 

selenite was added to either untreated sediment <Fig. 4.2.2>. 

The reaction proceeded more rapidly in the case of Buffalo 

Pound Lake sediment. After sodium hypochlorite tre~tment 

of both sediments, no oxidation reactions were observed. 

In both the reduction of selenate by Kat~pwa Lake 

sediment and the oxidation of selenite by both sediments, 

the reactions were halted after treatment with sodium 

hypochlorite. This observation indicates two possibilities: 

<1> the materials which caused the oxidation or reduction 
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Table 4.2.1 Eleaental analyaia of the supernatant of 

* -

Element 

C.a 
Mg 
K 
Si 
p 
B 
Al 
Fe 
Mn 
Ba 
Zn 
Co 
Cr 
Cu 
Ni 
Ti 
Pb 
Mo 
Be 
Cd 
v 
w 
Ag 

the NaOCl treataent of Katepwa and Buffalo 
Pound Lake sediments. 

maol of elements released 
• kg-1 of sediment 

Buffalo Pound 
Lake sediment 

84.2 
50.4 
19.8 
5.61 
2.82 
1.18 
0.16 
0.06 
0.60 
0.26 
0.14 
0.01 
0.04 
0.06 
0.05 
n.d. * 
0.01 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

Katepwa Lake 
sediment 

137.2 
65.8 
25.6 
14.1 
5.57 
1.85 
0.70 
0.34 
2.23 
0.17 
0.17 
0.01 
0.06 
0.12 
0.10 
0.01 
n.d. 
0.07 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

not detectable 
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The supernGtant of the sodium hypochlorite treatment 

of the sediments underwent elemental analysis <Table 

4.2.1>. It is clearly evident that significant Gmounts 

of materials other than organic matter were extrGcted 

by the treatment. The types of inorgGnic materials removed 

by this treatment seem to fall under two categories. 

The first includes elements associGted with organic matter 

and the second, inorganic complexes loosely associated 

with the mineral components of the sediments. These 

inorganic complexes may include sesquioxides and other 

hydrous oxides. since they may be present as discrete 

colloidal precipitates or as coatings on planar surfaces 

and edges of clay minerals. They may also exist as complexes 

with a series of inorganic ligands, low molecular weight 

organic acids, and functional groups of humic substances 

of sediments <Huang and Kozak, 1970; Schnitzer and Kodama, 

1977; 5chwertmann 

1978; Huang, 1980>. 

the most active 

and Taylor, 1977: 

These materials 

segment of soils 

Kwong and Huang, 

are also ·part of 

and sediments. The 

removal of this fraction of the sediments may explain 

the cessation of the oxidation of selenite to selenate 

by the sediments. 

Of the elements removed by the sodium hypochlorite 

treatment <Table 4.2.1>, only two appear to be thermodyna

mically feasible to oxidize selenite to selenate: 
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H2Se03 + Mn02 = Se04-2 + Mn+2 + H20 

E• = + 0.06 V CEq. 2> 

3H2Se03 + 2HCro4- + 2H+ = 3Seo4-2 + 2Cr+3 + 5H20 

E• = + 0.045 V <Eq. 3> 

The mediation of the conversion of selenite to selenate 

by oxygen is also feasible <E• = + 0.079 V>. Another 

possibility is cobalt. but the reaction is thermodynamically 

f~vorable only in 3M HN03 CE• = + 0.31 V>. 

Although the oxidation of selenite to selenate by 

manganese dioxide is thermodynamically feasible, this 

reaction was not observed after 7 wks <Huang et al., 

1983). The oxidation of selenite to selenate did not 

occur spontaneously in deionized distilled water. The 

data indicate that the oxidation of selenite to selen~te 

which is mediated by manganese dioxide or oxygen, although 

thermodynamically favorable, is very slow. 

Adsorption of selenite was also affected by the sodium 

hypochlorite treatment of the sediments. Before the 

treatment, the Katepwa Lake sediment had a higher sorption 

cap~city than did the Buffalo Pound Lake sediment. After 

the treatment, no oxidation of selenite to selenate occurred 

and the Buffalo Pound Lake sediment retained more selenite 

than did the Katepwa Lake sediment <Fig. 4.2.2>. This 

phenomenon is relatively easy to explain. When the organic 
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and sesquioxidic components of the sediments were removed. 

the sorptive ability of the Katepwa Lake sediment was 

reduced dramatically. Buffalo Pound Lake sediment had 

a lower organic carbon content <Table 3.1.3>. but had 

a finer texture than the Katepwa Lake sediment <Table 

3.1.2>. When the sediment was treated with sodium hypoch

lorite this fine texture ensured that the retention of 

selenite was less severely affected. Furthermore. the 

elimination of the oxidation of selenite to selenate 

by the Buffalo Pound Lake sediment after the sodium hypo

chlorite treatment evidently contributed to the enhanced 

adsorption of selenium. 

Sesquioxides and their complexes with silica are 

widely distributed in both the colloidal and non-colloidal 

fractions of the Katepwa and Buffalo Pound Lake sediments 

<Oscarson et al.. 1981>. These sesquioxidic components 

apparently play an important role in governing the dynamics 

of selenium in these aquatic systems. Carbonates of 

calcium and magnesium are also present in large quantities 

in these sediments. These carbonates may armor sediment 

oxide surfaces. thereby reducing their sorptive capacity 

and decreasing reaction rates <Oscarson et al •• 1981>. 

When this armoring effect was removed by the sodium hypoc

hlorite treatment <Table 4.2.1> the adsorption of selenite 

was reduced <Figure 4.2.2>. This suggests that. although 

carbonate armoring may be significant in these sediments. 
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organic matter and sesquioxidic components are even more 

significant in adsorbing selenium. 

Coarse particles- as well as the finer particles

have significant sorption capacity for solutes <Hwang 

et al., 1976: Gibbs, 1977: Huang and Liaw, 1978>. This 

can be attributed, at least in part. to surface coatings 

of hydrous aluminum, iron and manganese oxides on crystalline 

minerals and complexation of these oxides with humic 

substances <Jenne. 1968: Huang. 1980>. Therefore. the 

removal of these sesquioxidic and humic components by 

the sodium hypochlorite treatment very drastically decreased 

the adsorption of selenite by the sediments. 

4.2.2. Acetylacetone-benzene treataent 

Acetylacetone. when added to soil as a 5~ solution 

in benzene specifically removes oxides and hydroxides 

of aluminum and iron with efficiency similar to the pyrop

hosphate treatment- with minimal impact on the ·organic 

component of the sediment <Giovannini and Sequi. 1976>. 

Table 4.4.2 shows that this treatment did in fact remove 

large quantities of aluminum and iron while removing 

generally lesser amounts of the other elements than did 

the sodium hypochlorite treatment. 

The adsorption of selenite by both sediments was 

affected by the acetylacetone-benzene treatment. Compared 

with the untreated sediment <Fig. 4.1.3>, the adsorption 
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TGble 4.2.2 EleaentGl analyaia of the aupernGtent of 

• -

Element 

C-t2 
Mg 
K 
Na 
p 
B 
Al 
Fe 
Mn 
Ba 
Zn 
Co 
Cr 
Cu 
Ni 
Ti 
Pb 
Mo 
Be 
Cd 
v 
w 
Ag 

the Gcetylacetone in benzene treGtMent 
of KatepwG and BuffGlo Pound Lake aedimenta. 

mmol of elements released 
· kg-1 o£ sediment 

Buffalo Pound Katepwa Lake 
Lake sediment sediment 

21.8 32.3 
19.5 38.5 
5.45 9.77 

12.2 55.7 
2.52 3.13 
1.79 3.46 
5.00 3.52 

17.6 21.6 
2.04 0.67 
0.06 0.07 
0.10 0.16 
0.01 0.01 
0.01 0.01 
0.05 0.02 
0.03 0.02 
n.d. • n.d • 
n.d. n.d. 
n.d. 0.04 
0.03 0.04 
n.d. n.d. 
0.04 0.04 
n.d. n.d. 
n.d • n.d. 

not detectable 
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of selenite by the Katepwa Lake sediment after the acetyl

acetone-benzene treatment was very significantly decreased 

<Fig. 4.2.4>. but was higher than that which occurs after 

the sodium hypochlorite treatment <Fig. 4.2.2>. The 

Buffalo Pound Lake sediment lost more of its retentive 

capacity for selenite after the acetylacetone-benzene 

treatment <Fig. 4.2.3>, compared with the sodium hypochlorite 

treated sediment <Fig. 4.2.2>. This indicates the importance 

of hydrous oxides and hydroxides of aluminum and especially 

iron in the retention of selenite. This substantiates 

the observation of previous workers <Olson. 1939; Plotnikov. 

1964: Hingston et al.. 1967: Hamdy and Gissel-Nielsen, 

1977). 

RaJan and Watkinson <1976> postulated that on allophane 

clays selenite 

and adsorbed 

exchanged with 

silicate. The 

hydroxyl. adsorbed sulfate 

hydroxyl groups released 

probably existed as edge hydroxyls <M-OH>. rather than 

structur~l. bridging hydroxyl groups <M-OH-M>. Selenite 

with its trihedron structure. is an unsuitable structural 

substitute, whereas phosphate groups may replace structural 

silicate <RaJan and Watkinson. 1976). Selenite may also 

exchange with aquo groups. 

RaJan <1979) gave three possible reaction mechanisms 

for the retention of selenite by hydrous alumina: 
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\ I I OH2 r \ I I HSe03 r Al ... HSe03- = Al ... H20 <Eq. 4> 
I f \ OH2 I I \ OH2 

\ I I OH2 r \ J I OH2 r Al ... HSe03- = Al ... OH- <Eq. 5> 
I I \ OH I I \ HSe03 

\ I I OH2 r \ I I HSe03 l Al ... HSe03- = Al ... H20 <Eq. 6> 
I I \ OH I t \ OH' 

The £irst reaction neutralizes the positive charge, 

releasing an aquo group to solution. The second releases 

an hydroxyl into solution. The last mechanism releases 

an aquo molecule to solution and leaves a negatively 

charged sur£ace. It is important to note that selenite 

is adsorbed as HSe03-. displacing one ligand on the hydrous 

alumina. Unlike phosphate groups, which evidently are 

able to break the aluminum polymers, the adsorption o£ 

selenite reaches a maximum when the adsorbent surface 

becomes neutral in charge <RaJan et al., 1974: RaJan, 

1975: 1976). 

Ryden et al. <1977> studied the mechanisms o£ phosphate 

adsorption by soils and hydrous ferric oxide gels and 

proposed the £ollowing mechanism: 
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0 \ 

0 I 
p 

I 0 

\ OH r <Eq. 7> 

This reaction may also be possible with selenite. 

and may explain both the high sorptive capacity of ferric 

hydroxides ~or selenite and tenacity with which selenite 

is held by ferric compounds. Such a reaction may be 

written as follows: 

[ Fe - OH r [ Fe 0 \ I OH r = 5e <Eq.8> 
Fe - HSe03 Fe 0 I \ OH 

When the sediments were treated with acetylacetone-

benzene. hydrous oxides of aluminum and iron were prefer-

entially removed. These sesquioxidic components were 

probably present as coatings on the mineral surfaces 

of the sediments and complexed with organic matter. 

The minerals. when deprived of these coatings. had sub-

stantially less sorptive capacity for selenite. This 

indicates that hydrous oxides of iron and aluminum have 

a substantially higher ability to retain selenite per 

unit weight than do the crystalline mineral components 

of the sediments. This is especially true of the Buffalo 

Pound Lake sediment. The ability of the Buffalo Pound 

Lake sediment to retain selenite was drastically reduced 
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~fter ~cetylacetone-benzene treatment <Fig. 4.2.3>, although 

the retention capacity was not affected as much after 

treatment with sodium hypochlorite <Fig. 4.2.2>. The 

sodium hypochlorite treatment removed organic matter 

and certain inorganic constituents, while the acetylacetone

benzene treatment left the organic fraction relatively 

intact and removed large amounts of hydrous oxides of 

aluminum and iron. Besides the data reported in Section 

4.2.1, this indicates that the sesquioxidic components 

of the Buffalo Pound Lake sediment are responsib~e for 

a large portion of the selenite retention. 

This observation contrasts with the retention of 

selenite by Katepwa Lake sediment, which was less severely 

affected by the acetylacetone-benzene treatment <Fig. 4.2.4> 

than by the treatment with sodium hypochlorite <Fig. 4.2.2>. 

The acetylacetone-benzene treatment removed similar amounts 

of iron and aluminum fro• both sediments <Table 4.2.2>. 

The nature of sesquioxidic components in the-Katepwa 

Lake sediments may differ from the Buffalo Pound Lake 

sediments and other sediment components could also be 

responsible for some of the observed retention of selenite 

by the Katepwa Lake sediMent. 

When selenate was added to the acetylacetone-benzene 

treated Katepwa Lake sediment there was no discernible 

reduction of selenate to selenite <Fig. 4.2.5>. Apparently 

the acetylacetone-benzene treatment had inhibited biotic 
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activity and/or altered the organic fraction to render 

it ineffective in the reduction of selenate to selenite. 

This alteration may have removed certain metals which 

serve as inorganic coenzymes <Table 4.2.2>. Selenate 

was not added to the treated Buffalo Pound Lake sediment 

since there were no detectable interactions between selenate 

and the untreated Buffalo Pound Lake sediment. 

When selenite was added to the acetylacetone-benzene 

treated Katepwa Lake sediment <Fig.4.2.4> the reaction 

was similar to that observed when selenite was added 

to untreated Katepwa Lake sediment at 60•c <Fig. 4.1.3>. 

Initially a rapid oxidation of selenite to selenate appeared 

to occur. After three days. however. the selenate levels 

in solution had decreased and remained at a low level 

for the remaining reaction period. Likewise. the se~enite 

levels in solution fell rapidly initially. but the selenite 

level in solution increased after 3 d and remained relatively 

constant for the rest of the reaction period. This indicated 

that a complex reaction was occurring in the acetylacetone

benzene treated or heated <6o•c> sediments. It may be 

that the reactive agents which were activated by heating 

the untreated Katepwa Lake sediment were similarly affected 

by the acetylacetone-benzene treatment. The nature of 

these agents is not clear. especially in causing the 

subsequent loss of selenate from solution after the initial 

oxidation. No such losses were observed when selenate 
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was the sole selenium compound added to solution CFig. 

4.2.5>. It appears that the redox reaction which occurred 

initially in both cases became reversed within days o£ 

incubation. The redox potential and pH of the sediments 

did not vary drastically during that period. It may 

be that. in both the heated and acetylacetonebenzene 

treated Katepwa Lake sediment. oxidation reactions which 

were favorable initially became reversed because of changes 

in the chemical and physical properties o£ the sediments. 

The components o£ the sediments responsible for the 

reaction may have been inactivated a£ter a period of 
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heating 8t Go•c. Similerly. 

acetyl8cetone-benzene treated 

alterations during the first 

the s8me components of the 

sediment may have undergone 

few days of incubation that 

caused a reversal in the redox reactions of selenium 

compounds •. These 8lterations may have been a result 

of the acetylacetone-benzene treatment. 

When selenite was added to the Buffalo Pound Lake 

sediment which had been treated with acetylacetone-benzene. 

the oxidation reaction of selenite was also suspended 

<Fig. 4.2.3>. This indicated that the components removed 

by the acetylacetone-benzene treatment are vital in mediating 

the oxidation of selenite. 
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5. SUMMARY AND CONCLUSIONS 

The r8tes of the oxid8tion of selenite and reduction 

of selenate and the sorption of these selenium species 

by freshw8ter sediments from Katepwa and Buffalo Pound 

L~kes in the Qu'Appelle River basin in Saskatch•wan. 

Canada were studied. 

The Katepwa Lake sediment reduced selenate to selenite 

at 25•c. but the reaction rate was dram8tica11y decreased 

~t 4•c and was not observed ~t 6o•c. This reduction 

reaction was attributed to the mediation of biota. related 

biochemic81 processes. and/or organic components of the 

sediments. Buff81o Pound Lake sediment W8s un8ble to 

reduce selenate 8t any temperature. Both Katepwa and 

especially Buffalo Pound Lake sediments were c8pable 

of oxidizing selenite to selenate. The extent of the 

oxidation caused by Katepwa Lake sediment was relatively 

limited. and independent of temperature: competing re~ctions 

appeared to have occurred to affect the equilibrium of 

selenite and selenate in the system. The oxidation of 

selenite to selenate by the Buffalo Pound Lake sediment 

followed an Arrhenius type reaction. indicating that 

the oxid8tion process is abiotic in nature. This study 

suggests that selenium transformations and mobility would 

be 8ltered by seasonal fluctuations of temperature in 

freshwater ecosystems. 

When the two sediments were treated with sodium hypo-
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chlorite, all redox reactions of selenate and selenite 

were halted. This suspension in the reduction of selenate 

to selenite by the Katepwa Lake sediment after the treatment 

was attributed to the elimination of biotic processes 

and/or the removal of organic components. There are 

two possible explanations for the loss of oxidative ability 

by both sediments after the treatment: <1> substantial 

amounts of inorganic materials were removed by the treatment: 

some of these materials may have been responsible for 

the oxidation reactions: and <2> sediment components 

which were not removed were rendered incapable of performing 

the oxidation by the sediment treatment. The sodium 

hypochlorite treatment also reduced the ability of the 

two sediments to retain selenite. indicating the importance 

of the sediment fraction removed by the treatment in 

the retention of selenite. 

Removal of the sesquioxidic components of the sediments 

by the acetylacetone-benzene treatment suspended the 

ability of the Buffalo Pound Lake sediment to oxidize 

selenite to selenate and substantially reduced the retention 

of selenite by the sediment. This indicates the importance 

of the sesquioxidic fraction of the sediment in the retention 

and oxidation of selenite by the Buffalo Pound Lake sediment. 

The adsorption of selenite by the Katepwa Lake sediment 

was also reduced by the acetylacetone-benzene treatment, 

but not as severely as when treated with sodium hypo-
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chlorite. This indicates that the sesquioxidic components 

of this sediment have less influence on selenite retention 

than the Buffalo Pound Lake sediment. There are no inter

actions between selenate and acetylacetone-benzene treated 

Katepwa Lake sediment. Apparently this treatment inhibited 

biotic activity and/or altered the organic fraction to 

render it ineffective in the reduction of selenate to 

selenite. 

These two sediments from the Buffalo Pound and Katepwa 

Lakes were very different with respect to their interactions 

with selenite and selenate. despite similar basic mineralogy. 

climate. and anthropogenic and natural inputs. Buffalo 

Pound is a shallow lake which is aerated for most of 

the year. while Katepwa Lake is deep and the sediments 

undergo anaerobiosis for much of the year. The differences 

in physical characteristics of the lakes have modified 

the chemical and biological properties of the sediments 

which has in turn affected the interactions of these 

sediments with selenium. 

Further investigation is warranted to elucidate the 

role of the reactive sediment components and environmental 

factors in governing selenium transformations. cycling. 

and toxicology in freshwater ecosystems. 
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Appendix 1 - pH and Eh values of the sedi•ent auspension 
of the Katepwa and Buffalo Pound Lakes during 
the reaction period. 

Katepwa Buffalo Pound 
Reaction 
period pHS Eh<mv)S pH Eh<mv> 

3 hr 8.0 200 8.1 355 

24 hr 7.6 260 8.1 365 

72 hr 7.4 365 7.9 445 

1 wk 7.2 370 7.7 525 

2 wk 7.1 385 7.6 550 

3 wk 7.0 400 7.7 520 

5 wk 7.0 425 7.7 500 

7 wk 7.1 440 7.5 443 

SThe precision o£ the pH and Eh measurements is %0.1 
and ±10 mv,. respectively. 
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Appendix 2 - Average concentrations and relative proportions 
<equiv ~) of maJor ions in Buffalo Pound 
and Kateqwa Lakes <Hamaer. 1971>. 

Lake 
Ion 

Buffalo Pound Katepwa 

mg·L-1 " mg·L-1 " 
Total Dissolved 

Solids 644 1549 

Cations 

Ca2+ 41 21.0 72 15.6 

Mg2+ 32 27.1 88 31.5-

K+ 17 4.5 29 3.2 

Na+ 106 47.4 263 49.7 

Anions 

C032- 28 9.6 34 4.5 

HC03- 105 34.4 256 16.8 

Cl- 42 12.1 135 15.2 

S042- 206 43.9 762 63.5 
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Appendix 3 - Evaluation of some procedures for the fluoro
aetric determination of seleniua. 

The method of selenite analysis used by Huang et 

el. <1983) was based on the procedure of Wilkie end Young 

<1970>. It was adequate in that it was precise and repro-

ducible. However. steps were taken to 1> improve the 

rapidity of the analysis end 2> solve interference problems. 

as described below. 

1> During the fluorometric determination by the 

previous method. agitation of seperatory funnels by hand 

was required. This step was mechanised with a wrist-action 

shaker. end flat-bottom boiling flasks were used to replace 

the separetory funnels. This allowed the analysis of 

up to 16 samples at once. up from 4 by the previous method. 

The reduction of selenate to selenite for total selenium 

analysis required heating of the solution with HCl and 

HBr in a water bath over a reflux condenser. This limited 

the number of samples which could be prepared for ~nalysis 

to 4 at a time. This method was replaced with one proposed 

by Rankin (1973>. after trying several methods from the 

list compiled by Bem <1981>. All reactions were carried 

out on a hotplate in 50-mL Erlenmeyer flasks, eliminating 

the need for a water bath and reflux condenser. Up to 

36 samples can be processed at the same time. 
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2) Random interference in the total selenium analysis 

could occur from time to timep especially i£ the glassware 

was not cleaned meticulously. The method o£ Rankin <1973> 

largely eliminated this problem with a preoxidation of 

the solution with 30~ H202, followed by reduction with 

concentrated HCl. As an extra precaution, the glassware 

was soaked in 10~ aqua regia after each use. 
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