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INTRODUCTION

For many years the lack of suitable analytical methods forced the in-
vestigators of the element selenium to deal exclusively with the cases where
its presence in excest amounts posed a toxicity problem. The advent of
highly sensitive analytical tools, first and foremost the radiometric ones, has
in the last ten to twenty years enabled experimenters to approach the
questions concerned with selenium deficiency. For the present work the
research reactors and facilities for radioactivity work at Riso have been used
in a study of the role of selenium in Danish agriculture.

During the past decade increasing aitention has been paid to the im-
portance of selenium to livestock, and deficiency has, indeed, been found in
many areas all over the world. It was therefore felt that an investigation of
the selenium content in Danish crops was very important. The frequent
observation in recent years of Danish domestic animals affected with diseases
that might have been caused by selenium deficiency was an indication that
such a study might be rewarding.

If the selenium concentration in the crops is below the desired level, a
possible remedy is the use of fertilizers containing selenium. A prerequisite
for such an application is the knowledge of the quotient of absorption which
among other things depends on the crop, on the selenium compound and on
the soil properties. Other important factors are changes in availability with
time, the extent to which leaching of the added selenium takes place, and the
probability of accumulation in the soil. All such questions, therefore, have to
be considered. Results from other countries can be indicative, but they are
not always immediately applicable to Danish conditions.

In outline the contents of the present report are as follows. The first
chapter is a review of the literature of greatest interest for this treatise, but it
is intended also as a general introduction to the subject. The description and
evaluation of the experimental techniques are given in chapter 2. The work
depends heavily upon the use of radiochemical methods. Owing to the
volatility of some selenium compounds an additional problem was the neces-
sity of controlling of the reliability of all steps in the process, In chapter 3
the analytical results are presenied for crop and soil samples from vsrious
districts in Denmark. Besides, results are presented of experimerts con-
ceming the absorption by plants of native selenium. Chapter 4 comprises a
series of experiments where the selenium concentration in plants was increas-
ed as a result of the adding of selenium compounds to the soil. In chapter 5
the conversions of selenium compounds added to soil are studied by mesns
of extraction procedures. Chapter 6 concems the influence of selenium upon
the sulphur concentration in plants. A general conclusion based upon the
results is given in the last chapter. In the Appendix some chemical properties
of selenium are given that are considered of interest for the present in-
vestigation.



1. SELENIUM IN SOILS, FLANTS AND ANIMAL NUTRITION

In addition to an ever increasing number of publications in periodicals, two
books deal with the biological aspects of selenium. One is “Selenium, Geo-
botany, Biochemistry, Toxicity and Nutrition' by Rosenfeld and Beath (Ros
1964)°, a thoroughly revised edition of "Selenium” by Trelease and Beath
(Tre 1949). The other is the proceedings of a symposium with the title
“Selenium in Biomedicine” (Mut 1967).

A comprehensive review of the literature should therefore not be neces-
sary. Instead, the present chapter contains a selective and up-to-date review
of the part of the literature that is especially relevant to selenium in soils and
plants. Hopefully, this chapter may serve as an introduction to the subject,
which is new to Danish agriculture. In the interest of brevity results to be
discussed in the following chapters are not included in the review, except in
form of a reference to the chapter in question.

1.1. 80il Selenium

The concentration of selenium in a soil depends primarily upon the parent
rocks, the way the land was formed, the climate, the topography, and the age
of the maierial. The chemical forms of selenium in a soil are a result of the
properties of the soil, in particular the pH, the oxidation potential and the
presence of iron.

1.1.1. Geochemistry

In unweathered rocks and mineral ores the occurrence of selenium is nearly
always connected with sulphur minerals, The radii of 8™ and Se™ are 1.74
and 1.91 A respectively, and thus selenium can replace sulphur in sulphides.
The extent of replacement is larger at high than at low temperatures. In
addition to the sulphides volcanic sulphur may have a considerable selenium
content.

The abundance in the lithosphere of selenium relative to sulphur is on the
average 1:8000. Further, selenium appears to be approximately fifty times as
abundant as tellurium, the next element in the oxygen group. The absolute
sulphur content is not precisely known because the mass of the sulphide ores
is uncertain, but based on the igneous rocks the average sulphur con-
centration is 520 ppm. Thus a selenium concentration of 0.09 ppm (Gol
1964) or 0.05 ppm Se (Tur 1961) is obtained.

* References are given by the first three or four letters of the nameof the first author

followed by the year of publication. The reference list pertaining to all chapters is at the
end of the book,
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During weathering the behaviour of sulphur and selenium differs. The
main reason is that while sulphide is readily oxidized into sulphate, the
oxidation potential will mostly not be high enough for a similar oxidation of
selenide, and the process stops with the formation of selen’te. Only when the
oxidation potential is very high, will the oxidation go on to Se*®. Nitrate
deposits are the extreme examples of this.

The cycle of sulphur is roughly as follows. The sulphate formed in the
oxidation zone may enter a cycle between plants, animals and micro-
organisms, but under a humid climate a large part of it will leach out and be
taken to the ocean with the rivers. The sulphate not remaining in the sea
water is distributed on the sediments either as sulphates of the alkaline earth
metals, as heavy metal sulphides or as elemental sulphur. Further the
sulphate may be found in evaporates and sometimes in precipitates. Only
little sulphur remains in the resistates, e.g. sandstones.

Selenites brought into solution will readily be removed again, and only
very little is refound in the sea water. The selenites may be absorbed and
coprecipitated with the iron and manganese hydroxide sediments and with
organic material. Therefore shales rich in iron, mangsnese or carbon often
have a large selenium content. Further the selenites may be reduced to the
elemental form or to selenide. Mostly sandstones contain little selenium,
limestones slightly more, but still less than shales. Some figures are given in
table 1.1 to illustrate the variation in the concentrations. The selenium con-
centration in sea water is relatively low as compared with the sulphur con-
centration, and hence the selenium content is very low in many evaporates.
Only in such evaporates as nitrate deposits has the selenium - here oxidised to
selenate - followed the sulphate.

The difference in the cycles of sulphur and selenium is well illustrated by
the geochemical balances of the {two elements. On the basis of the amount of
sodium present in sea water and sediments today Goldschmidt has estimated

Table 1.1

Avernge selenium and sulphur contents of rocks and
sediments (Tur 1961)

ppmSe | ppmS | 8:8e
Igneous rocks 0.05% 300 6,000
Shales 0.6 2400 4,000
Sandstones 0.06 <40 | 4,800
Carbonates 0.08 1200 { 15,000
Deep-sea sediments
clay and carbonate 0.17 1300 7,700

*) Selenium calculsted from an assumed 8 : Se ratio of
6000 :1.
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Table 1.2
Geochemical bal of sulphur and seleni The bal is
based upon dats in refs. Ran 1950, Gol 1954 and Schu 1965.
Sulphur | Selenium S :Se
giem®*) | glem®")
Relessed from
igneous rocks 80 0.014 6,000
Present in sea
water 2456 0.00003 8,000,000
Present in
sediments 310 0.1 3,000

) grams pr cm? of the earth’s surface

the amounts of weathered igneous rocks and of sediments formed to be 160
and 155 kg pr cm® of the earth’s surface respeciively (Gol 1954). With the
established average concentrations in the two materials and in sea water, the
amount of which is 280 kg per cm?, the figures in table 1.2 are obtained. The
figures illustrate two points. Firstly, the difference in behaviour of sulphur
and selenium as seen from the large S:Se ratio in sea water. Secondly, it is
seen that the amounts of the two elements present in sediments plus sea
water by far exceed those released during weathering. This excess must derive
from volcanic emanations.

1.1.2. Selenium Concentration in Soils

For a discussion of the selenium concentration in Danish soils the reader is
referred to chapter 3.2. Globally most soils contain 0.1 to 2 ppm Se (Swa
19556), of which only a small part is in general available to the plants. Vino-
gradov gives the value 0.01 ppm for the total content, but this is obviously
too low (A. P. Vinogradov 1969, cited in Lak 1967). In some cases, however,
the amount of available selenjum is of such a magnitude that the plants
become toxic to animals. It is common practice to call a soil seleniferous
when the total content of selenium is appreciably above normal, and the
term will be used in the present work when the total content is 2 ppm or
more. The term toxic is used when the crops produced on a soil are toxic to
animals.

Many soils have been analysed for their total content of selenium, but only
in a few cases have the crops grown on the soils been analysed too. The data
in table 1.3 are primarily for soils where both the soil and the plants have
been analysed. Except for New Zealand the data are not representative for
the country either owing to a small number of samples or owing to 2 specific
purpose of the sampling. The Hawaiian soils are an example of seleniferous,
but non-toxic soils.

e st okl
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Table 1.3
Selenium content of soils and plants

Country No. ppm Se in soils ppm Se in
of soil - plants Ref.
samples Range Ave.
New Zealand 27 01 —- 2 <0.01 — 0.05 |Wat 1962
New Zealand 62 012~ 35| 0.60 Wel 1967
USA 8 0.06 — 0.62) 0.3 low . Cary 1967
Denmark 7] 016~ 15 04 003 — 05" |Gre 1964
Hawnaii 04 — 26 <3 Bye 1938
Western USA 500 |<1 -~ 80 45 >50 Tre 1945
Ireland 19 12 —324 30 0.8 —4b50 Fle 1957,
1962a
Sweden 24 016 - 0.98] 0.39 0.006 — 0.064|Lin 1970
*) Pot culture

Soils producing toxic crops are found in all continents. The most well-
known areas are in North and South Dakota, Montana, Wyoming, and Color-
ado in the U.8.A., and in Canada north of Montana and N. Dakota. Further,
toxic areas have been found in South America, South Africa, Israel, Queens-
land (Australia), and in Ireland. The selenium in most of these areas derives
from seleniferous sediments, most often shales, from which selenium is made
soluble during weathering. Sulphidic ores with a considerable selenium
content are common in many of these areas, The selemium content in
sulphidic ores varies much. Thus a series of American pyrites contained from
trace to 400 ppm Se (ave. 70 ppm), but in other samples as much as 13 % Se
has been found (Bye 1935). Furthermore volcanic emanation during earlier
geologic periods is supposed to have contributed to for instance the toxic
areas in North America.

Generally the toxic soils are neutral or alkaline, and the precipitation is
moderate. The soluble selenium has either remained in the soil or has been
transporied to lower-lying areas where the concentration is increased. A
special example is some toxic soils in Ireland, where selenium has accumulat-
ed in poorly drained valleys rich in organic material (Fle 1967). Thus the
highest concentration measured in a soil - 1200 ppm Se - has been found in a
highly organic horizon of an Irish soil.

The other extreme is the soils giving crops with such a low selenium
concentration that deficiency symptoms develop in the livestock. The areas
where selenium deficiency occurs have some characteristics in common. The
sediments contain relatively small amounts of selenium, and the soils are not
fed with selenium from the weathering of neighuwouring areas, The amount of
precipitation is mostly moderate to high, and leaching plays an important
role. The role of the annual precipitation hes been illustrated in a single
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investigation showing that in pastures in Western Australia the selenium con-
tent in the spring was higher, the lower the mean annual rainfall of the
district (Gar 1963). Sometimes the number of cases of selenium deficiency
has been reported to increase during the use of land (Har 1961, Gar 1962). A
reason for this may be a larger annual removal of selenium by the crop when
the plant production is intensified.

In soils with a low selenium content other sources of selenium might add
to the concentration in the surface soil, and they might play an important
role in the supply to plants. Such sources could be precipitation, dust and
fertilizers. An illustration of the size of these supplies is given in tables 1.4
and 1.5. More selenium is found in precipitation and dust in an industrial
than in a non-industrial area as coal may contain some selenium (0.1 and 2
ppm have been reported (Lak 1967)). The content in fertilizers and other soil
amendments varies much, for instance (table 1.4) by a factor of 50 for
superphosphate and by much more for sulphur.

Table1.4
Selenium content of some fertilizers and other soil amendments
No. of
Sample Country samples ppm Se Ref.
Superphosphate USA 8 <08 — 40 | Rad 1935
UsA 10 04 — 3.9 | Robb1970
Europe 1 - 25 Sto 1922
Denmark 2 5 Gre 1964
Denmark 8 42 — 8.0 | Gis 1971
New Zealand 3 0.656 — 0.96 | Wel 1966
PK Denmark 12 3.6 — 55 |Gis 1971
NPK (based on Hy804) | Denmark 7 1.1 - 40 |Gis 197
NPK (based on HNO3) | Denmark 8 0.02— 0.2 1Gis 1971
Natural phosphates uUsa 54 <0.1 - 56 Rad 19356
Usa 14 07 — 178 Robb1970
Europe, N. Africa, :
Asia 32 <0.8 — 55 Rad 19356
N. Africa 8 31 — 25 Gis 1971
8. Pacific Islands 4 1.0 — 2.6 | Well 1966
Sulphur 8. Pacifie Islands 4 0.01 — 1,950 Wel 1966
Japan, Hawaii 37 4 — 28,000 lak 1067
Carbonates Japan, Hawaii 8 0.04 — 1.40 | Wel 1966
Sulphates <0.5 | Gol 1954
(NH4)2804 5 - 36 Sto 1922
Hoflland 1 0.4 | Wel 1968
NaNO3 Chile 14 5.2 | Rad 1935
Chile 1 05 | Wel 1966
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Table 1.5
Selenium in water, air and dust

No. of

Source Country samples Se content Ref.

Precipitation Denmark 24 10.0001- 0.0005 ppm Gis 1068
Precipitation Mass.,, USA 0.0002 ppm Has 1967
Ground water France 4 0 - 0074 ppm | Mor1965
Tap water and wells | Poland 106 jo - 0.004 ppm | Sik 1965
Dust in cities USA 11 {005 -10 ppm | Lak 1841
Air Mass,, USA 7 o001 ygim” | Has 1967

1.1.3. Selenium Compounds in Soils

Most work concerning the content and the chemical forms of selenium in
soils has been done because of a selenicity problem. The information about
the forms of selenium in soils producing crops with an adequate or a low
selenium content is more restricted owing to analytical difficulties and to the
fairly newly arisen interest in these soils.

The oxidation state of selenium depends on the pH and the oxidation
potential of the soil. In figure A.1 in the appendix the oxidation potentials of
the various oxidation states are given as a function of pH. Most soils fall
inside the pH range 4 to 9, and the redox potential is normally restricted to -
0.5 to + 1.0 volts (Kra 1956). In Holland potentials from -0.2 to+ 0.5 volts
were measured (Mar 1952). With an emperic method Lamm found potentials
from + 0.3 to + 0.7 volts in 18 Danish soils (Lam 1964). The redox potential
in a soil varies among other things with the water content and the temperat-
ure (McK 1960). Seasonal variations can be from 0.1 to 0.7 volts with the
lowest potentials in winter and spring (McK 1960). Besides being done
chemically, oxidation and reduction of selenium from various oxidation
states can be done by micro-organisms (Shr 1967).

In acidic soils the normal oxidation state is + 4. The selenite ion pre-
cipitates with basic iron hydroxides with varying Fe:Se ratio, and the selenite
forms absorption complexes with iron hydroxide (Will 1936, Cary 1967), but
the true character of the compounds is not known. The equilibrium solu-
bility of an artificial ferric selenite ferric hydroxide complex in soil hag been
determined by Geering et al. (Gee 1968) to 10 to 10”7 moles Se/l depend-
ing on the pH. The importance of complexes of this type for.the selenium
supply to the plants has also been considered by Watkinson (Wat 1962), who
pointed to 0.45 ppm Se in this form in the soil as the lowest concentration
for production of a crop sufficient in selenium. With an annual percolation of
600 mm and a selenium concentration of 10 moles/l, 4.5 ug Se/em* would
be brought into solution, i.e. all the selenium in a 10 gram soil sample
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containing 0.45 ppm Se. Also aluminium hydroxide complexes may be form-
ed in the soil, but they are probably less stable and more pH-dependent than
the ferruginous compounds (Plo 1960). Selenites are also retained by clay,
and this seems to play a role of the same importance as the formation of
basic iron selenites.

Two examples may illustrate the role of iron and clay. On the Hawaiian

Islands the seleniferous soils are non-toxic because the selenium is bound in
an iron-rich zone (Bye 1938). In an investigation in New Zealend comprising
very different soils Well found that the top soils contained on the average
0.60 ppm selenium, while the parent rocks only contained 0.42 ppm (Wel
1967). An accummulation of selenium was found in the B horizon, which is
rich in iron and clay, and the average selenium concentration in part of this
layer was 1.4 ppm. Unfortunately the pH in the many soil samples is not
given,
In neutral to alkaline soils an oxidation of the selenite will take place if the
soil is well aerated, and it will then be present in a leachable form. If an
acidic soil layer is present below, the selenate may be reduced and retained
there. Selenate does not precipitate with the cations in the soils, and it is not
absorbed in iron hydroxides to the same extent as selenite (Will 1936, Bye
1938, Plo 1960).

Oxidation of elemental selenium apparently may occur both biologically
and chemically (Sto 1922, Pet 1966, Gee 1968, Cary 1969). Organic selen-
jum compounds are formed in micro-organisms and plants and will be releas-
ed when the material decays.

Finally, volatile selenium compounds can be released from soils (Ganj
1958a, Abu 1968). In the most recent of the two studies the authors found
that a few percent of the water-soluble native selenium in their soils (pH 7.7 -
7.9) was released during 20 days of incubation. Volatility may therefore play
a role together with leaching for the amount of soluble selenium remaining in
the top soil.

The total selenjum content of a soil is rarely a useful figure for the pre-
diction of the selenicity of the plants as it is exemplified in table 1.3. At-
tempts have therefore been made to evaluate the availability of the soil
selenium. it has long been known that the most available forms are selenate
(Hur 1937%) and organic selenium as has been shown with aqueous extracts
of plants (Tre 1942),

The first determinations of plant-available selenium in seleniferous soils
were based on water extracts. A water extract may be assumed to comprise
all the selenate-selenium, the water-soluble organic selenium and the soluble
selenite. The three fractions can be separated after a selective reduction of
Se** because organic selenium is presumably non-reductable. This separation
technique was first used by Williams and Byers (Will 1936). In seleniferous
soils the water-soluble fraction accounted for about 0.3 to 50 % of the total
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amount (Will 1936, Ols 1942, Fle 1957, Rav 1957). A large part of the
soluble selenium was selenate (Will 1936, Ols 1942). But aiso appreciable
am-unts of organic selenium have been found (Will 1936, Beath et al. 1946,
cited in Lak 1961). The water-soluble fraction is sometimes larger at depths
of 30 tv 90 cm than at the soil surface (Oks 1942, Rav 1957).

Though a large amount of water-extractable selenium results in a high
uptake and even toxic concentration in the plants, this fraction is not a
measure of the plant-available amount in a s0il. In an attempt to find a more
reliable method, Israeli workers have compered the amount of selenium
soluble in other extractants and selenium isolated by an electro-decantation
with the uptake by lucerne. Electro-decantation was found to provide the
best expression for the amount of available selenium (Nis 1959). However,
the method does not seem to have been used elsewhere. A more informative
separation technique has later been developed by Cary et al. (Cary 1967)
with the aim of separating the oxidation states from—2 to + 6 of selenium
from each other and from organic selenium. The method was meant for
tracer experiments with soils with a low selenium content. The last method
excepted, the attempis to determine the plant-available selenium do not seem
to have been really successful. Furthermore, if radioactive selenium is not
added, none of the methods is applicable to soils low in selenium because the
concentrations in extracts will mostly be below the amount detectable by
chemical methods.

1.1.4. Selenized Soils

In connection with an artificial increase of the soil selenium it is among other
things necessary to know the rate at which the amount of selenium available
to plants decreases. Besides removal by plants, the decrease may be due to
leaching or fixation in the soil, but also volatility may account for part of the
decrease. In recent years the fate of selenium added as selenite or elemental
selenium has been foliowed in more detail (Dav 1966a, Cary 1967, Jon 1967,
Cary 1969). In chapter 5 the fate of selenate, selenite and elemental selenium
in Danish soils is described.

In field experiments it has been shown that the effect of added selenite
upon the concentration in the plants had declined after one year by one to
two orders of magnitude, but the lecrease was small the second year. The
removal of added selenite by the piants was 1 to 2 % during the first growth
season (Gra 1965, All 1968, Dav 1966a and 1966b). In the field a retention
of 856 % of the added selenite was found in the upper 7.5 cm and only 2 and
1 % respectively was found in the following two layers of 7.5 cm each (Dav
1966a). The remaining 30 % of the addition was not accounted for in this
experiment. In a laboratory experiment (Jon 1967) Se-75-labelled selenite
added on the top of so0il columns was leached by adding water in amounts
equivalent to 460 mm of precipitation. From 65 to 95 % of the selenite was
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retained and calcareous soils retained more selenium than sandy and lateritic
soils. Most of the selenium remained in the upper few cm of the column.

The leaching of barium selenate has been studied in columns with two
alkaline soils (Brow 1969). More selenate was leached with a gypsum solution
than with water. The same effect was seen when BaSO, was added to the
column together with the BaSeO, . The effect of the sulphates was explained
by the authors as a result of the pleclpltltwn of Bat+ released from BaSeO, .
It would appear, however, that this explanation does not hold for the BaSO4
addition.

The most detailed work on the convemion of added selenite and seleniun.
has been done by Cary et al. on mineral soils with pH-values varying from 5.4
to 7.8 (Cary 1967, Cary 1969). The two experiments demonstrated that a
conversion of Se** and Se® into other oxidation states took place both
when the soil was stored at —17°C, and when it was cropped with lucerne.
Thus Se*4added as NaHSeO, was converted into isotopically exchangeable
selenite, into organic forms and into Se® and Se-2. Part of the added Se® was
refound in a readily soluble form and as exchangeable selenite, and, depend-
ing on the soil, only 30-80 % remained as Se® or other non-oxidized forms.
‘the authors found that the concentration in lucerne was related to the
readily soluble selenium in the soil (K, SO, -soluble), and that an increase of
the soil pH lead to an increase of this fraction as well as of the concentration
in the plants. Though the authors are rather conservative in their assumptions
for the various fractions, they might still be less well defined than stated.
Nevertheless, the results obtained are good indications of the size of the
conversions, and the method offers good possibilities for comparison of soils.

1.2. Selenjum in Plants
The concentration in the plants depends on many factors of which some of
the more important are: the plant species, the development and the age of
the plant, the source and the concentration of selenium, and the soil proper-
ties. In preparation for the possible use of fertilizers containing selenium it is
interesting to investigate how the resulting concentration in the plants chang-
es with time. Such a change is, of course, closely related to the above-
mentioned chemical alterations in the soil.

With respect to the concentration in the plants it is natural also to mention
briefly the transport and metabolism. This is done in the last subsection
(1.2.3).

1.2.1. Selenium Concentration in Different Plant Species

The ability of plant species to accummulate selenium varies very much. A
few species have been grouped as primary selenium indicator plants (or
primary accummulators) because they are only found on toxic soils and
contain much more selenium than non-indicators grown in the same soil.



17

Depending on the soil they contain from a few ppm Se to several thousands®
(Bea 1934, Bye 1935, Will 1940). The most important indicators are some
Astragalus species, some woody asters (Xylorhiza), some goldenweed species
(Haplopappus) and some Stanleya species (the mustard family). These species
are all found in the Western U.S.A. (Ros 1964). The only selenium indicator
plant reported outside the U.S.A. is a Neptunia in Australia (Pet 1962).
Indicator plants have given an increase in yield when selenite was added to
the growth medium (Tre 1938). Some other plant species are characterized as
secondary selenium accummulators because they are able to absorb more
selenium than most other plants, but they are found on toxic as well as on
non-toxic soils. The difference between the selenium absorber categories are
illustrated by the following concentrations in plants (dried) grown on the
same toxic soil: 5,600 ppm Se in an indicator, 300 ppm in a secondary
accumulator and 23 ppm in grasses (Ros 1964). The selenium in decaying
plant material has a high availability to plants. Hence the cultivation of such
areas has often resulted in toxic crops.

The first comprehensive comparison of the selenium concentration in
various agricultural crops and vegetables grown on non-toxic and non-seleniz-
ed soils is presented in the present work (chapter 3). Other analyses have
mostly been made on plants containing 10 to 500 ppm Se. Thus comparable
data are available for crops from seleniferous soils in situ(Beath 1937, quoted
in Ros 1964, Mox 1950) or potted (Fle 1962a), and from selenized soils (Hur
1937a, Ham 1963a, b, Ham 1964, Ehl 1968). As the relative concentration in
the species seems rather independent of the experimental conditions, the
data from one of the experiments (Fle 1962a) may illustrate the main
features (table 1.6). As is the case with many nutrients, the lowest selenium
concentrations are seen in the Graminiae, and the highest concentrations are
seen in the clovers, onion leaves and in members of the Cruciferae family.

There is a tendency towards a higher selenium content in plant species
normally rich in sulphur. Species known to contain much sulphur are for
instance members of the Cruciferae and Lilliaceae families. Hurd-Karrer (Hur
1937a) found a very close relationship between sulphur and selenium con-
centration in plants grown on a selenized soil. As also in other reports the
data in table 1.6 do not show guite the same degree of proportionality as
that she found. The selenium concentration in a series of plant species is
discussed in subsection 3.2.7 in relation to the sulphur concentration.

For the five species in table 1.6 where both the green part and the storage
organs were analysed it is seen that the former contained at least twice as
much selenium as the latter, just as is the case with sulphur. Similar results
have been obtained on soils with added selenate or organic selenium (Ham
1964). For plants grown in culture solution supplied with selenite the root
"It may well be that some of the analytical results from the period 1930 to 1960 are too
low owing to losses during drying and decomposition prior to the analysis.
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Table 1.6

Selenium and sulphur content of farm crops and vegetables grown in a toxic soil
containing 161 ppm Se. Pot experiraent (Fle 1962a).

Plant species Family ppm Se ppm S
in dry matter | in dry matter
Cock’s-foot Graminiae 28 2100
Perennial rye grass 34 2300
Italian rye grass 29 1700
Wheat, grain 39 1400
straw 40 2600
Oats, grain 39 2000
straw 40 2600
Barley, grain 35 1400
straw 42 2500
Lettucc Compositae 56 3000
Artichoke, leaves 7 1700
roots 19 400
Parsnip, leaves Umbelliferae 90 2900
roots 22 700
Carrot, leaves 29 3100
roots 900
Onion, leaves Liliaceae 2356 1900
bulbs 82 2100
White clover Papilionaceae 1563 4900
Red clover 103 4500
Pea, leaves 79
shelled 9 3400
Radish, leaves Cruciferae 145 ,
roots 35 2700
Cabbage, leaves 196 4600
Turnip, leaves 409
roots 204 1900
Rape, leaves 203 5600

part, however, contains most selenium, presumably owing to reduction of the
selenite to the elemental form and subsequent inhibition of the transport
inside the plant (Hur 1934, Pet 1962, Broy 1966, Joh 1967). In cereals the
grain contained less selenjum than the straw (Ham 1963a) or about the same
" quantity (table 1.6 and Joh 1951). Correspondingly, the straw of many
plants contains more sulphur than the grains or seeds.
The selenium concentration in crops grown on non-toxic soils (without
any selenium addition) has mostly been determined in areas where selenium
deficiency occurs or is suspected. The crops most often analysed are grain
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and pasture species. In the U.S.A. lucerne has been chosen as an indicator of
the selenium status in general because it is grown in most of the states, and
because the concentration in lucerne is not affected much by veriety and by
the development of the plants. In the eastern and western states 68 % of
about 700 samples contained less than 0.05 ppm Se in the dry matter (Kub
1967). Other results from the American survey have shown similar con-
centrations, which agrees with the heavy losses of livestock in those areas
from nutritional muscle disease ,NMD, (All 1964a, Cart 1968, Cart 1970). In
Sweden very low concentrations were found in grain and hay (table 1.7)
which is in accordance with the widespread occurrence of NMD (Lin 1968).
Results from a pot experiment with six Danish soils are shown in table 1.8.
In this experiment clover contained less selenium than the rye grass. How-
ever, these data are in no way representative for the selenium concentration
in these crops in Denmark.

Table 1.7
Seleni tent in Swedish crops (Lin 1968 and Lin 1970)
Species No, of No. of ppm Se in dry matter
districts samples Range Ave,
Barley, grain 10 31 0.004 -0.022 ] 0.011
Wheat, grain 7 16 0.007 -0.022 ] 0.013
Oats, grain 9 26 0.005 - 0.046 | 0.016
Barley and oats, grain 1 14%) 0.005 -0.020 | 0.012
Pasture species 5 19 0.006 -0.064 | 0.025
Beet pulp 1 4 i 0.044 -0.310 | 0.17
*)Samples from seven farms in the Uppsala district where NMD and liver
dystrophy are known to occur,
Table 1.3

Selenium concentration in plants grown in Danish soils.
Pot experiment (Gre 1964)

ppm Se in dry matter
Soil Rye grass Red clover White mustard
Riso 0.4 0.20 0.6
Lammefjord 0.24 0.17 0.33
Odum 0.2 0.07 0.13
Blangstedgasrd 0.06 0.04 0.06
8t. Jyndevad 0.08 0.03 0.07
Borris 0.08
Average 0.17 0.10 0.22
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1.2.2. Factors Influencing the Selenium Concentration in a Plant

A growing interest in an increase of the selenium concentration in the plants
has initiated the search for a suitable compound, and a compound effective
for a whole season or more has been the purpose. From early experiments
the relative availability of some selenium compounds is known. These experi-
ments were mostly made with pot or water cultures. It has been found that
selenite-Se is far less readily available than organic Se from an agueous ex-
tract of an indicator species (Tre 1942), that selenates (the sodium and
calcium salts) as well as organic Se are available to a much greater extent than
Na, SeO, and Fe(OH)SeO, (formula not exactly known), and that FeSe, and
to an even greater extent elemental selenium, was of limited availability (Mox
1950, Ganj 1958b). Only Beath et al. (Bea 1937) found a considerable
utilization of elemental selenium by indicator species of Astragalus while in a
tracer experiment with pasture species Peierson and Butler (Pet 1966) found
up to 0.5 % in total uptake over a five-month period when exiremely small
additions of elemental selenium to the soil were used.

In a field with mixed pastures the effect of a top-dressing with Na, SeO,
or Na,SeO, was followed (Gra 1965). In the first harvest the concentration
in the plants was five to twenty times higher after selenate addition than
after addition of selenite. However, the effect of selenate declined faster than
that of selenite, and after one year the effects of the two salts were com-
parable. The selenium concentration in the plants was roughly proportional
to the selenite or selenate addition (Gra 1965, Dav 1966a) when the first cut
was disregarded. The amounts added were from 70 to 1120 g Se/ha which
would correspond to about 0.02 to 0.3 ppm Se if it were distributed in the
plough layer. About 0.2 ppm Se was found in pasture species three to four
months after top-dressing with 280 g Se/ha as selenite (Dav 1966b, Wat
1967). After two years the concentration in the plants had decreased to two
to four times above that in the control, which contained about 0.01 ppm.

As observed in pot experiments (Mox 1950, Ganj 1968b) no difference in
utilization of readily and slightly soluble selenites was found (Wat 1967). To
overcome a high initial foliar and root uptake the authors tried a lead silicate-
sodium selenite frit which caused a more moderate initial concentration in
the herbage. Others (Cart 1969) have used ferric hydroxy selenites, but they
did not offer much advantages compared with soluble selenites. After top-
dressing with elemental selenium both Grant (Gra 1965) and Watkinson and
Davies (Wat 1967) found an increase in plant selenium in the first cuts, but
this could have been due to foliar contamination. However, also deep applica-
tion of elemental selenium caused a small increase (Cart 1969). The general
conclusion to be drawn from the field experiments was that a selenite salt
was to be preferred, but none of the selenites tried was ideal.

Besides the properties of the compound at the disposal of the planis, a
number of other factors such as soil amendments and changes in the climate
may influence the absorption by the plants.
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The possibility of diminishing of the absorption by means of other com-
pounds has been considered for toxic soils. Thus as first shown by Hurd-
Karrer sulphate reduces the absorption of selenate (Hur 1933, Hur 1938). On
seleniferous (mineral, alkaline) soils in lsrael sulphate reduced the con-
centration in lucerne by 60 to 90 % (Rav 1959). Correspondingly, in plants
from an Irish seleniferous soil (highly organic, neutral) Fieming (Fie 1962b)
found a reduction in the concentration when superphosphate was added. The
effect was ascribed to the sulphate content, and this was later confirmed (Fle
1966). Whether the selenium was present as selenate in these soils is, how-
ever, not known. If the soils are already saturated with sulphate, a further
addition is without any effect (Bea 1937, Fra 1937b). Sulphate does not
prevent the absorption of selenite-Se from culture solution (Hur 1937b) and
according to some authors possibly not from soil either (Dav 1966b). It has
recently been found that selenite added together with a NPK-fertilizer result-
ed in plants with a higher Se concentration than if selenite was added to-
gether with a PK-fertilizer (Gis 1971). The addition of barium chloride to
seleniferous soils in Israel reduced the selenium concentration in lucerne
perhaps through a precipitation of BaSO, and BaSeO, (Rav 1959). A de-
termination of the nature of the selenium in these soils would have been
valuable. On the Irish soil barium chloride had no effect (Fle 1962b).

In consequence of the high availability of organic selenium the effect of
water-soluble proteins upon the absorption of selenite was investigated (Tre
1942). An increase in the absorption was found, and the authors concluded
that soils rich in nitrogeneous organic material would allow a greater selen-
ium accumulation in the plants.

An increase in the soil pH also meant an increase in the selenium con-
centration in plants in a pot experiment with soils supplied with selenite
(Cary 1969). The results agree with the increased amount of readily soluble
selenium in the soils with CaCO; added (see 1.1.4).

The possibility of a dependence of the selenium content of crops upon the
temperature and precipitation has only been considered by a few authors. In
early investigations with the deep-rooted Astragalus species diverging results
were obtained (Ros 1964). In Ostrobothnia NMD in pigs (Lann 1960) occurs,
especially when the harvest season has been rainy and cold. A lower selenium
concentration in crops from rainy and cold periods would agree with the
behaviour of many nutrients (Stee 1965). But the cause of the increased
occurrence of NMD might as well be a decrease, due to the weather, in the
content of linolenic acid and in vitamin E in connection with an already low
selenium concentration (Oks 1966).

The variation of the selenium concentration with the development of the
plant is only partly known. For some plants rich in selenium the con-
centration decreases with increasing maturity of the plant (Mox 1950, Ros
1964). Though the total contents are not given, the decreases are in some
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cases so large that a gaseous loss might have occurred. For oats and barley
grown in the field a concentration increasing with the development was
found, most pronounced in the grain (Lin 1968). Also Lane and Fleming
(Lane 1966a), using rye grass in pot culture, found an increase in selenium
concentration with the development. If for the agricultural crops the highest
concentration is generally found in the old plants, this will be in contrast to
what is the case with most macro- and micronutrients (Stee 1965).

A series of Danish experiments elucidating the influence of some of these
factors (soil type, Se-compound, other additions) are treated in chapter 4.
The influence of precipitation is commented upon in section 3.2.

1.2.3. Selenium in the Metabolism of the Plant

For selenium to be considered an essential ultra-micronutrient it must be
necessary for the growth and the reproduction of the plant, and it must play
a role in the metabolism (Arn 1939, Nic 1961). The first condition seems
fulfilled by Se-indicator plants as they respond to selenium supply when they
growwith no or small amounts of the element present (Tre 1938). A response
from other plants has sometimes been reported (Bee 1961). In a water-
culture experiment Broyer et al., however, found no stimulating effect of
selenite on the growth of lucerne and clover, and they concluded that a
possible selenium requirement of these two species is below 0.08 ppm in the
dry tissue (Broy 1966). As for the metabolism, several seleno amino acids
have been identified in higher plants (Horn 1941, Tre 1960, Pet 1962, Shr
1965, Vir 1965), but their role is not known. The necessity for reproduction
has apparently not been investigated. Hence it is not clear whether the re-
quirements for essentiality are fulfilled even for the indicator species.
Further, there seems to be the possibility that the response of indicator
species could be caused by a phosphate intoxication hindered through ion
antagonism between PO, and SeQ,” or SeQ,~ (Shr 1969). If, however,
selenium is essential to some species, it seems probable that it should be
essential to all higher plants.

Increasing of the amounts of selenate or selenite in the growth medium
sooner or later results in a depression of growth (Ros 1964). Even indicator
species may be depressed in growth, especially from selenium in plant extract
(Tre 1938, Tre 1944). Intoxication by selenate manifests itself by stunting of
the roots and by chlorotic leaves, while intoxication by selenite appears from
darker leaves and from pinkish roots caused by reduction of selenite to the
elemental selenium (Hur 1937b).

Owing to the similarities between sulphur and selenium the transport and
the metabolism in the plants of the two elements could be expected to
follow almost the same routes.

Sulphur is predominantiy taken up by the roots as sulphate, selenium as
selenate, selenite or as organic selenium. Thus sulphate and selenate might
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compete with each other during the absorption. After addition of selenate a
decreased absorption rate for sulphate has been found with excised barley
roots (Leg 1956) and with isolated leaves (Kyl 1960). In the leaves the
incorporation of sulphur into proteins was measured too, and it was found
that the incorporation was inhibited more than the absorption (Kyl 1960). In
studies performed by Hurd-Karrer (Hur 1938), however, an increase in the
sulphate absorption by vheat plants was seen when the selenate con-
centration in the nutrient solution was increased. This phenomenom is treat-
ed in section 6.2.

For a first study of the incorporation of selenium into metabolic products
the oxidation state of selenium in various fractions of plant extracts has been
determined. An aqueous extract mostly contains from 50 to 100 % of the
plant selenium (Bea 1947, Ham 1963a, b, Ham 1964), while an extraction
with 80 % ethanol released 15 to 95 % (Pet 1962). In a water extract of some
agricultural plants and of some Astragalus and Stanleya species all the soluble
selenium was in organic form, while in a series of other accumulator species
both organic Se and selenate-Se were found in the extract (Bea 1947).
Trelease and Beath (1949, quoted in Ros 1964) found that the form of
selenium in maize depended on the selenium source. When the source was
organic Se or selenite, only organic Se was found in an extract of the plant
top, while a supply with selenate resulted in the presence of both selenate
and organic Se in the top. In the studies performed by Hamilton and Beath
(Ham 1963a, b, Ham 1964) the ratio between organic and inorganic selenium
in the plant extract seemed independent of whether the supply was organic
Se or selenate-Se. Significant amounts of selenite in a plant extract have only
been found by Peterson and Butler (Pet 1962). In a water culture experiment
with 5- to 6-week old plants they found selenite in the plant tops after ten
days of growth in the presence of selenite. In section 4.6 the oxidation states
of selenium in radish grown in the presence of selenate or selenite are given.

Despite the search for selenium analogues to the sulphur amino acids only
a few have been found, but iack of sulphur analogues to some of the known
seleno-amino acids has also been found. Attempts to isolate and identify the
seleno-amino acids have until now resulted in about ten acids (Horn 1941,
Tre 1960, Pet 1962, Spa 1964, Shr 1985, Vir 1965, Jen 1967, Pet 1967, Nig
1969). In the Se-indicator plants the dominating seleno-amino acid is Se-
methyl-selenocysteine, while Se-methyl-selenomethionine occurred as traces
only (Shr 1965). In the non-accumulator species of Astragalus the pre-
dominant seleno-amino acid is Se-methyl-selenomethionine (Vir 1965).
Whether this difference between indicator and non-indicator Astragalus
species is more general is not yet known. The metabolic role of Se-methy)l-
selenocysteine is not known, but Virupaksha and Shrift (Vir 1965) suggest
that ”methylation of selenocysteine represents a detoxification mechanism
whereby excess selenocysteine is prevented from being incorporated into
proteins®,
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The metabolisms of sulphate and selenate are definitely not identical, but
all the steps, especially in the selenate reduction, are still not known. The
studies of Shrift and Virupaksha (Shr 1965, Vir 1965) may serve as examples
of the differences in the metabolic routes. Among other things they found
that though a non-accumulator plant contained Se-methyl-selenocysteine, the
sulphur analogue was not found (Vir 1965). Wilson and Bandurski (Wils
1958) observed that the sulphate-activating system in yeast could form APSe
(adenosine-5’-phosphoselenate). The reaction is catalyzed by ATP-
sulphurylase (ATP = adenosine-tri-phosphate), an enzyme that is active with
all group VI anions. However, while APS (adenosine-5-phosphosulphate)
forms PAPS (3’-phospho-adencsine-5’-phosphosulphate) in the presence of
APS-kinase, the higher plants cannot form PAPSe (3’-phosphoadenosine-5’-
phosphoselenate). APSe was supposed to be cleaved into Se0,” + AMP
(adenosine-5’-phosphate) by hydrolysis (Wils 1958). Nissen and Benson did
not find selenium analogues of choline sulphate, flavonoid sulphates and
sulpholipid and explained this as inability of the plant to form PAPSe (Nis
1964).

Release of gaseous selenium compounds from seleniferous vegetation was
recognized very early owing to a characteristic odour (see Ros 1964). In
recent investigations release of volatile selenium compounds during growth
has been found both in Astragalus racemosus (an indicator plant) and in
lucerne (Lew 1966, Ash 1967, Eva 1968). One of the compounds released
from Astragalus racemosus was identified as dimethy! diselenide (Eva 1968).
An absorption by plants of volatilized selenium compounds has also been
measured (Broy 1966, Ash 1967).

1.3. Selenium in Animal Nutrition

The history of selenium in animal nutrition has two important periods, the
1930’s and the late 1950°s. In the first period it was discovered that a high
selenium content in the food was the cause of intoxication of animals in
certain areas of the U.S.A. Much work was done to elucidate the problem,
especially in South Dakota and Wyoming where such incidents were wide-
spread with severe economic losses to the farmers. The second important step
forward was the discovery in 1957 of the probable essentiality of selenium to
higher animnals. Selenium deficiency in agriculture was first observed in New
Zealand, and many contributions demonstrating the effect of selenium are
from this country.

1.3.1. Toxicity

Only very few of the common trace elements may appear in the food in
amounts toxic to higher animals. Selenium is one, molybdenum and nickel in
restricted areas are two other examples, and recently mercury due to pol-
lution has been added to the list.



25

Until selenium was known as the true cause, some Astragalus species were,
among other plants, associated with the intoxication in livestock. Sometimes
also toxic wheat was found. Upon request Robinson (Robi 1933) analysed
wheat for selenium, and he demonstrated that two samples of toxic wheat
contained 5 and 10 ppm selenium, whereas non-toxic wheat did not contain
selenium in a detectable amount, and soon the role of selenium was establish-
ed. In this period it was also found that certain plant species can accumulate
hundreds or thousands of ppm of selenium, and the terms Se-accumulator
and Se-indicator were introduced. The protein-bound selenium in seleni-
ferous grains and grasses produces the alkali disease characterized by lame-
noss, elongation of the hoofs and loss of hair. The water-soluble selenium in
indicator plants and salts of selenites and selenates produce blind staggers and
subsequent emaciation and neuromuscular complications (Ros 1964). The
relative toxicity of seleniferous plants depends on the plant species, selenium
in wheat being one of the more poisonous sources.

A selenium concentration of about 5 to 10 ppm in the fodder will produce
chronic poisoning in domestic animals (Fra 1938, Mox 1943). In a newer
investigation 1 ppm in the diet was found to influence the health of chickens
(Rei 1958). The lethal dose of orally administered selenite-selenium is 1 to
10 mg per kilogram of body weight (Mil 1940, Ors 1960). A comparison of
diets containing 25 and 50 ppm respectively of various elements resulted in
the following order of increasing toxicity:  As*® < Te*4, Te*8< V*® <
Se*4, Se*®. The elements were supplied as sodium salts (Fra 1937a).

Selenium poisoning in livestock has played an important role on the Great
Plains in the U.S.A., but poisoning also occurs in Ireland, Israel, South
Africa, Australia, and South America. In man selenium poisoning has been
observed in the U.S.A. (Lemley and Merryman 1941, quoted in Ros 1964)
and in Columbia, South America (Benavides and Mojica 1959, quoted in Ros
1964).

1.3.2. Deficiency Symptoms
The discovery of the importance of selenium for animal health was com-

plicated because vitamin E, selenium and sulphur amino acids may to some
extent replace each other. Klaus Schwarz, U.S.A., found that in rats liver
necrosis developed when they were fed a Torula yeast diet alone. The ne-
crosis was prevented by cystine or vitamin E. On another American yeast diet
it was not possible to induce the necrosis, and Schwarz therefore assumed
that this yeast contained a third compound preventing the disease. This
compound was called Factor 3 (Schw 1951a, b). Other biological material
also contains Factor 3, e.g. kidney (Schw 1959). Attempts to purify the
biologically active compound led to the discovery that it contained selenium,
and that the biopotency was proportional to the selenium content (Schw
1957). The effect of Se*4 was 500 times that of vitamin E and 25,000 times
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that of L-cystine. Dam et al., also in 1957, found that muscle degeneration
and exudative diathesis in chicks were prevented with selenium (Dam 1957a,
b). Besides it was shown that the preventing effect of cystine was due to a
selenium impurity (Schw 1959). Liver degeneration in rats is prevented either
with 0,7 ug Se per 100 g diet as Factor 3 selenium or with 2.0 to 2.5 ug Se
per 100 g diet as selenite, selenate or seleno-amino acids (Schw 1958).

After these discoveries the extent to which selenium prevents other dis-
eases was studied, primarily diseases only partly prevented by vitamin E
administration. The result of numerous investigations with ruminants, pigs
and chicks is that selenium is now considered an essential element to higher
animals.

In cattle, lambs and pigs an important selenium-responsive disease is de-
generation of muscles. Poultry may also be affected by this deficiency. Be-
cause the muscles become white (calcification), the disease was called white
muscle disease, WMD. Today, with the recognition that it is a nutritional
deficiency, it is mostly called nutritional muscle disease, NMD. The disease is
accompanied by a low weight gain. NMD-affected animals have been found in
New Zealand (Har 1961), in Australia (Gar 1962), in the U.S.A. (Kub 1967),
in Finland (Oks 1965), in Sweden (Gra 1958, Lann 1960, Ors 1961, Tan
1965, Lin 1966), in Denmark (Rasb 1965), and in some other countries. In
connection with NMD a low selenium content in the food has been found
whenever it was analysed, and the affected animals were ..und to respond to
a supply of selenium (Har 1961, Old 1963, Oks 1965) or of selenium plus
vitamin E (Lann 1960, Lin 1966). In Denmark some effect of selenium upon
muscle degeneration in pigs has been observed (Lud 1964).

Other selenium-responsive diseases are selenium-responsive unthriftiness
(SRU) known in sheep and cattle and selenium-responsive infertility (SRI)
which is common in ewes. These two diseases are widespread in New
Zealand, and selenium treatments have been successful (Har 1961).

In the industrial countries selenium deficiency is not to be expected in
man because of the large variations in the food as compared with that of the
animals. But in malnourished infants with the Kwashiorkor disease (a protein
deficiency) selenium supply has been advantageous with respect to the
weight gain (Schw 1961, Hop 1967).

The selenium requirement of different animal species is not well known. It
depends on the vitamin E content of the fodder, but also on the content of
unsaturated fatty acids, and probably also on other components in the food
with which there may be a metabolic interaction. A selenium concentration
on a dry basis below 0.02, 0.03 or 0.056 ppm in the pastures has caused NMD
or SRU in sheep and cattle (Har 1961, Old 1963). Gardiner and Gorman
(1963) consider 0.05 ppm Se in the diet necessary as they have found NMD
cases in sheep at a concentration of 0.04 ppm. In the U.S.A. 0.1 ppm Se in
the pastures appears to be the boundary between areas with and without
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NMD cases in lambs and calves (All 1964a), while in Sweden 0.03 ppm
seemed to be a more likely limit (Lin 1970).

From the above it seems reasonable to consider 0.05 to 0.1 ppm Se in the
food the minimum desirable concentration. Consequently the conclusion is
that a selenium concentration in the dry foodstuff of 0.1 to 0.3 ppm will
prevent deficiency symptoms without having toxic effects. The maximum
concentration tolerable is probably 1 ppm.

Possible countermeasures against selenium deficiency are injections into
each animal, administration of selenium with the diet or raising of the con-
centration in the crops by addition of selenium to the soil. The first two
methods of dosage have been used successfully (Beh 1962, Ors 1963, Wol
1963, Lon 1965). However, the therapeutic as well as the prophylactic treat-
ment of animals decided for comsumption is restricted in most countries by
the health authorities, and only in New Zealand is it allowed to add a limited
amount of selenium to the fodder (Fro 1967). Hence the interest con-
centrates on the possibility of an enrichment of the crops through an ad-
dition to the soil.

1.3.3. Selenium in the Organism

Selenium is widely distributed in the fluids and tissues of the organism. The
highest concentrations are found in the kidney and the liver. Selenium is
excreted in the urine and the faeces, and at higher intake it has also been
measured in the expired air.

The distribution and the concentration of selenium in tissue of healthy
and Se-deficient lambs and pigs are illustrated in tables 1.9 and 1.10 re-
spectively. The data in table 1.9 refer to fresh weight, while those in table
1.10 refer to dry matter. By far the highest concentration is found in the
kidney, but the liver is considered more suited for diagnostic purposes (And
1964). Some investigations have pointed to a concentration of 0.2 ppm in

Table 1.9

Selenium concentration in liver, kidney and blood of normal lambs and lambs affec-
ted with congenial WMD or SRU (Har 1867). ppm Se on fresh-weight basis.

Age of No.of | Kidney Liver Blood
Area the lambs animals
Unaffected newborn 20 0.65 0.210
Affected with WMD 25 0.20 0.062
SRU not recognized | 6-9 months 40 1.1 0.16 0.08")
SRU suspected 25 0.82 0.10
SRU occurs 56 0.20 0.02 0.01""

*) 76 animals, **) 45 animals.
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Table 1.10

Seleniumn concentration in tissue of normal and NMD affected pigs, weight shout
70 and 40 kg respectively. Six pigs in each group. The food contained 0.126 and
0021ppm80wly(l.m1968) ppm Se in dry matter.

Skeletal
Kidney | Liver le | Heart | P Spleen | Lung
Healthy 11.5 1.8 0.5 1.1 14 1.3 1.1
NMD affected 25 0.2 0.2 0.2 0.2 0.4 0.3

the dried liver of lamb as the limit below which deficiency is likely to exist
(Cou 1961, All 1966). From the data in table 1.10 this value seems too low
for pigs. In healthy Danish cows a concentration in the dried liver of 0.7 ppm
Se was found, but a lowest permissible level was not established (Bis 1970).

The distribution of the excretion between urine and faeces depends on the
dose and the animal species; thus in monogastrics the main excretion is via
the urine, in ruminants via the faeces (But 1961, Cou 1961, Gant 1965). An
important difference between monogastrics and ruminants in their ab-
sorption of selenium given perorally was demonstrated by Wright and Bell
(Wri 1966). They found that after an oral dose (about 0.4 ppm Se in the
diet) only about 35 % of the selenium was absorbed by the sheep, while 85 %
was absorbed by the swine. This difference in selenium absorption was con-
sidered the reason for a more frequent occurrence of Se-deficiency in
ruminants than in monogastrics.

Part of the selenium is retained so long in the body that a supply to the
mother animals during or even prior to gestation will protect the young
because selenium passes into the placenta and is excreted in the milk (McC
1948, McC 1964, Wri 1964, All 1966).

The metabolism of physiological amounts of selenium and its function has
been studied in many experiments (reviewed in Mut 1967), but is still far
from being understood. Contrary to sulphur, selenium is mostly following
reductive pathways and is built into organic compounds in the organism. The
chemical form of the excreted selenium depends on the route. In the ex-
halation selenium is found as dimethyl selenide (McC 1952); in the urine
selenium is present as inorganic selenium and in forms associated with the
ethereal and neutral sulphur fractions (Gant 1966); in faeces of ruminants
part of the selenium is found in an insoluble, inorganic form (Cou 1961),
presumably as insoluble metal selenides or in the elemental form (But 1961).
In milk selenium is closely connected to the protein fraction (McC 1948,
McC 1963).

Seleno-methionine is a stronger lipid antioxidant than methionine, and it
can decompose lipid peroxides (Olc 1961). Also selenoprotein may act as a
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lipid antioxidant (Bie 1961). Tappel (Tap 1967) considers the role of vitamin
E that of an antioxidant solely, which is in accordance with the opinion of
many other workers. The difference in activity of selenium and vitamin E
against various deficiency symptoms is then explained by Tappel as a
question of the character of the phase where the antioxidative action is
required. If the phase is lipid, the active compounds are tocopherols, if the
phase is aqueous, the active compounds are seleno amino acids. According to
Schwarz, however, selenium and vitamin E might be independently pro-
tective factors, catalyzing different, altemate pathways of metabolism.
Vitamin E might play a role in the lipoyldehydrogenase system, while selen-
jum might have a functional site in the decarboxylation reaction (Schw
1965). Later experiments by Tappel and coworkers showed that selen-
ocystine catalyzes sulfhydryl-disulphide exchange reactions and forms a
complex with the sulfhydryl groups in some enzymes whereby these are
protected against oxidation (Dic 1969). According to Horwitt the many
different symptoms of vitamin E- and of selenium-deficiency may be explain-
ed by animal species, age, the polyunsaturated fatty acids in the diet and
other variables rather than by multiple functions of the compounds (Horw
1965).

1.4. Selenium Balance

In the previous sections the various links in the selenium movement from soit
to plant and to animal have been discussed with respect to chemical or
physiological behaviour in each of the media. The distribution between the
amounts transported along the various routes vary with the soil properties,
the climate, etc. In Denmark the yearly supply can be 1.2 g and 0.8 g Se/ha
from precipitation and fertilizers. This estimate assumes per year 600 mm of
precipitatio~ (0.0002 ppm Se) and 400 kg/ha of superphosphate (2 ppm Se).
The use of »:;: NPK fertilizer instead will mean a lower selenium supply. For
comparison an average crop will remove from 0.4 g (barley) to 3 g (swedes)
selenium per hectare a year under Danish conditions (see chapter 3.2). At
present only a rough estimate can be given of the concentration in plants
resulting from an addition of a selenite salt to a soil, and only for the first
few months after the addition. Only a few of the amounts transported (or
immobilized) along the routes are known, and that only in a small number of
soils. Thus many questions must be answered before an addition of selenium
to Danish soils could be recommended.



2. METHODS

In the course of the present investigation, methods were needed for the
determination of total selenium and sulphur in plants and soils. For some
materials knowledge of the oxidation state of the selenium was also neces-
sary. The chemical techniques, based largely upon the use of nuclear
methods, are described in this chapter. In spite of the large number of
methods already in existence it became necessary to make a number of
adaptations, mainly to make the methods applicable to agricuiture. A
particular problem was presented by the volatility of some of the selenium
compounds in biological material, and a control of all steps from drying to
the chemical separation was required to ensure that no loss occurred.

2.1. Drying

Selenium can be released by drying. Thus Beath et al. (Bea 1937) found a
loss of up to 60 % after air drying of some indicator species, while no loss
occurred from grain crops, grasses or vegetables. The same authors found that
the loss from a seleniferous grass was negligible after drying at 50 to 60°C for
48 hours. Until recently no other investigation of losses from plants at dif-
ferent temperatures has been made. Meanwhile, many investigators cautious-
ly used drying at temperatures below 45°C and often in a draught of air (Wat
1960, Gra 1963, Broy 1966, Dav 1966a). Taussky et al., working with bio-
logical tissues and fluids, preferred freeze drying (Tau 1966). Drying at room
temperature might further rottening and thus offer a new possibility of selen-
ium loss.

More recently the problem was reconsidered. Using Se-75 and drying at
70°C for 24 to 48 hours Asher and coworkers (Joh 1967) found in lucerne
and clover that the release was 1/2 to 1 % of the plant selenium; for species
containing more selenium the release was higher; thus the largest loss, 7.6 %,
was found in Astragalus roots. Watkinson (Wat 1966) found in non-seleni-
ferous plants that drying at 100°C for six hours caused a 2 % loss, while after
18 hours the loss was 6 %; nevertheless, Watkinson in his experiments used
drying at only 40°C. Finally, Ehlig et al. (Ehl 1968) have measured a loss
from O to 5 % when drying fresh leaves of about twenty species at 70°C for
30 hours.

At the outset of the present investigations the losses from selenium salts
and from plant material were studied. From table 2.1, which gives results for
selenium salts, one can see that selenite and selenate salts gave no losses but
that for selenium dioxide, selenium was released from the silica tube at
100°C when dryness had been reached. If, however, the selenium dioxide was
placed on a piece of filter paper, the loss at 100°C was much less. In the
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Table 2.1
Stability of selenium salts during drying.*)
1 ug Se Drying In silica tubes On filter paper
Lol time, o o o
hours 50°C 70°c  J100°c | 70°C 100°C
0 100 100 100 100**) { 100**)
1 96.6 100.0 100.7**)
3 98.0 98.2**)| 84.9 101.8 99.0
Se0, 6 96.6 96.8 65.7
13 398 978
24 97.4**)] 994 99.5 93.2
1] 100 100 100 100**)
KySeOg 3 98.0 100.8**)| 98.6**)| 98.8
24 98.0**)| 100.0 98.6 100.0
0 100 100 100 100**)
KySe0, 3 100.0 100.9**)} 99.3**)| 99.56
24 98.0**)] 98.7 98.6 100.0

*) One g Se containing radioactive tracer was piaced as a 100 ;11 aqueous solution
in the test vial.
**) Indicates that dryness has been reached at this point.

preparation of reference samples, SeO, in silica tubes was dried at 60°C,
while SeO, on filter paper was air dried.

A few plant species containing 1 to 10 ppm Se-75 labelled selenium were
dried at 30°, 50°, and 70°C for 24 h. No difference in radioactivity was
found. Nor was a loss of selenium found at temperatures below 50-60°C in a
later investigation at this laboratory (Gis 1970a).

For the present purpose it was decided to dry the plant material as quickly
as possible at 50°C in a ventilated oven, Thick leaves, stems and roots were
cut before drying to shorten the drying time, and the material was spread ina
thin layer in a tray. Beets and potatoes were ground to a pulp before a
sample was taken for drying. Cereals and mustard were ai: dried before
threshing, and only dried for a short time at 50°C before the selenium
analysis. Except for grains and seeds the dried material was ground and
mixed before storage.

The soil samples were mostly stored in plastic bags without previous dry-
ing. When needed, soil samples were air dried.

2.2. Storage and Heat Stability

Loss of selenium from seleniferous cereals during year-long storage has been
reported (Mox 1938). Losses of up to 60 % over a 3 to 5-year period were
found, but the authors considered a short period in a badly ventilated and
sun-heated room to be the main cause of the loss.
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Table 2.2

Loss during storage of selenium from plants containing 7 to 50 ppm Se labelled
with Se-75. Grains and seeds were stored as such, the other smmples as

briquettes.
Plant species Months from harvest to Second measure-
ment in per cent
1st 2nd of the first
Red clover. 1st cut 1 11 97.5
- 3rd cut 1 7 101.0
Barley, green 1 11 99.2
—" gnain 3 9 101.0
— straw 3 9 100.8
White mustard, green 1 11 994
- = seed 2 9 103.6
- - straw 3 9 101.2
Average 100.5
Table 2.3
Loss of selenium during st lled by repeated activation analysis.
The plants were stored as hay or as powder.
. Months between ppm Se 2nd analysis
Flant species ly in per cent
lstanal. {2nd anal. | of the 1st.
Rye grass 7 0.136 0.134 99.2
- 5 0.23 0.213 92.2
- 24 140.9 126.2 89.7
- 24 153.2 139.3 21.0
Lucerne 7 0,137 0.139 101.5
- 7 0.187 0.197 106.6
- 24 4.82 4.70 97.5
- 18 2,19 2.07 84.9
Mustard, straw 18 3.91 3.82 97.6
Osts, — 18 3,08 2.90 95.6
Rye, — 18 4.34 4.22 97.0
Sugar beet, top 18 1.62 1.49 92.3
— = ,beet 9 0.66 0.62 94.0
Average 15 86.0

At the start of the present investigation no information seemed available
about storage loss from other species or from species with a low con-
centration of selenium. Normally from one to eight months passed between
harvest and determinatior. of selenium. In the mean time the samples were
stored in glass vessels, plastic boxes or plastic bags in a cellar or in a labor-
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atory room to avoid exposure to sunlight. No loss was observed in samples of
red clover, barley and mustard stored as briquettes under these conditions for
periods up to 11 months (table 2.2). In another series comprising more plant
species with selenium contents from 0.1 to 150 ppm and stored as hay or
powder, analyses performed at 5 to 24 months’ intervals showed an average
of 4.0 % decrease (table 2.3). The greatest decrease was about 10 % and was
found in highly seleniferous rye grass stored for two years. Owing to the
experimental errors the stability of the different species with respect to
selenium content cannot be compared. A third control at this laboratory gave
similar results. The greatest loss was 13 % in hay of red clover and 10 % in
rye grass powder after nine months of storage, while the loss from briquettes
was about 1 % in red clover and lucerne and 7 % in rye grass (Gis 1970a).

In connection with the selenium analysis the samples were irradiated in the
reactor for up to 24 periods of six hours each. During these periods the
temperature in the samples did not exceed 46°C. Whether a selenium loss at
this temperature is likely to occur over such a long period was investigated
with Se-75 labelled material (table 2.4). The seeds and grains were retained as
such, the other samples were pressed into briquettes, i.e. all samples were
kept in the same form as during an irradiation. After 230 hours at 50°C the
temperature was increased to 100°C for 24 hours. No appreciable losses were
found.

Table 2.4

Heat stability of selenium in dried plant material expressed in per cent of the
activity before the heat treatment. Se-75-1abelled material containing 7 to 50

ppm Se.
Hours at 50°C Additional 24 h
Plant species 18 230 at 100°C
Red clover, 1st cut 97.6 96.9 96.9
— — ,Tthcut 98.6 99.8 101.7
Barley, green 99.8 101.4 95.4
— , grain 96.0 97.4 101.5
— ,straw 99.7 98.4 99.7
White mustard, green 98.2 102.3 23.8
- ~ , seed 99.7 101.2 102.9
- - , straw 97.1 964 96.7
Average 98.3 99.2 98.6

The conclusion is that loss of selenium during storage may occur, and it is
more likely to occur in samples with a large surface (like powder) than in
pressed material, but in most cases the loss will not exceed 5 % ina year. A
loss of this magnitude will be of no importance to the conclusions of this
investigation.
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2.3. Selenium Determination

In the present material selenium concentrations as low as 0.01 ppm in the
dry matter could be expacted. Only two methods have sufficient sensitivity
for this purpose: neutron activation analysis and fluorometric determination
with either 3,3’ diaminobenzidine (DAB) or 2,3 diaminonaphthalene (DAN).
For the determination of high selenium concentrations several methods are
usable; atomic absorption is a convenient choice for routine analysis.

The fluorometric method is based on the formation of a piazselenol when
selenium reacts with DAB or DAN. According to Watkinson (Wat 1960) 0.02
1g Se can be determined with DAB. Cousins {Cou 1960) reported a similar
sensitivity, but considered 0.1 to 2 ug Se a more adequate range for routine
work. The use of DAN as suggested by Parker and Harvey (Par 1962) improv-
ed the sensitivity so much that the minimum detectable amount is 0.0005 ug
{(Wat 1966). The fluorometric methods with various modifications (Dye
1963, Gra 1963, All 1964b, Lane 1966b, Mol 1967, Ewa 1968, Hof 1968,
Lev 1971) have been widely used for determination of low levels of selenium
in biological materials. However, the overall recovery of selenium may be
only 75 % (Kel 1961). To control the loss some investigators have inserted an
isotope dilution in the procedure (Kel 1961, Cuk 1964, Lin 1965).

The neutron activation analysis has a sensitivity one to two orders of
magnitude above the fluorometric method. The principle is that after bom-
bardment with neutrons the resulting radioactive isotope can be measured.
Besides the greater sensitivity, the advantages of activation analysis compared
with fluorometric analysis are several. Most important is that the method is
selective, and that after irradiation all reagent-contamination problems are
eliminated, otherwise severe problems in conventional chemical determinat-
ion of tracer amounts. Another important advantage is that after irradiation a
macro-amount of selenium can be added. As soon as complete isotopic ex-
change has taken place, any loss of selenium can be controlied by a de-
termination of the chemical yield. Neutron activation has been used for the
determination of selenium either alone or together with other elements in
soils and rocks (Kur 1962, Bru 1967), in plants (Bow 1963a, Oks 1965, Stei
1967) and in animal tissue and fluids (Ledd 1961, McC 1961, Koc 1862,
Bow 1963a, Gui 1963, Wes 1965 a and b, Sam 1967, Lun 1970). Activation
analysis has also been used as a means of control in the evaluation of fluor-
ometric methods (Dye 1963, All 1964b, Cum 1964, Wat 1966).

A neutron source of high intensity, e.g. a reactor, is, however, necessary
for a sufficient activation of nanogram amounts of selenium, and therefore
the use of the method has been limited despite its advantages.

For the present work the neutron activation mathod was chosen, except in
a single experiment where the atomic absorption method could be used. As
to the general use of the radio-activation analysis in biology, see Bowen (Bow
1963b, Bow 1966) and for the physical details necessary for the understand-
ing of nuclear reactions and techniques see Fri 1955 and Cro 1960.
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2.3.1. Neutron Activation
When a material is irradiated in a flux of neutrons, nuclear reactions will
occur involving all elements present. With thermal neutrons (i.e. neutrons
with an average energy of 0.025 eV) the dominating reaction will be the
absorption of a neutron immediately followed by the emission of gamma
rays, in usual notation called the (n.y) reaction. Simultaneously other re-
actions such as (n,p), (n,a) or (n,2n) may occur, but almost always with
much smaller probability. The following examples may illustrate the react-
ions:

Se-80 (n,y) Se-81

Br-81 (n,p) Se-81

Kr-84 (n,a) Se-81

U-235 (n,f) Se-81

The production of an isotope is proportional to the neutron flux ¢ (unit
njcm?- sec), to the number of atoms of the particular isotope, A, and to the
probability of the reaction, i.e. the cross section (usually quoted in barns: 1 b
=102¢ cm? which is the order of the geometrical cross section of the atomic
nucleus). Further the production is proportional to the irradiation period, t,
if the isotope produced is stable. Normally, however, the product is radioac-
tive, and the number of disintegrated atoms has to be subtracted. As the
decay follows a first-order reaction, the amount of radioactivity, D, at the
end of the irradiation (after a period, t,) will be

. t
D=¢ -A-a(l—exp(-'(%a—)).
2

where t, ,, is the half-life of the isotope and D the number of disintegrations
per unit time.

For a particular radioactive isotope the half-life and the energies and inten-
sities of its radiation are characteristic and may be used as a tool for qualita-
tive analysis. A gamma-emitting isotope has a spectrum with one or more
peaks of distinct energies, whereas the spectrum of a f-emitter is a continuum
with a characteristic maximum energy. In the electron-capture decays (EC)
and in isomeric transitions (IT), characteristic X-rays (KX) are emitted. The
y-spectrum together with a check on the half-life will in most cases allow the
identification of the isotope.

Selenium has six stable isotopes. The data of interest in connection with
activation in a reactor with thermal neutrons are summarized in table 2.5. Of
these isotopes Se-75 has been used in several cases because the long half-life
allows a chemical purification before measurement of the activity (Fin 1959,
Ledd 1961, McC 1961, Koc 1962, Bru 1967, Sam 1967, Stei 1867). On the
other hand a long irradiation time is necessary to obtain a good sensitivity. In
biological investigations, Se-77m (t, ;2 = 17.5 sec) has been used by some



Table 2.5
Phynsical properties of sel topes (Koc 1860, Bow 1963a, Lede 1967)
Stable | Isotopic |Cross section § (n,y) Half-life Type Major radiati S ivity”) Spec.act,
isotope |abundance barns product of Hg after irradiation
nuclei decay { Max. |KX and ¥ energy in for one half-life,
nergy MeV P = 10 4n/em2 sec,
of 8, mC/g Se
MeV
Se-74 0.87 26t 6 76 121 days| EC KX, 0,121, 0.136, 6:104 2500
0.265, 0.280, 0.401
Se-76 9.02 7%3 77 m 17.5 sec | IT KX, 0.161 3:10°% 9700
Se-78 23.52 0.36 79 m 8.91 min | IT KX, 0.096 290
0.05 79 6.5°10% yrs g 0.16 [No vy 2000
Se-80 49.82 0.03+001 |8lm 56.8 min | IT KX, 0.103 1-10°8 150
056 +01 81 18.2 min| § |1.58 9-10°6 2500
Se-82 9.19 0.05+0.025| 83 m 70 sec | f ]3.8 [0.35 0.65 1.01, 4°10°3** 46
2.02
0.004 + 0.002| 83 25 min| § |18 |o.22 0.36,1.88, 6102 4
2.29
*) Defined as the mass that yields 1000 dpm after irradiation in a flux of 1014 n/cm?-sec to saturation or for s maxi period of 30

days. 8
**) Se-82 (n, 7) Se-83, 83m *, Br-83.

9t
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experimenters for the determination of selenium in biological samples (Oka
1960, Gib 1962, Gui 1963, Tom 1965, Duf 1967, Max 1967). Here a chemi-
cal separation is next to impossible because of the short half-life; hence the
method must be purely instrumental: After the Se-77m has decayed, one
remeasures the sample to obtain the sample background. In a few labora-
tories Se-81 has been used (Bow 1963, Dah 1965). The half-life allows a fast
chemical separation before the measurement of the f-rays. Se-79m has been
utilized in a single case (Kur 1962). But this and the other isotopes are of no
great interest owing to the low sensitivities. The advantages of the three
short-lived isotopes are the short irradiation times and the fast obtainment of
the result. The convenience and reliability, characteristic of work with rea-
sonably long-lived radioactivity, easily outweigh the increased sensitivity one
could gain by working with, say, Se-77m. Except for experiments where a
rapid result is necessary, the isotope Se-75 is the best choice.

In the activation method, interference from other elements may occur.
Besides the formation through the neutron capture in selenium, some of the
selenium isotopes may be formed in other reactions. The cases to be con-
sidered are Kr-78(n,a)Se-75, Br-81(n,p)Se-81, Kr-84(n,a)Se-81, and Se-81
from fission of U or Pu. But owing to their small probabilities all these
reactions will only be of importance when the interfering element is present
in a much higher concentration than the selenium itself. Therefore Br-81
(n,p)Se-81 is the only reaction that may introduce an error when biological
materials are analysed. However, with a bromine concentration of 10 ppm
and a selenium concentration of 0.01 ppm and irradiation with fast neutrons,
the error should not exceed 2 % (Bow 1963), with a purely thermal spectrum
the reaction does not take place. In soil an error of 5 % from fission in
uranium can be calculated for a sample containing twice as much uranium as
selenium (the average for shales). The fission yield of Se-81 is 0.13 %. Errors
much above this should be rare.

The irradiation facilities in the Danish reactor DR2 are seen in fig. 2.1. The
R-tubes are intended for irradiations of not more than a few hours. These
tubes have pneumatic in- and output of the samples. For safety reasons the
six S-tubes cannot be used for input and output of samples during the reactor
run. In the R- and S-tubes containers of about 30 ml volume are used, and
each tube can accomodate only one container. The V-tubes offer the highest
neutron flux, but they are for smaller samples only (volume less than 17 ml),
and furthermore the flux gradients are high in these positions, which makes
them unsuitable for activation analysis (difference in dose to sample and
reference is possible). In the thermal column all neutrons are slowed down by
the graphite moderator, and the gamma-rays are absorbed so that the flux is
purely thermal. In the thermal column graphite stringers are placed with sites
for several containers of various sizes. For the present work a stringer with
six holes and one with 24 holes were used. The 6-hole stringer receives a flux
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Fig. 2.1. The reactor DR2. Schematic drawing showing positions of experi-
mental tubes and thermal column relative to the reactor core. For activa-
tion purpos2s the 8, R and V tubes and the thermal column can be used. In
the S tubes therma) fluxes from 0.5 - 10'? to 1.10'* n/cm*- sec are
gvailable. The flux in the pneumatic tubes R1 and R2 is about 8-10!2
nfcm? - sec, and in the thermal column it varies from 10" to 10'?. The
narrow V-tubes offer fluxes from 0.5-10'* to 1-10'* n/em?- sec.

of 2 - 10* 2n/cm2-sec, while the flux in the 24-hole stringer decreases with
the distance from the core from 6 + 10'2 to 1.6 - 10'2 n/cm? - sec. The
holes are sized for 30 ml containers and placed two together. For the flux
gradients to be eliminated, the 24-hole stringer was turned in the middle of an
irradiation period. In this way the difference between the highest and the
lowest dose was restricted to 20 to 30 %. As the thermal column points
straight into the reactor, samples cannot be taken out during the reactor run.
Thus the use of this facility for the production of short-lived isotopes is
excluded.

In all the tubes, but not in the thermal column, the flux of fast neutrons
and y-rays is 8o intense that decomposition of organic material into gases is
probable. This may give rise to pressure inside the tight sample container,
which may result in leakage and radioactive contamination of the cooling
system in the reactor. The amount of organic material is therefore restricted
to the order of milligrams in these tubes. Irradiation of larger amounts of
organic materinl must take place in the thermal column, where the
temperature rise is limited, and where there is no direct contact with the
cooling water.
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Organic samples cannot be dry-ashed without loss of selenium. Therefore,
for such material it was possible to use only the thermal column, and
consequently only Se-75 could be used in these analyses. Most of the soil
samples contain less than 3 % organic matter, which means that irradiation of
a few grams in the S-tubes is possible when 100 mg of organic material is the
upper limit.

The reactor is oniy run for about six hours a day four or five days a week,
which in average gives one hundred hours a month. Even in the thermal
column an irradiation time of more than four weeks is not convenient,

| because of the delay of the result and the number of samples compared with
irradiation sites. This means that with a flux of 10'2n/cm?-sec, the
sensitivity taken as 1000 dpm (see table 2.5) with Se-75 becomes 0.4 ug. One
tenth of this, however, is still measurable, and the sample size can be ten
grams or more.

2.3.2. Pretreatment of Sam;2s

Before irradiation precautions have to be taken so that chemicals, apparatus,
glass-ware, etc., do not contribute to the selenium content of the sample.
This means that as few operations as possible should be performed before the
irradiation. Aluminium is often used as packing material because it is
relatively purc. Silica is preferred to glass because the components of glass
would cause a great amount of radioactivity. Aluminium as well as silicon
give only a short-lived isotope (Al-28 with t, ,, = 2.3 min and Si-31 with t, ;,
= 2.6 hours).

To avoid pressure build-up due to the radiolysis of water, all samples must
contain as little water as possible when submitted to irradiation regardless of
the position in the reactor.

Activation of the selenium atoms in various compounds in the sample
implies the possibility of disturbance of the chemical bond (Szilard-Chalmers
reaction). Hence a chemical separation of various compounds after an
irradiation will only by chance lead to the correct result. Consequently only
the total content of an element can be determined in an irradiated sample.
For the determination of a particular compound or fraction the isolation has
o be performed prior to the irradiation.

Plants: All milled plant materials were pressed into 2-g briquettes except
ome materials with a high sugar content which were irradiated as powder.
brains and seeds were not ground, but irradiated as such.

Soils: The soil samples were air dried and ground in an agate mortar to pass
sieve no. 40 (ASTM) before the final sample was taken for irradiation.
Later pressed soil samples of 3 g were used.

t' Soil extracts: One hundred grams of soil was shaken overnight with 250 mt

istilled water or another extractant. The extract was filtered and evaporated
a water bath in an evacuated rotating flask. Aliquots of the aqueous
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concentrate were evaporated to dryness on aluminium foil in a current of air
under an infra lamp.

References: Either the exact integrated number of neutrons reaching the
sample has to be known, or a known amount of selenium must be irradiated
in the same position as the test sample once for all if the flux is very
constant; otherwise it must be irradiated together with the test sample.
Simultaneous irradiation of references and test samp'es was chosen because it
was considered the most reliable and the simplest procedure.

For irradiation in the thermal column b ug of selenium as a solution of
SeO, (100 ug Se/ml) was placed on a strip of filter paper and air dried. The
paper contained less than 0.01 ug Se per strip. Four such strips were wrapped
in aluminium foil and irradiated together with the test sample. Only two of
them were worked up for measurement, while the other two served as a
reserve.

For irradiation in the S-tubes 20 ug of selenium (400 ug Se as SeO, /ml)
was evaporated at 60°C in a 150 ul silica vessel with a stopper. Three
replicates were used.

Packing: The materials were placed in cylindrical aluminium containers for
the irradiation. Powder and seeds were placed directly in the containers with
the references wrapped in foil. Two or three briquettes of the same sample
were wrapped in foil, and two such packages were irradiated with the
references placed between them.

2.3.3. Chemical Separations.

Before a measurement of ‘he selenium activity the selenium in the sample
must be separated from all other induced activities. A known amount of
stable selenium - in casu 20 mg - was added as a carrier for the activated
selenium, whereby work with quantities of the order of 107 mg was avoided.
Consequently the conventional technique was applicable, and the known
amount of carrier allowed the determination of the chemical yield. For the
same reason it may be an advantage to add hold-back carriers for other
elements which might follow the selenium in trace amounts and cause a low
radiochemical purity. This was, however, not necessary when Se-75 was the
item.

The initial activity in a sample may be uncomfortably high, and in the
present work this was usually due to sodium and potassium (t, ;; =15 h and
12 h respectively). Thus the newly irradiated soil samples were rather "’hot”
in contradistinction to plant material. Hot samples were allowed to cool for
about one week before the chemical separation,

Combustion: Generally dry ashing cannot be used because of the volatility
of many selenium compounds. At present the methods most used are oxygen
flask combustion (Dye 1963, All 1964b, Lane 1966b, Tau 1966, Wat 1966)
and wet oxidation with nitric acid plus perchioric acid (Bow 1963a, Gar
1963, Lin 1985, Wat 19686).
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Neither Watkinson (Wat 1966) nor Dye et al. (Dye 1963) found any loss
of selenium in the oxygen combustion. Bock and Jacob (Boc 1964),
however, gave attention to the possibility of a 10 % loss if the excessive
oxygen was not trapped in an absorbent.

The recovery of selenium can be incomplete after wet combustion with
various oxidants. Thus a loss takes place when the oxidants are nitric acid
plus sulphuric acid and the temperature is increased too fast, or if charring
occurs (Gor 1959, Boc 1964). According to Bock and Jacob the addition of
perchloric acid to the oxidation medium decreased the loss from 15 to 9 %,
but the recovery was further improved if sulphuric acid was omitted (Boc
1964). Lindberg has reported a 10 to 30 % loss of selenite-Se added to grain
when the combustion with nitric plus perchloric acid was too fast (Lin
1968). According to other investigations perchloric acid prohibits any loss of
selenium (Fog 1956, Gor 1959).

In the investigations cited above organic materials with added inorganic
selenium were decomposed. Under these conditions it would not be possible
to control any loss of organic selenium not yet oxidized. Aware of this
problem, some authors (All 1964b, Wat 1966) have compared results
obtained after nitric-perchloric-acid combustion, oxygen combustion and
neutron activation followed by wet combustion. As far as it was possible to
conclude from the material, no loss occurred during the .wet combustion.
Also Lindberg (Lin 1968) using Se-75-labelled animal tissues and nitric plus
perchloric acid recovered 100 % of the activity.

In materials with a high sugar or starch content such as beets and grains
selenium may be reduced to elemental selenium, or charring followed by loss
of selenium may occur if insufficient nitric acid is present. In a few other
materials, however, lack of nitric acid may even cause an explosion in the
perchloric acid solution. Mustard seed for instance has this property, and in
soil samples the formation of Mg(ClO;), is possible. Hence it might be better
in such cases to use nitric acid alone or dry oxidation.

In an experiment (table 2.6) with Se-75-labelled plant material the nitric
acid-perchloric acid decomposition was assessed, and in addition it was at-
tempted to find a suitable method to be used with mustard seed and other
oily samples. For this purpose wet 'combustion withnitric acid-perchloric
acid or nitric acid alone was compared with dry combustion with sodium
peroxide in a bomb or with alcoholic magnesium nitrate (Kro 1958). After
the decomposition selenium was isolated and the activity compared with the
original one (table 2.6). Only nitric acid plus perchloric acid gave a
satisfactory destruction. As would be expected, the decomposition with
nitric acid alone is only partial; for these materials 30 to 50% of the
selenium was released. For sodium peroxide fusion it was possible to use only
0.26 g samples, and this may be the reason for widely varying results,
especially with mustard seed. This method was therefore ruled out. The
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Table 2.6
Comparison of methods for d ion of plant ial. Plants labelled with Se-76
were used. After bustion Se was isolated. The results are expressed in per cent of

the original activity. The numbers in parenthesis are the bers of plant l
Each analysis was made in duplicate.

Combustion
Plant species HNO3+HCIO, HNOZ Nap02 Alecoh.
(2:1) inbomb | Mg(NO3)2

Rye grass, red clover 102 (5) 54 (2) 110 (2) 72 (3)
Bariey, green 107 () 3B () 81 {2)
Barley and mustard straw 103 (1) 46 (3)
Radish top 102 (3)
Mustard, green 102 (5) 32 (2) 101 (2) 73 (1)

- , seed 51 (6) 116 (2) 59 (3)

recoveries after the magnesium nitrate ashing correspond well with the
recovery of sulphur after the same ashing (see table 2.14). Though the
alcoholic magnesium nitrate gave better recovery than nitric acid, the latter
was preferred for mustard seed and other oily materials because magnesium
nitrate ashing with radioactive materials could cause contamination. But as
seen, only about half thc seienium in the seeds will be released, and the
presence of nitric acid excludes separation by distillation.

According to Rosenfeld and Beath (Ros 1964), soil selenium will in most
cases be released by distillation without any pretreatment. For some rocks
the authors recommend oxidation with nitric-sulphuric acid. However, with
this mixture a selenium loss could be expected, and if perchloric acid was
added, a risk of detonation was introduced. Consequently hydrogen peroxide
was used instead as it gave sufficient decomposition and oxidation for
complete recovery of the selenium (subsection 2.3.6). No loss of added Se-75
selenite was found.

To sum up: plant materials except oily seeds were combusted with a
mixture of 16 N HNO, and 70 % HCIO, in a ratio of 2:1 or higher, while
oily seeds were combusted with nitric acid alone, Soils were boiled with 30 %
hydrogen peroxide. The sample size was from 0.5 to 4 grams depending on
the material and the expected selenium level. Aluminium foil with the
residue from evaporated soil extracts was dissolved in hydrochloric acid. The
evaporated extract corresponded to about 26 g soil.

Isolation by Distillation: When Set4 is treated with strong hydrobromic
acid, volatile SeBr,, which can be distilled off, is formed. Nitric ucid prevents
the reaction, and it is therefore important that all the nitric acid fron the
wet combustion has been driven off. The procedure and the apparatus for the
distillation closely resembled that described by Leddicotte (Ledd 1961). A
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I

Fig. 2.2, Apparatus for selenium distillation. A 150 ml conical flask with a
ground joint is provided with a unit comprising an air-inlet tube and a

jon to a d The distillate trap is placed in an ice-bath.
(After Ledd 1961)

funnel was added to the apparatus (fig. 2.2) because it is sometimes necessary
to add more hydrobromic acid or to add bromine if the selenium compounds
have remained in the condenser. Six such apparatus units could be placed in
the fume hood.

Twenty mg Se as SeD, was added to a known amount of the irradiated
sample. The sample was digested in a conical flask fitting the distillation
set-up. Twenty ml of concentrated hydrochloric acid (for the reduction of
Se*® to Se**) and 20 ml of 48 % hydrobromic acid were added to the
digested material. The application of hold-back carriers was found unneces-
sary when Se-75 was used, while the radiochemical purity of Se-81 had been
improved by the addition of arsenic and other hold-back carriers. The distil-
late was collected in 2 100 ml centrifuge tube placed in an ice bath
and containing 20 ml of water and 10 m! of concentrated hydrochloric acid.
For the distillation to be accelerated a current of nitrogen or air had to be
passed through the system. Air was used because the chemical yield was
independent of the gas. After a few minutes of heating the redbrown
selenium tetrabromide passes the condenser, and the distillation can be
stopped shortly after. The distillate was neutralized with concentrated
ammonia (the bromine colour disappears), and 2 mi conc. HC] was added to
ensure that selenium was present in the +4 state, Further 0.5 ml of 2 1%
aerosol solution was added to prevent the selenium precipitate from adhering



4

later on to the glass surface. For the precipitation of elemental selenium
Leddicotte (Ledd 1961) used sulphurous acid, and Bowen and Cawse (Bow
1963a) used gazeous sulphur dioxide. It was, however, found more practical
to use 0.8 to 1.0 g hydrazine sulphate for the reduction. The process was
accelerated by heating in a boiling-water bath for half an hour. For this
purpose crystallization cups with a diameter of 15 cm and a depth of 7 cm
were used. They were covered with perspex lids with holes for seven
centrifuge tubes. The decantation of the solution without loss of selenium is
impeded by the presence of solid NH,Cl, and therefore the tubes were
centrifuged while still hot to avoid precipitation of NH,Cl from the nearly
saturated solution. The selenium precipitate was washed twice with water
and once with ethyl alcohol and transferred to a weighed aluminium cup
with a diameter of 30 mm and a depth of 8 mm by means of alittle alcohol.
The alcohol was evaporated under an infra lamp in a current of air, and the
yield was determined. The selenium was fixed in the cups with a few drops of
a cellulose lacquer diluted with acetone.

Table 2.7

Influence of the material on the chemical yieid of
selenium isolated by distillation

Material Yield, %

Cereals, grain 67+13
— ,straw 7012
Pasture species | 70 £ 15

Beets, roots 63116 N
Soils 67 12 ?
Soil extracts 6012
References 95+ 3

The chemical yield varied somewhat with the material as seen from table
2.7, but generally it was between 60 and 70 %. The yield of the references
was 95 %. This difference is, of course, of no importance as long as the
chemical exchange can be assumed to be complete.

Dithizone Extraction: After digestion with nitric acid alone another
method than distillation as SeBr, was needed for the isolation of selenium. It
was found that selenium is reducible from the neutralized nitric acid digest,
and that it precipitates partly just by standing. The selenium precipitate,
however, was very impure. But if the selenium was reprecipitated twice, the
final product was chemically pure (constant specific activity), though
contaminated with a few other radioactive isotopes, Hg-203 (t 1,2 = 47 days,
7-ray 279 keV) was the most serious one owing to the y-ray energy very close
to one of the Se-75 y-rays (subsection 2.3.5). Other impurities had y-energies
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above 500 keV, and hence small contaminations would not disturb the
measurement of Se-75 much. To overcome the disturbing comtamination an
extraction with dithizone was inserted before the reduction.

Mercury forms a complex with dithizone; at a pH up to 4 it is in the form
of the acid dithizonate. Both dithizonates are extractable with chloroform
and carbon tetrachloride (Iwa 1958). In a tracer experiment Hg-203 and
Se-75 were added to a nitric acid digest, and the extraction of Hg - and of Se
- with dithizone in chloroform was followed at different pH-values. At a pH
between 1 and 2 about 80 % of the mercury was extracted into the organic
phase, while only about 1 % of the selenium was extracted.

Hence the combusted sample was filtered, neutralized with 10 N NaOH to
a pH between 1 and 2 and immediately afterwards shaken for one minute
with 10 ml 0.1 % dithizone in chloroform. If the green colour of the organic
phase disappeared, the extraction was repeated. A rather large excess of
dithizone is needed as the dithizone is destroyed by nitric acid. The agqueous
phase was transferred to a centrifuge tube, and 2 ml conc. HCl, aerosol and
1 g hydrazine sulphate were added for reduction to the elemental form. The
selenium was washed with water and alcohol, and the tubes were placed in a
cupboard at 80°C until dry. The solid was dissolved in a few drops of nitric
acid while still hot, water was added, and the precipitation repeated twice,
now with 0.8 g of hydrazine sulphate, and the selenium was mounted for
counting. Besides a reduction of the mercury contamination by a factor of
five, an important part of the unidentified impurities was removed.

References: References on filter paper were placed in fest tubes containing
0.1 mg selenium carrier. One ml HNO, : HCIO, (1:1) was added, and the test
tubes were kept in a boiling-water bath until the paper was destroyed. The
solution was diluted and transferred to a centrifuge tube containing 20 mg
selenium. Two ml conc. HCl and 0.5 ml 1 % aerosol solution were added, and
selenium was precipitated once with 0.8 g hydrazine sulphate.

During irradiation some of the selenium can be reduced to the ground
state. For this reason references in silica tubes and their stoppers were left
overnight in small beakers with 20 mg selenium carrier and enough nitric acid
to cover the tubes. The following day the solutions were boiled for a few
minutes to ensure complete dissolution of the selenium. The solutions were
transferred to centrifuge tubes, the tubes were washed with water, and the
selenium was precipitated and mounted as above,

2.3.4. Counting Technique
Gamma rays have three main types of interaction with matter: (1) photo-

electric effect, (2) Compton scattering and (3) pair production. The first
process is the most important for low gamma energies. By this process the
eniire photon energy is given to a bound electron, and the probability of
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photoelectric absorption is thus connected with the binding energies of the K
and L electrons. The result is distinct peaks in the gamma spectrum (number
of events versus energy) as measured with a scintillator or solid-state counter.
By the second process part of the photon energy is transferred to a bound or
a free electron, and the photon is scattered. The third process can only occur
when the photon energy is above 1022 keV, and the probability is
proportional to Z2. The pair production results in a 511 keV peak pilus a
peak at (E7 —2- 511) keV. All three processes are favoured by a high atomic
number of the absorbing material.

The most frequently used detection method for gamma rays is the scintil-
lator method. Of most general use is the sodium iodide crystal activated with
0.1 % TII. Sodium iodide crystals are produced in sizes up to several inches in
each dimension. For y-spectroscopy, crystal plus photomultiplier sets
specially selected for high-energy resolution are available. (The resolution is
defined as the relative width of a gamma peak at half the maximum count
rate. The standard reference line is normally taken as the 662 keV peak of
Cs-137.)

In the years since 1963, solid-stave detectors for gamma counting have
been developed. Among these, germanium crystals drifted with lithium have
proved advantageous for many purposes compared with Nal-crystals, because
of their much better energy resolution. The size of the germanium crystals
available is still being increased, and volumes of 30 cm? can be obtained. As
the energy gap for electron-hole pair production is very small, it is necessary
to cool the germanium detectors to —170°C to reduce the noise level.

For the activation analyses a Nal-detector was used, but for comparison a
few measurements were made with a germanium counter®.

Scintillation Counting. A 3 x 38" cylindrical Nal-crystal was used. Detector
and photomultiplier were shielded by 10cm of lead (fig. 2.3). The
radioactive sample was placed in a source holder on the top of the detector
(fig. 2.4). The holder was provided with notches making it possible to place
the disk with the source at three different distances from the detector.

The detector was connected with a multichannel analyser (Nuclear Data
Model 130A) with 512 channels (figs. 2.5 and 2.8). In the analyser the signals
are amplified and registered in the proper channel according to the energy.
An approximate linear relationship exists between channel number and
energy. The calibration can be carried out with a few gamma emitters with
characteristic gamma rays, such as (fig. 2.7) Hg-203 (77 and 279 keV),
Cs-137 (662 keV ), Co-60 (1170 and 1330 keV).

The gamma spectrum of Se-75 is shown in fig. 2.8. The area below the first
peak or the first two peaks was used for calculation of the amount of
selenium, but all three peaks were used for control of the radiochemical

* I am indebted to Mr, K. Wileky, formerly of the Chemistry Dept., Ris6, who placed the
detector at my disposal.
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Fig. 2.3. Lead shielding of the 3 x 3" Nal-crystal. and the photomultiplier
(PM). The connection to the analyser is taken out from the bottom.
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Fig 2.4, Sample holder in perspex. The holder fits on top of the detector.
A disk with a hole for the counting cup can be placed at three distances

from the detector.



Fig. 2.5. The counting equipment. homthetopofﬂnnxﬂnenmhm
Current supply, X-Y writer, oscilioscope, 512 ch 1

unit, and high-voltage supply. To the right of the ng is the lud house with
the detector.

purity. If the ratio between the areas differed from the corresponding ratio
found by means of the reference sample, that was an indication of an
impurity. Of course most impurities would be observed simply by inspection
of the display on the oscilloscope. But for routine work and especially if the
impurity was Hg-203 (279 keV), the presence of the impurity may be over-
looked because it merges with the central peak in the selenium spectrum (fig.
2.8).

Mostly position 1 in the sample holder (fig. 2.4) was used. The counting
efficiency in this position is about 40 % for Se-75. In cases of a total count
rate of more than 60,000 cpm (counts per minute) the sample was placed in
position 2 or 3 to avoid dead-time losses and drift of the ampiification in the
photomultiplier tube. Count rates for Se-75 in the three positions are shown
in table 2.8.

With a 3” crystal the background was about 1 cps. After irradiation in a
flux of 4 - 1012 nfcm? - sec for 100 hours we can detect 1,5+ 10" g Se or
0.0003 ppm in a 5-g sample. For a quantitative determination about 0.0015
ppm is necessary. At low count rates the areas below both peak 136 and peak
265 are used, which increases the statistics of the counting. The weaker peak
401 should not be included because it would decrease the signal to noise
ratio a little.
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Fig. 2.6. Block diagram of the scintillation counting equipment. The pulses
are amplified before entering the pulse height analyser (MC). The time
} presets the ing time, and the live:timer corrects for the dead
time in the analyser at high counting rates. The information is stored in
128, 256 or all 512 channels of the memory. From there the information is
transferred to an oscilloscope, to a punch recorder, to a typewriter or to a
X-Y writer. The time for typewriting of 512 figures is about seven minutes,
for punching only two
One or two of the four memories can be used for storage of a background
or standard spectrum which by means of the calculation unit can be sub-
tracted from (or added to) a spectrum in another memory, and the spectra
can be multiplied by factors of ten. This makes it possible to subtract a
backgrourd from the measurement even when the two measurements have
been made for a different period of time. Another option is summation of a
spectrum or part of it. This can be done inside a 128 or 256 channel
memory, but not ir all 512 channels because the first 256 channels act as
receptors during th: :alculation.




50

1600 - .
a0} -
1200} - - - -
2000
N
x - - -
] .
] .
. - T T
N
A e g ]
S
i
— .
t * - e ——]
) _ ;
o ‘
25 50 7 100 [FL] 150 175 200 225 250

CHANNEL NUMBER
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Fig. 2.8, Gamma spectra cf Se-75 and (below) Hg-203 measured witha 3 x
3" Nal-crystal. The geometry was close to 50 % The energies of the most
important gamma rays are shown.



Tahle 2.8
Count rates in the three positions of the sample holder
Position Distance from Counts per min
no. detector,

mm 136 keV 265 keV 401 keV

peak peak peak*)

1 ~2 10,000 7,400 3,600

2 17 6,900 4,800 1,300

3 60 2,500 1,700 300

*) The count rate in position 3 is only 9 % of that in position 1 for this
7-ray (as compared with 25 and 23 % for the two others). The reason is
that 64 % of the events with the energy 401 keV are a sum line (136 keV

+ 265 keV).
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Semi-conductor Counting. The difference between a Nal- and a Ge-Li
crystal with respect to resolution is illustrated in fig. 2.9. With the german-
ium counter both the 136- and the 265-peaks are resolved into two peaks.
The high resolution means that the germanium counter offers new
possibilities for the activation analysis as a purely instrumental analysis or at
least with less chemical isolation than now. Further it will be easier to
determine more than one element in the same sample. This is becoming

Fig. 2.9. Spectrum of Se-756 measured with a 6 cm® x 5 mm Ge-Li detector
in connection with a 1024 channel analyser (curve B). (The crystal was
made by J. Lippert, The Health Physics Dept., Riso, early in 1966). Curve
A is the selenium spectrum measured with a 3 x 3" Nal-crvstal. The count-
ing efficiency of the Ge-counter is about 20 % of that of the Nal-crystal.
One channel corresponds to about 0.5 keV

possible as the size of the crystals increases.

P



3

2.3.5. Calculation
The numbers of counts for one gram of test material and for 1 pug of
reference selenium are calculated by means of the chemical yield, the amount
irradiated and the count rate below one or two peaks. Selenium in the test is
then obtained from the proportionals. The whole calculation can be written
as

cr - by Wp - ag

ppmSe=wT_h ) cg - by

where a,, is grams of test sample and a, is pg of Se-reference irradiated, b,
and b, are the carrier amounts in mg, c, and ¢, are the count rates in cpm
and corrected for background, and W, and W, are the chemical yields in mg.

Table 2.9
Standard deviation of the selenium analysis made by tr
Se content Repli Standard deviati

in per cent

5 or 20 ug (references) 2 1.05
0.01-0.05 ppm 3 5.9
0.05-0.5 ppm 3 5.5
0.5-50 ppm 3 6.4

The standard deviation of the averaged results was calculated for three
concentration intervals. The calculation was in each group based on forty
analyses. The test material in each group comprised barley grain, red clover,
beets, and mustard straw. The test samples were analysed in triplicate (2 g
each), the reference was in duplicate (table 2.9). Regardless of the con-
centration the standard deviation is about 6 % for the test specimens and 1 %
for the reference.

2.3.6. Comparison of Results Obtained by Neutron

Activation and Fluorometric Determination

As a control of the procedure three samples already assayed by a fluor-
ometric method were analysed (table 2.10). The agreement was very
satisfactory for the soil samples, whereas for kale the activation analysis
yielded a somewhat higher result than the fluorometric determination, but
the difference is not significant.



Table 2.10
Comparison of results by ! ivation and fi try.
ppm Se
Sample®) Flnorometric Neutron
determination**) activation
Soil No. 357 35.6 36.0
Soil No. 370A 21.6 225
Standard kale 0.137 0.165

*) The samples were kindly supplied by Dr. G. Fleming, The Agricultural
Institute, Wexford, Ireland.
**) Analysed by Dr. J. C. Lane (Lane 1966b).

2.3.7. Determination of Se by Atomic Absorption

This method is mostly used for the determination of metals, but also metal-
loids can be determined, although with much less sensitivity. The method is
based on the following principle: The test solution is sprayed into a flame
and atomized. Simultaneously, light of one of the characteristic spectral
wave-lengths of the element to be analysed is directed through the flame. The
light source is a hollow cathode lamp. The intensity of the beam is measured,
and the amount absorbed by the atoms is proportional to the concentration
of the element in the solution.
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Fig. 2.10. Selenium measured by atomic absorption. Standard curve of Se
in 14 % HCIO, (v/v). Jarrell-Ash apparatus, 198 my cathode lamps.
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According to the Perkin-Elmer manual the sensitivity for selenium is about
2 ppm in the final solution, and the limit of detection is 1 ppm. Thus only
highly seleniferous samples can be analysed by this method, and for that
reason the method was only used in two experiments (pot experiments Nos.
7 and 8). At our disposal was a Jarrell-Ash atomic absorption/flame emission
apparatus and a cathode lamp emitting light of 196 my intended for selenium
determination. The organic material (0.5 g) was decomposed with HNO, +
HCIO,; the mixture was diluted with water and filtered through glass wool.
The final volume was 25 ml and the concentration about 14 % (Y/v) with
respect to HCIO, . The calibration curve is given in fig. 2.10. As it was only
the aim to obtain an approximate Se concentration in the material in
question, no attempt was made to optimize the working conditions. The
limit of detection was under our conditions 250 ppm in the dry matter.

2.4 Analytical Technigues in Tracer Experiments

By means of Se-75 the plant uptake of different selenium compounds was
followed in pot experimenis. In this connection a rough characterization of
the selenium compounds formed in the plants was desirable. In the soils it
was of interest to follow a change in oxidation state and in solubility of the
added selenium salts. In another series of experiments the influence of
selenium on the sulphur uptake was followed, and here a characterization of
the plant sulphur was required.

2.4.1. Oxidation States of Selenium in an Aqueous Extract (Procedure I)
Beath and Eppson (Bea 1947) used a water extract of the soil or the plant
and separation of the dissolved selenium into selenate, selenite and organic
selenium. According to these authors a suitable extract of a soil is obtained
by overnight shaking of 200 g soil with 500 m! water. Alternative suggestions
are refluxing for thirty minutes or heating over a steam bath for several hours
followed by standing overnight. Plant materials are extracted with boiling
water (500 ml to 50g dry sample). The total amount of water-soluble
selenium is determined by digestion of the extract followed by distillation.
Selenite plus selenate are determined by precipitation with 80, and
hydroxylamine after the addition of ome volume 48 % HBr. It is here
assumed that the organic selenium is not co-precipitated. Finally the selenite
is precipitated from another aliquot efther with SO, after addition of H,80,
or with ascorbic acid.

The extraction of soil by shaking ovemight was compared with treatment
in a water bath for various lengths of time. Selenite or selenate had been
added to two soils two months previously, and the soils had been stored with
a moisture content of about 156 %. Water and solutions of potassium selenite
or selenate containing 650 ppm Se were used as extractants, The results for
the two soils (soil No. 2, a loamy sand and sofl No, 5, a sandy clay loam)
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Table 2.11

Extraction of selenium from a sandy clay loam (s0il No. 5) two months after
the addition of 0.1 ppm Se ss K3S¢0; or KgSeO4. The results are expressed

in % of the added Se.

Soil: Extractant
Conditions soln. |Se added vy

ratio - Water|50 ppm Se %50 ppm Se
Waterbath, 3h 112 | se¥6 | 32 32 40
Shaking overnight |1: 2.5 - 18 19 25
Shaking overnight {116 - 18
Waterbath, 3h  |122 | se™* | a8 40 60
Shaking overnight [1: 2.5 - 15 17 28
Shaking overnight |1:16 - 19

were similar, and those for the latter are shown in table 2.11. For details
about the soils, see table 3.2. Independently of the soilsolution ratio,
shaking at room temperature was less efficient than extraction at higher
temperatures. It is seen from fig. 2.11 that after about one hour of extraction
in a water bath the extraction was completed. Nevertheless, an extraction
time of three hours was chosen as a precaution. As a rule a selenite solution
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Fig. 2.11. Exuaction of selenium from a sandy clay loam (soil No, 5).
Extraction in a water bath. Soil solution = 1:12, The selenium was added
two months before as either K,SeO, (8e*®) or K, 820, (Set4) in an
amount corresponding 0 0.1 ppm Se.
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exiracted more selenium than did water or a selenate solution. From the
results of the fractionations (see later) it will appear that the excess is a
contribution from the exchangesble selenite.

Other extractants have been tried in preliminary experiments. These
extractants were diluted acetic acid and hydrochloric acid, ammonium
acetate and sulphate and calcium chloride. Only ammonium acetate
extracted the same amount of selenium or more from the soils than did
water, but the differences between the extractants were small.

If the extraction of the soil with water is followed by an extraction with
6N H,S0,, the remaining selenium should be dissolved (Wil 1936). The
presumption was that the selenium is present in ferruginous compounds. In
the present series of experiments, only part of the selenium was dissolved in
H, 80, (see figs. 5.1 and 5.2), and it would seem that the characterization of
this fraction is still an open question.

For plant material it was found that twenty perts of water was a more
adequate amount than the ten parts suggested (Bea 1947). Extraction times
from 1/4 to 3 hours in the water bath at about 80°C were tried. No
difference was found in the total amount of extractable selenium, and half an
hour was chosen.

The selective precipitation of selenite was tested by means of Se-75 in the
oxidation states +4 and +6. Besides the procedure described by Beath and
Eppson (Bea 1947), a precipitation with stannous ions has heen suggested by
Buketov et al. (Buk 1964). They used 300 to 400 mg SnCl, and a reaction
time of two hours for the precipitation of 10 mg selenite-selenium in 26 to
50ml 5% HCl in the presence of selenate. In a preliminary experiment
stannous chioride was found a more promising precipitant than ascorbic acid
(Bea 1947).

Precipitation with increasing amounts of stannous chloride was therefore
tried on solutions containing 9 mg Se as selenste and 10 mg Se as selenite.
Mostly the latter was labelled with Se-75. Both 6N H, SO, and 5 % HC] were
used as media. From table 2.12 it is seen that the amount of SnCl, is much
more critical in hydrochloric acid than in sulphuric acid, and that the neces-
sary amount is not quite in agreement with that mentioned by Buketov et al.
The selenite was precipitated quantitatively in both media with 100 mg
5nCl;-2H;0_as seen from the count rates. In the hydrochloric acid
medium, however, a coprecipitation of the selenate took place, and with 200
and 400 mg stannous chioride the formation of the red selenium precipitate
continued for more than one howr. In the sulphuric acid medium no
precipitation of selenate took place as seen from the use of labelled selenate
(table 2.12). Though the yield with 400 mg SnCl, -2H,O was 12.8 mg, the
count rate only corresponded to about 0.3 per cent of the added activity or
30 ug Se. Therefore the increase in yield with 400 mg SnCly - 2H; O in the
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Table 2.12

Reduction of 10 mg selenite by stanno chloride in the presence of 9 mg sele-
pate. Reaction time: 15 minutes at room temperature, total volume: 20 ml. The

smount of Se-75 used corresponded to 10,400 ¢/10s d on the precipi
Reduction in 6 N Hy3S0, Reduction in 5 % HCI
SnCly.2H,0 | Set* iabetled | Set®iabelted) | Set iabelled
mg mg Se c/10s {mgSe | ¢/10s} mgSe | c/10s
50 88 8,200 8.0 8,600
75 10.4 | 10,100
100 10.1 | 10,000 9.6 5 137 110,400
150 101 | 10,250
200 10.6 9,900 16.3""] 10,600
100 131 ] 10,000 | 128 30 16.2*%] 10,300

*) Same amount of activity as used for Se*4
+*) Redprecipitate formed in the filtrate

Table 2.13

Reduction of 10 mg selenite in the presence of 9 mg selenate and soil or plant extracts. Redue-
tion with 100 mg SnCla-2H20 in 6 N HyS04 and a reaction time of 16 min.

Set4 labelled SetS Iabelled
Volume v
Extract of before [mgSe| ¢/10s] counts mgSe Je/108] counts
ducti in % of in % of
material g ml added Se-75 |added Se-75
Soil 0.25 20 105 |19,900{ 103
0.5 20 10.8 | 28,970 98 106 20 0.5
0.5 80 104 19,100 99
Best (root) 0.1 20 10.8 |18,700 97 111 145 0.7

0.25 60 10.8 |18,800 98

0.25 20 11.2 |18,320, 94
0.5 20 10.7 15,120 78

Clover 0.06 20 10.6 |18,800 96 12.0 | 860 4.4
0.15 60 10.6 18,600 96
0.25 20 11.6 |16,770 87
0.5 20 11.3 13,840 72

Water control 20 10.3 |19,670 10.3 49 0.26
000 100

60 10.3 (19
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sulphuric acid medium must have been due to another precipitate, perhaps
SnSe. The reaction time was varied from five minutes to half an hour. It was
found that five minutes was too little, but that fifteen minutes was adequate.

The selective reduction with 100 mg SnCl, - 2H, O of 10 mg Se as selenite
in 6N H,SO, was then tried on soil and plant extracts of various con-
centrations (table 2.13). The reduction was greatly dependent on the con-
centretion and the source of the extracts. This means that the procedure has
to be checked for each new material. Within the limits used here it is permis-
sible to increase the amount of extract when the volume is increased cor-
respondingly. The poorest separation was obtained in the clover extract, but
for the present purpose the use of the weakest concentretions is still accept-
able despite a 4 % selenate co-reduction.

Final Procedure I. Six g moist soil was subjected to extraction for three
hours in a water bath with 80 ml of distilled water or a 50 ppm selenite
solution. During the extraction period the samples were stirred occasionally.
When cooled, the samples were centrifuged and filtered through a fast, tight
filter. The residue was washed with water and the volume made up to
100 ml. If the filtrate was not clear, it was refiltered. In certain cases the
extracted soil was then treated twice with 20 ml 6N hot H3SO,. The extracts
were filtered through glass wool and made to volume. The water content in
the soil was determined on another sample.

One gram of dried plant material was treated with 20 or 30 ml of water (or
more if the material formed a gelatinous mass as for instance radish does).
The extract was filtered and the volume made up to 50 ml.

The total extractable selenium was determined in a 10 ml aliquot by
counting in a well crystal. For the plant material the percentage of soluble
selenium was calculated from the previously determined total content. For
soils from pot experiments a rough estimate of the same percentage was
made by comparison between the activities in extracted and unextracted
samples.

To obtain the selenium.fractions in the water extract we added 10 mg Se
as both selenite and selenate as carriers to 10 or 156 ml aliquots. From one
aliquot selenate and selenite were precipitated with 1 g hydrazine sulphate
after the addition of 1 volume 48 % HBr and aerosol. After centrifugation
10 ml was counted, This count rate corrected for dilution gives the amount
of organic selenium,

The selenite was precipitated from a solution containing a suitable amount
of extract (see table 2.13), 10 mg Se** carrier and 10 mg Se*® carrier, The
volume was doubled with 12N H,S80,, and immediately afterwards 1 mi
10 % SnCl,-2H, 0 was added. After fifteen min at room temperature the
sample was centrifuged, and 10 ml was taken for counting. The supernatant
contained selenate plus organic selenium.
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For the sake of convenience it was preferred throughout the procedure to
carry out the measurements on aliquots of the supernatants instead of on the
precipitates. Aliquots of the Se-75 solution originally added to the soil served
as references.

2.4.2. Fructionation of the Water-soluble and the Water-insoluble Selenium
Compounds in Soil (Procedure II)

The extraction method described above will usually account for 20 to 60 %
of the selenium added to the soil. Hence it was of interest to use another
procedure which would account for a larger part of the selenium. For this
purpose a fractionation procedure suggested by Cary, Wieczorek and Allaway
(Cary 1967) was used. It was based on the existing knowledge of the
character of the compounds of native selenium in soil. The steps in the
procedure are illustrated in fig. 2.12. The two hatched rectangles were
omitted in the present study because the informative value of this part of the
fractionation seems questionable.

The procedure was carried out on 1g samples in centrifuge tubes fitting
into the Nal well crystal (see 2.4.4). The samples were counted before the
first extraction. For most extractions the soil was shaken overnight with 9 ml
solution. After centrifugation the supernatant was discarded and the soil
recounted. Each step was repeated until a constant count rate was obtained.

2.4.3. 8-35-Labelled Plant Material

The water-soluble sulphur was extracted by a procedure similar to that used
for extraction of soluble plant-selenium, and aliquots were used for the
determination by means of the activity, After addition of 10 mg sulphate as
carrier and precipitation with BaCl, after acidification with hydrochloric
acid the amount of sulphate-sulphur in the extract was obtained as the
difference between the total quantity of soluble sulphur and the residual
sulphur in the solution. There is a risk of absorption of organic compounds
on the BaSO, precipitate. Washing of the precipitate with hot N HCl will
dissolve sulphur amino acids (Kyl 1953). However, no reduction of the count
rate for the BaSO, was found except that corresponding to the dissolved
amount of BaSO,. Neither did an inserted precipitation with trichloro-acetic
acid influence the result, and it was therefore assumed that no organic
sulphur was coprecipitated with the barium sulphate.

2.4.4. Counting Technicue

Se-75 in dried plant material was determined on 1-g briquettes (diameter
19 mm) placed in flat-bottomed cylindrical test tubes fitting in the well of a
2-inch Nal crystal. The well was 1" in diameter and 1 1/2” deep. The
detector was connected with a single-channel analyser with preset count and
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preset time modes of aperation. The model used was a Philips PW 4280 and
supplementary units. Aliquots of the activity mixed with cellulose powder
and pressed into 1-g briquettes were used as references. Liquid samples were
counted with the same detector. Here references of the same volume were
used. With differential counting in the interval 50-500 keV the background
was 4 cps and the counting efficiency about 60 %.

5-35 was counted by means of a proportional counter in a set-up with an
automatic sample changer (Friesecke-Hoffner FH 49). Plant briquettes and
cellulose references were of the same weight and thickness so that no
correction for self-absorption or counting geometry was needed. The
counting efficiency for 1-g briquettes was about 0.1 % and the background
25 cpm.

S-35 in extracts was determined in aliquots evaporated to dryness in an
aluminium cup with lens paper fixed to the bottom. In this way & con-
centration of the solution near the perimeter was avoided. Cups with a
diameter of 30 mm could be used in the FH 49 apparatus, where the
counting efficiency for these samples was about 2 %. However, both these
and larger cups (diameter 45 mm) can be used for counting of low-level
samples in a proportional counter with a sample changer developed by
Lippert (Lip 1963). The background in this equipment is only 1 to 2 cpm
owing to an anti-coincidence circuit, and the counting efficiency with the
large cups is about 6 %. This detector was therefore used for all low-level
extracts.

2.5. Determination of Inactive Sulphur

The sulphur content in dry plant matter was generally in the range 0.05 to
0.5 %, and the sulphur content in the soil samples was 0.01 to 0.4 %. Various
procedures for the combustion as well as for the subsequent sulphur
determination were considered. For the combustion a wet ashing, ashing with
alcoholic magnesium nitrate and a bomb method were compared. In a few
cases the sulphur was precipitated as barium sulphate and determined
gravimetrically. However, most samples did not contain enough sulphur for
gravimetry. Hence a radiometric method was considered, which we compared
with one of the usual turbidimetric methods to decide which was the more
suited for routine work, The final choice was the bomb combustion and the
radiometric measurement.

2.5.1, Combustion

Wet Combustion, Five to ten g of the dried and ground plant material was
combusted in a Kjeldahl flask with 16N HNO,. When most of the material
was dissolved, 5 ml 70 % HCIO, was added and the heating continued until
the destruction was finished. The solution was diluted and neutralized,
acidified with HC and filtered. Soll samples were not wet-combusted.
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Magnesium Nitrate Ashing. The method is described by Krober and Howell
(Kro 1958). One and a half grams of material was mixed in a 100 ml crucible
with 15ml of magnesium nitrate in ethanol (360 g Mg(NO,),-6H,0
dissolved in 1000 ml alcohol). The crucible was partly covered with a lid and
heated cautiously on an electric plate until the contents were dry. For most
plant materials this took a few hours, but with beets more time was necessary
as the material easily escaped together with the nitrogeneous vapours. Finally
the crucible was left overnight in an oven at 450°C. The ash was dissolved in
sufficient hydrochloric acikl to make the solution slightly acid. The solution
was evaporated, filtered if necessary and the volume made up to 100 ml. In
the case of the turbidimetric determination 20 ml of a buffer solution (see
2.5.2) was added before dilution to 100 ml. The sulphur content of the final
solution was mostly in the range of 8 to 60 ug per ml.

Table 2.14

Recovery of amino acid sulphur after wet combustion, combustion with alcobolic
Mg(NO;3 )3 or in bomb with NagOy. Radiometric sulphur determination.

Lhmmt
Combustion Amino [ug S added|ug Sadded | ugS | % recovery %
acid ssamino | asplant | found | of amino |recovery

acid material acid 8 ave,
HNO3+HCIO | Methionine | 112.8 108.3 96.0 96.4
173.2 167.6 96.7 g
Cystine 142.6 1401 98.3 99.4
126.6 127.0 100.4 -
Ale. Mg(NO3 )3 | Methionine | 108.0 92.0 856.2
108.7 90.5 834 B3.7
109.2 90.0 824

1114 40.2 1220 734
100.8 40.2 115.0 68,2 68.4
108.9 40.2 100.3 63.6

Cystine 269.8 252 235
268.8 253 94.2 93.4
275.2 254, 92,4

138.56 40.2 154.56 826
136.4 40.2 1426 75.4 81.5
133.4 40.2 166.6 86.4

Bomb method | Methionine | 107.2 104.0 96.9
109.2 105.0 96.0 97.9

109.2 1100 100.8

Cysteine 135.2 141.0 104.2
133.8 131.6 8.4 101.1

136.0 136.0 100.8
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Bomb Combustion. This was carried out in bombs produced by Janke and
Kunkele, Germany, and in accordance with their manual. Depending on the
kind of material, 6 to 12 drops of ethylene glycol were placed at the bottom
of the bomb before 0.2 to 0.5 g dry material was added. With a few materials
it was necessary to add a small piece of filter paper before the sample to
initiate the reaction. The material was covered with 8 g Na,O,, and the
bomb was screwed together and heated on a microburner. After 20 to 40
seconds the fusion took place. The melt was dissolved in sufficient
hydrochloric acid to yield an almost neutral solution. The solution was con-
centrated and filtered if necessary into a 100-ml volumetric flask. Before
dilution to the mark, 20 ml of a buffer solution was added for turbidimetric
determination. Otherwise the flask was just filled up. The sulphur content of
the final solution was in the range 1 to 20 ug per ml.

Control of Combustions. About 50 mg of two sulphur-amino acids was
combusted according to the three methods. With alcoholic Mg(NO,), the
recovery was not satisfactory (table 2.14). A possible loss due to the small
amount of material was proved by mixing the amino acid with the amount of
plant material normally used. But the addition did not improve the recovery.
Methionine is difficult to oxidize, and it might be that this combustion is not
efficient enough, but the loss may also occur in the shape of dust escaping
together with the nitrogeneous vapours as indicated by the increase in loss of
both acids after addition of plant material.

Soils. The results obtained after the bomb combustion were superior to
those obtained after the fusions recommended in *’Methods of Soil Analysis”
(Bar 1965). Hence the bomb combustion was preferred. The acetate-soluble
sulphur (Bar 1965) us well as sulphur extractable with 0.1N HCl (Rasm
1961) were determined. The former is taken to correspond to the readily
available amount of sulphate, the latter to the total amount of sulphate.

2.5.2. Methods of Sulphur Determination

Gravimetric Determination, This was used in connection with the wet and
the magnesium nitrate ashings. The sulphur was precipitated as BaSO, and
the amount determined by weighing. )

Turbidimetric Determination, This was based on a procedure described by
Blanchar et al. (Blan 1965). These authors used combustion with HNO, and
HCIO, and destroyed the perchloric ncid with HCl. The solution was diluted,
20 mi of a buffer solution added and the volume adjusted to 100 ml. The
buffer consisted of 40 g MgCl, -6H,0, 4.1 g CH;COONa, 0.83 g KNO,, and
28 ml 95 % ethanol per litre. Fifty ml of the test solution was stirred with a
magnet and 300 mg BaCl, (20-30 mesh) added. The stirring was continued
for exactly one minute, then the liquid was transferred to a colorimeter test
tube, and the transmittance at 420 mu was read exactly two minutes after
the addition of BaCl,. The authors found that PO,-P in amounts of up to
100 ppm did not interfere with the determination of 25 ppm 8.
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Fig. 2.13. Influence of 2.6 % MgCl, (curve 2) and 12 % NaCl (curve 3) on
the turbidity of BaSO, suspensions measured with a 1 cm cell. Curve 1 is
measured without addition of MgCl, or NaCl.

After the magnesium nitrate ashing and after the bomb combustion a
rather large amount of salt is introduced into the solution. After neutraliza-
tion the salt concentration will be 2.6 % with respect to MgCl, or 12 % with
respect to NaCl when the final volume is 100 ml. The influence of the salts
on the turbidimetric measurement is seen in fig. 2.13. The detection limits in
the media water, MgCl, and NaCl are 3, 4 and 8 ppm respectively, and the
sensitivities for concentration above 10 ppm are 0.5, 0.5 and 1.0 ppm respec-
tively.

Radiometric Determination. The precipitation of sulphate with radioactive
barium ions and counting of the precipitate has been suggested by Picou and
Waterlow (Pic 1963). The authors used Ba-133, a y-emitter with a half life of
seven years. In the present work Ba-131 (y-emitter, half-life 11 days) was
used because it was readily available and because the safety problems are
much smaller for the handling of a short-lived isotope. Moreover sulphur
determinations were only carried out occasionally, and a series of analyses
could be made in a few days with the same references measured each day.
The longer half-life of Ba-133 makes this isotope preferable for continuous
work because one reference curve for each batch is sufficient for several cays,
decay corrections being negligible* ).

*) The foll ing difficulty tered with a ial Ba-133 sample (as a chlorid
solution) may be useful to others contemplating tracer work with this element. We found

that the sample was unusable owing to an appreciable amount of barium activity in an
insoluble and dispersed form.
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The procedure was the following: Five ml of the test solution from either
the bomb combustion or the magnesium nitrate ashing was pipetted into a 12
ml centrifuge tube. One ml of Ba-131-labelled 0.03 M BaCl, in N HCI was
added together with 4 ml ethanol, and the tube was furnished with a rubber
stopper and shaken. The amount of activity was about 0.2 uC/ml BaCl,.
Alcohol was added to reduce the solubility of the barium sulphate, which in
10 ml water corresponds to 3 pg S and to somewhat more in diluted HCL.
The tubes were left for one or two hours at 4°C, then centrifuged for ten
minutes at 4500 rpm. The supernatant was discarded, and the surface of the
tube and the precipitate were rinsed twice with 1 ml of inactive 0.03 M
BaCl,. Picou and Waterlow (Pic 1963) recommended 0.03 M BaCl, in 60 %
alcohol for the rinsing, but no influence on the count rate was found if an
aqueous solution was used. The precipitate in the centrifuge tube was
counted in a well-type scintillator counter (see 2.4.4). A standard curve was
prepared with increasing amounts of sulphate (normally 5 to 200 ug S) in
either 12% NaCl or 2.6 % MgCL,. As seen from fig. 2.14, the range can be

22

20000[ - - e e v

V8OO0 —- o e

guos,
i 8

g

COUNTS PER I10_SEC
& g (-3 =]
g 8§ 8 8
. | 1
I
|
‘
|
13

g

% 00 150 Z00 0 0 350 400 40 00 0 &0
SULPHUR,ug
Fig. 2.14. Standard curve for radi ie d ion of as

Ba'>'80, measured in a solution containing 12 % NaCl.

extended to at least 600 ug S, and the curve is linear in the range 5 to 400 ug
S. The blank value (background deducted) is about 1 cps. The standard
deviation of analyses made in duplicate on the same solution is 2.1 % in the
range 5-50 ug S and 1.1 % above 50 ug. Contrary to the turbidimetric
determination, the radiometric determination is almost independent of the
presence of NaCl or MgCl, .
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The advantages of the method are the low limit of detection (5 ug S), a
sensitivity of 2 ug S at sulphur contents below 100 pg, that the sensitivity is
not decreased in salt solutions, and that the method offers a fast procedure.
With sixteen tubes in a series one person can make one hundred
determinations a day.

It was found that 300 to 1000 ug PO, -P gives a response corresponding to
only 2 to 4 ug S. But the presence of these amounts of phosphate resulted in
a considerable increase in the deviation between duplicates. According to
Steenbjerg (Stee 1966) the ratio of P to S in cultivated plants generally varies
from 0.2 to 10. This usually means that the PO,-P will not influence the
result significantly. Other ash constituents may give rise to a rather loose
precipitate oi barium sulphate, which may result in a loss through
decantation of the supernatant.

The phosphate and other impurities may be removed by scavenging with
Fe(OH),, before dilution to volume of the digested sample. Another counter
measure is the use of zirconyl or uranyl acetates. Five ml uranyl acetate (8 g
U0,(C,H30,),-2H,0, 10 g CH; COONa, and 25 ml glacial acetic acid made
to 1000 ml with distilled water) was added to 20 ml of the final ash solution.
This precipitation was performed in a centrifuge tube so that after centrifu-
gation 5ml could be drawn off for sulphur determination. For the
precipitation of 1000 ug P about 2.5 ml of the reagept was necessary.
Together with the phosphate both reagents removed the constituents causing
a loose BaSO, precipitate. As precipitation was necessary only in a minor
part of the samples, it was most convenient to use uranyl acetate because this
can be done as a single addition after dilution to volume.

2.5.3. Comparison of the Methods

Results obtained on plant materials with two or more of the procedures
described are shown together with their detection limits in table 2.15. In
most cases the alcoholic Mg(NO;), combustion shows a lower sulphur
content than the bomb method. The difference is in accordance with the
recovery of 70 to 90% for pure amino acids (table 2.14), which was
explained partly by incomplete oxidation and partly by mechanical loss
during the combustion. The result of the sulphur determination seems
independent of the method used, but that was to be expected because all
three determinations are based on the same reaction.

The concentration required for detection of the sulphur by the three
methods varies forty times owing to sample size and measurement. It ig seen
(table 2.15) that the radiometric determination is six times as sensitive as the
turbidimetric one. The radiometric method was therefore preferred, the more
s0 as it is very suitable for a large number of samples. The bomb method wes
chosen for combustion in preference to wet combustion because the former
method is fast and clean, and because wet combustion cannot be used for all
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Table 2.15
Comparison of methods for sulphur determination
Method
Bomb Bomb  |Ale. Mg(NOgh JAle. Mg(NO3),,
‘col‘l:l-l::l:lsh?n, coTbustlen, . v gravimetry
tur Y ry
-§ Sample weight 03¢g 0.3¢g 15g 15¢
g Detection limit 8 ug/ml 1 pg/ml 1 pg/ml 0.5 mg
g8 Corresponding
= g |conc.indry
E 8§ |matter 2700 ppm 350 ppm 70 ppm 350 ppm
= %3 1(100 ml ash soln.)
- Turnips 6380 6500 5470 5450
& x| Onion, bulb 3280 2600
: E | Rye grass 2640 2580 2730 2880
8 | Berley,grain(0.6g) 1300 1340 1035 900
6 Sugar beet <400 460

kinds of materials. In a few samples with very low sulphur concentrations
alcoholic magnesium nitrate combustion was used despite the apparent
recovery of only about 80 %.

2.6. Pot Experiments

An outline of all pot experiments is given in fable 2,16, which also includes
experiments from which results have been published (Bis 1969, Gis 1970b).
Only the fertilization and the tracer application will be summarized below.
Data for the soils including results of the selenium and sulphur determina-
tions are given in table 3.2.

A standardized gardening soil (soil No. 7) was used for pot experiment No.
1. Six edible and two wild Allium species were grown in 5 kg pots. Four of
the species were grown from bulbs, the others from seeds.

For experiments Nos. 2 to 5 the soil received a basic dressing of 0.75 g
NPK-fertilizer (16-5-12), 25 mg CuSO,-5H,0, and 20 mg MnSO, *H, O per
kg. For experiments Nos. 7 to 9 a basic dressing was used per kg soil of 0.30 g
Ca(HyPO4),-H,0, 0.24 g Mg(NOy),;-6H,0, 0.36 g NH,NOy, 054 g
K.80,, 20 mg MnSO, -H,0, and 4 mg borax. In experiment 6 the sulphate
and nitrogen levels were varied and the potassium level maintained constant
through the addition of varying amounts of K,SO,, KNO, and NH,NO,.
For experiments 2, 4, 5, and 6 the fertilizers were weighed out for each
portion of soil. In the other experiments the whole amount of a soil was
mixed with the basic fertilizers.




Outline of the pot axpailmem.-

Month Oxidn. | ppm | ppm | ppm
Bxpt. Main of sowing,| K¢ s0il | No. of |Tracers | Soil state Se |SO4-8 N Test Results in
No. purpose year per pot | replicates No. of Se |added |added | added plants chapter No.

1 Se in 5-66 5 2 None 7 0 8 Allium 3
Allium species
species

2 Influence 5-66 20 3 Se78 |1to8| +4,+6 | 08 ki 31 |[Claver barley, 4
of soil mustard

3 Influence 4-86 2 3 Se-75 2 +4,+6 | 0.1- 7 31 Ten species 4
of Se-cone. 0.5-
and plant 2.6
pecies

4 Influence of 4-66 20 8 8e-76 2 ]0,+4,16] See 7 31 |Clover, barley, 4
Se-compound table mustard

4.7

5 Influence of 10-67 20 3 Se-76 28 | +4,46 | 05 7 a1 Mustard, 4
Se-compound 2.5 [} Se-75 2,6 +4,+6 | 05 7 31 Radish 4
and soil

6 Influence 1266 1 ] S8e-78 2,6 +4,+6 | 0.7 5-256 | 26-300 Radish 4
of 8, N and
org. matter

7 Influence 6-66 1 [} 8-36 2 +4,+6 | 02 100 150 Radish [}
of Se on
S-uptake

8 As for 11-66 1 6 8-35 2 +6 0-10 100 160 Radish, (4]
expt. 7 TYye grass

9 As for 12-67 1 [} 8-36 2 +4 0-50 100 160 Radish [}

expt. 7

69



70

Selenium-75-labelled compounds were prepared for experiments 2 to 6.
Se-76 as H,Se0, with a high specific activity was used for the preparation.
For the labelling of selenates the active selenite in a neutral to slightly alka-
line solution was oxidized by boiling with bromine.

The readily soluble selenium salts were labelled by adding the activity in
the proper oxidation state to a solution of the inactive salt. The other selenit-
es and elemental selenium were precipitaied from labelled K,SeO, and the
respective chlorides. Cellulose powder was added to provide a precipitate
more easily mixed with the soil. CuSeO, and BaSeQ, were precipitated from
the chlorides and labelled K,SeQ, by means of ethyl alcohol. It was control-
led that the specific activities of the compounds for an experimeni were
identical, and that the oxidation state was correct.

The specific activity used in seven of the experiments was from 2 to 10
#C/mg Se. In experiment 3 the specific activity was varied to obtain a suit-
able count rate. The highest specific activity was 100 uC/mg Se used together
with the lowest concentration of selenite.

Aliquots of the labelled selenium salts in solution were evaporated on 20
to 50 g sand. The sand samples as well as the cellulose-diluted compounds
were mixed with a small part of the soil before being added to the whole
portion. A portion was either meant for a single pot (20 kg soil) or for all the
replicates of a treatment (6 to 15 kg soil).

Labelled sulphate was applied in experiments 7 to 9. Carrier-free S-35-
labelled H,SO, was added to a solution of CuSO,, aliquots were added to
sand and mixed with the soil as above. Ten uC S-35 with a specific activity of
2 uC/mg S (as CuSO, ) was used per kg of soil.

In experiments Nos. 2 and 4 the pots were placed in a screened outdoor
enclosure. An exception was the clover in experiment No. 2 because it was
grown for one and a half years and therefore placed in the greenhouse during
the winter. In the other experiments the pots were placed in a greenhouse.

2.7.Field Experiments

Field experiment No. I (1965-66). The purpose of this experiment was to
follow the influence of the amount of precipitation and of the season on the
selenium concentration in plants. The experiment was laid out at Risd in the
spring of 1965 in a field with white clover and rye grass established in 1964.
No selenium was added to the soil. Fertilizers had last been added in the
autumn 1964. Three out of nine plots in a Roman square were covered with
glass 70 cm above the ground. These plots were supplied with as little water
as possible for the growth. Three other plots received the precipitation, and
three plots got the precipitation supplied with watering. The water content
of the soil was controlled by measurement of the neutron absorption with a
Nuclear Chicago Corp. moisture tube (model P-19) (Haa 1961). About 1 m?
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n the centre of each plot was harvested four times during the summer of
1965 and four times during the following summer. In the winter the covering
was removed.

Field experiment No. Il (1965): For comparison of the selenium con-
centration in different crops grown on a non-selenized soil, a series of 17
agricuitural species were grown in the field at Riso. Three plots of 2 m? each
were used for each crop in a randomized lay-out. 400 kg/ha of NPK
(16-5-12) had been added.

Field experiment No. III (1966-67): This experiment has been described
elsewhere (Gis 1970b). Suffice it here o say that the experiment was laid out
in plots of 2 ni" (in duplicate) on a soil similar to soil No. 5 (table 3.2) and
run for two years. Plots with beets, potatoes and brassica species received
each year 700 kg NPK/ha, the other plots 400 kg/ha. Selenium compounds
(not labelled) were applied the first year only. The applications were: none,
12.5 kg Se° fha, 1.26 kg Se as K, Se0,, 0.25 kg as K,Se0,, and 0.25 kg/ha as
BaSeO, (1 kg/ha~0.4 ppm roughly). Each year soil samples were taken after
harvest at different depths in order to measure the leaching.



3. SELENIUM IN DANISH CROPS AND SOILS

In Denmark there is no evidence of serious selenium deficiency with frequent
and heavy losses of livestock. Nevertheless, many cases have been recorded
where lack of selenium might be the cause of losses (Rasb 1965). In newbom
pigs the main symptom is high mortality, and an autopsy shows that the
muscles are light coloured. Pigs affected with this white muscle disease are
found especially at farms along the Jutland glacial ridge (Rasb 1965).
Another disease, called stiff-lamb disease, has been observed on the west
coast of Jutland (Len 1965). When selenium was supplied alone or together
with vitamin E, the effect was beneficial (Lud 1965, Lon 1965, Rasb 1965).

From other countries it is known that selenium deficiency symptoms will
appear when the Se concentration in the food on a dry basis is below 0.03 to
0.05 ppm and perhaps already below 0.1 ppm. According to this the
minimum requirement was set (see 1.3.2) at 0.05 to 0.1 ppm and the de-
sirable level at 0.1 to 0.3 npm.

When the present work was undertaken, the selenium concentration in
Danish crops was unknown, and therefore a decision was taken to survey the
contents in representative agricultural crops as well as in a few wild plant
species. The most important crops for feeding are barley, pasture species and
root crops. Barley grain and pasture species were studied most com-
prehensively. The samples were collected from various parts of the country,
barley over a period of three years, pasture species twice during one summer.
In addition to these samples a series of root crops and some wild plants were
included in the survey. Further experiments were carried out to augment the
data with information about the variation of the selenium content with the
precipitation and through the season and among different crops.

3.1,Sampled Material

Most of the crop samples were taken at the State Experimental Stations in
connection with experiments where old and new plant varieties were compar-
ed. The growth conditions were comparable with respect to fertilization and
other treatments. As a control some samples were also taken from private
farms. The sampling was done by trained people in connection with the
normal harvest. The geological origin of the soils is shown in fig. 3.1, in
which also the sampling locations are indicated.

Barley grain (1964, 1965, 1966). In 1964 samples of the varieties Carls-
berg 11, Weibulls Ingrid, Weibulls Rika, Svalsf Bonus, and SvalSf Pallas were
collected at the stations St. Jyndevad, Studsgaard and @dum. Samples of
Bonus and Pallas were also obtained from three private farms in each area. In
addition to these samples barley grain was analysed from ten farms compris-
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Fig. 3.1. The locations of sampling of the plant ms. rial. The letters show

the 1 jon of the Experi | Stations:

A =Abed H  =Hojer Re = Ronhave
As = Askov J =8t Jyndevad 8§ = Studsgaard
Aa = Aarslev K = Kannikegaard T =Tylstrup

B =Blangstedgaard L =~ Lyngby Tt =Tystofte
Bo =Borris Lu = Lundgaard V = Virumgaard
C  =Centralgaarden R =Riss O =0dum

The numbers refer to the sampied crops and are the same as used in the
tables and the figure containing the analytical resulis:

2: barley grain (fig. 3.2)

3: pasture species (table 3.3)

6: root crops (table 3.6)

7: wild plants (tables 3.7 and 3.8)
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ed by the “Husbandry Health Registration” (Rasb 1968), mainly farms
where indications of selenium deficiency had been noted.

In 1965 the same five varieties were sampled from the same three stations
and from Blangstedgaard, Tystofte and Rise. Again the material was sup-
plemented with samples from private farms.

Finally in 1966 barley grain from Blangstedgaard, Aarslev, Tylstrup, Cen-
tralgaarden, Aakirkeby, and St. Jyndevad was analysed. The varieties that
year were Weibulls Ingrid, Weibulls Rika, Svaléf Pallas, Proctor, Impala, and
Vada. In addition grain samples were taken at two private farms on Funen.
During these three years a total of 31 farms were included with from one to
eleven samples each.

Pasture species (1965). Samples were taken in June - July and again in
August - September. Thirteen Experimental Stations were included. The
species were rye grass (late Qtofte Dux III), timothy (Qtofte A III), white
clover (Pajbjerg Milka), and lucerne (Du Puits). Besides sampling was done in
four untypical grazing areas with mixtures of grasses. One of the soils was
rich in sulphur The areas were marine foreland at Hojer, reclaimed sea floor
in the Lammefjord and former meadows at Aanum and Stauning. The plant
samples were mostly dried at the Experimental Stations.

Root crops (1965). Sampling was done at three Experimental Stations and
comprised five varieties of sugar beets, two of swedes and two of potatoes.

Wild plants (1965). Sampling was mostly done at the blooming stage and
only of herbages. No attempt was made to make the sampling representative
of wild plants in general, but the following points were considered: (1) The
selenium concentration in the two Danish Astragalus species as compared
with other Papilionaceae, (2) the concentration in members of the Allium
group because they are rich in sulphur, and (3) the possibility of a difference
in selenium concentration due to the type of land. Most of the sampling was
done in Zealand * ).

Soil samples. Two series of soil samples were analysed for selenium and
sulphur. One series consisted of six soils used for pot experiments with
selenized soils. The other series comprised eleven soil samples taken in per-
manent grass areas.

3.2. Results

3.2.1 Soils

The selenium content in the investigated soils varied from 0.1 to 1.6 ppm
(tables 3.1 and 3.2). As is the case with other elements, the selenium content
seems higher in soil samples taken from grass areas (table 3.1) than in samples
from areas in rotation. The total sulphur content varies from 100 to 4000

*) The author is very grateful to Professor M. Koie, The University of Copenhagen, for
procuring most of the Astragalus and Allfum speci
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Table 3.1

Selenium and suiphur content of some Danish soils. 'l'hn-mnlnmhnm permanent
grass areas not in rotation. The data are on an air-dried

ppm selenium Ppm sulphur
Experimental PH | 1otal | Hy0s0uble | Total | Readity | Total
Station (in Ha0) available | 50,-S
S0,-S
Abed 7.9 1.40 0.030 2600 22 88
Tystofte 7.9 0.45 0.026 320 27 40
Ledreborg 7.9 0.29 0.008 500 ) 10
Viramgaard 6.1 0.21 0.010 350 9 30
Kannikegaard 59 0.32 0.009 360 25 55
Blangstedgaard 6.1 0.85 0.024 940 25 55
Odum 6.2 0.43 0.027 230 1 38
Askov 6.7 1.44 0.007 700 27 40
St. Jyndevad 54 0.20 0.013 220 8 13
Studsgaard 4.2 0.28 0.008 290 10 25
Tylstrup 6.0 0.45 0.013 1200 40 100

ppm, and it is mostly a little higher in the samples from grass areas. The
figures for sulphur agree with those of Dam Kofoed and Lindhard (Kof
1968). The sulphur - selenium ratio varies in both sets of data between 500
and 3000, on the average it is 1400. This is only half or less of that known
from the sediments (tables 1.1 and 1.2) and indicates that Se*® has not been
the dominating oxidation state during the soil formativn. The amount of
selenium extractable with water constituted from 0.5 to 6.5 % of the total,
on the average 3.4 %. Though the figures for the soluble selenium are very
approximate, it is seen that a diluted solution of CaCl, may bring up to twice
as much selenjum into solution (table 3.2). The total amount of sulphate
constitutes from 2 to 20 % of the total sulphur and the readily available
sulphate about half as much. This agrees well with the early data of Christen-
sen from 1917 (cited in Stee 1965). The linear correlation coefficient be-
tween total sulphur and total selenjum in tables 3.1 and 3.2 is 0.76 (soil No.
6 in table 3.2 is not included because this soil is very special). The correlation
coefficients between other sets of the sulphur and selenium data are only
0.57 or less.

The concentration of selenium in the soils corresponds well with the range
reported from abroad. Swaine (Swa 1955) stated 0.1 to 2 ppm both for toxic
and non-toxic soils. For eleven non-toxic soils in the U.S.A. the range was
0.01 to 2.6 ppm (Sla 1937) (but these data may well be below the true
values), and most soils in New Zealand contain 0.1 to 2 ppm (Wat 1962).
Soils containing less than 0.45 ppm were generally consistent with a response
by livestock to selenium supply (Wat 1962). The present work provides the



Table 3.2
Data for soils used in pot exp The six are from fields in rotation.
ppm selenium ppm sulphur
Soil| Locality Soil type Particles |CEC meq.| Org. | pH
No. <0.002 mm| pr. 100 g | matter |[(H20)| Total | Hy0-sol. | Sol. in | Total | Readily | Total
% % 0.05N available | 504-S
CaCly 8048
1 | Tarm Poor sandy 4 18.0 2.9 4.8 0.11 | 0.007 |0.02 1056 -] 15
loam
2 | Li. Valby Loamy sand 9 16.2 2.8 5.7 0.12) 0.002 | 0.003 240 10 25
3 | Borris Loamy sand 9 15.1 3.2 5.9 0.19 | 0.006 | 0.007 200 7 30
4 | @dum Sandy loam 17 14.2 21 7.3 | 0.19} 0.008 |0.011 140 15 30
5 | Riso Sandy clay 21 17.3 21 7.4 0.13 | 0.003 | 0.004 225 10 25
loam
6 | Lammefjord | Muck soit 31 47.4 12.8 7.8 1.6 0.010 | 0.02 4500 270 510
7 Standard-soil 150 | 68 | 04
for gardening

9%
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same distribution pattern. Samples from ten farms recorded by the Husban-
dry Health Registration’ (Rasb 1968) all contained less than 0.04 ppm Se.

Differences with respect to selenium content between barley varieties from
the same farm were small, mostly less than 30 %, and no systematic differ-
ence between the varieties was found. The difference in selenium concentra-
tion between two years was no more than a factor of 2 in grain from the same
station. The extent to which the weather may have played a role in this
connection cannot be seen.

It was remarkable that only grain from two areas contained more than
0.08 ppm Se, and as mentioned above these areas can hardly be considered
normal from an agricultural point of view. In general it seems that most of
the Danish barley grain will contain 0.02 to 0.05 ppm Se and a minor part a
little more or less.

3.2.3 Pasture Species

The four pasture species contained 0.1 to 0.2 ppm Se (table 3.3). Blangsted-
gaard and Ny Vraa were not among the localities because no pasture ex-
periments were run there. Of the four species, white clover may contain
somewhat more selenium than the other pasture species. This would agree
with the behaviour of other elements. It is common that clover and luceme
contain more of for instance, K, Na, Ca, Mg, and Fe than do rye grass and
timothy (Kristensen 1952, cited in Stee 1965). The four grass samples taken

Table 3.3

Seleni pecies from different parts of Denmark. The samples
were taken in 1965 in June — July and August — September, mostly as the second
and fourth cut. ppm Se in the dry matter.

Field No. of ppm Se

Species § Tk ad

in Localities Samples Range Ave,
Rye grass 1963 8 11 0.082-0.152 0.12
{Lolium perenne)
Timothy 1963 7 © 10 0.100-0.168 0.14
(Phleum pratense)
White clover 1963 7 11 0.108-0.207 0.17
(Trifolium repens)
Lucerne 1964 6 7 0.084-0.195 0.13
(Medicago sativa)
Grasses 4 4 0.173-0.251 0.21
(no botanical
analysis)




Table 8.4
Selenium concentration in white clover — gram grown in the field at Rise with three levels of water supply. ‘l‘he field was sown in
i L)

1964. The following two years the plants were cut four times each (Field
Average of | Total yield
1985 1966 ppm Se aim?
May 11[une 14Puly 19[Sept. 15|May 17}June 16[July 26 |Oct. 8 | 1965 | 1966 | 1965 | 1966
Large water lSe, PP 0.216 | 0.183 | 0.158 | 0.073 { 0.048 | 0.044 |0.060 |0.059 [0.156 | 0.062
supply Yield of dry
, §/m2 80| 800| 1%0| <220 40| 120} 190 | 110 1280 | 460
Precipitation*)|Se, ppm 0.204 | 0.156 | 0.162 ] 0.090 | 0.080 | 0.063 |0.027 |0.065 ]0.151 ] 0.055
Yield of dry
|matter, §/m2 70 360 180 170 50 120 100 60 780 | 330
Small water Se, ppm 0.184 | 0.168 | 0.142 | 0.090 | 0.055 | 0.069 |0.042 |0.068 ] 0.148 | 0.081
supply Yield of dry
matter, g/m3 70| 110 80 15 30 80 40 10 275 | 110
Average for .
the three Se, ppm 0.205 | 0.168 | 0.148 | 0.064 | 0.053 | 0.059 | 0.043 |0.084
watex levels

*) 346 mm in the period April 1st to Oct. 1st, 1965
362 mm in the period April 1st to Oct. 1st, 1966

6L



Table 3.5

Water content of the Riss soil during the summers of 1965 and 1966. Large water

supply was obtained from precipitation plus watering, small water supply was obtained

in glass-shielded plots d when y. The ing was d in the winter.
(Field experiment No. I).

% water in the period between two cuts

Depth. 1965 1966
cm L ot L U 1] o r Pt LN 4
-1 1-2 12-3 |34 -1 12123 34
Large water 25 27.3) 228 | 215 | 256 | 294} 243 | 266 | 29.1
supply 50 30343291 (270 (282 3121 299 302 {316

Precipitation 26 266 | 185 | 14.2 | 20.2 | 28.7 | 21.4| 134 | 208
50 261 | 220 | 158 | 174 | 27.6 | 250 20.1 | 195

Small water 26 240) 144 1102 1 11.7 | 29.4] 202 13.7 | 129
supply 50 27.8] 238 | 199 | 20.0 | 30.2 | 28.0 | 229 | 21.2

from other types of pasture areas contained most selenium. No significant
difference in the selenium content was seen between samples from moraine
clay and from more sandy soils, nor did the concentration in June - July dif-
fer from that in August - September. In a field experiment (No. I) at Rise,
however, a considerable decrease was found in white clover from May to Sep-
tember in the first year of use, while the following summer the selenium con-
tent was fairly constant, but lower, despite a much lower yield (table 3.4).
The concentration varied through the season also in other investigations of
white clover and grasses in already existing swards. In some cases a consider-
able decrease in selenium content with the cut number was found (Dav 1966a
and 1966b), while in other cases the content was fairly constant in the suc-
cessive cuts (Gra 1965, Les 1968). Whether the different results are related to
changes in the dry matter percentage or in the yield cannot be seen.

In Australia a negative correlation between the rainfall and the selenium
concentration in pastures has been found (Gar 1963). A correspondingly
higher incidence of NMD after rainy summers has also been reported (Gar
1962, Oks 1965). In the above-mentioned experiment with the grass - white
clover sward (field experiment No. I) three levels of water supply were
maintained during two summers. The second year there was somewhat more
water in the soil. The water content of the soils varied between 10 and 30 %,
depending on the treatment and the time of the year (table 3.5). The curves
showing the utilization of the selenium (total uptake vs. yield) did not differ
significantly for the three treatments. The concentration seemed independent



of the water supply, though the yield differed by a factor of five (table 3.4).
Similerly, in a pot experiment Ehlig et al. found for lucerne, but not for
timothy (Ehl 1988) that the concentration did not depend upon the yield.

As a whole the pasture species from fourteen localities contained 0.1 to
0.2 ppm Se, and the samples from the Rise field in 1966 were the only
samples with concentrations below 0.08 ppm.

3.2.4. Root Crops
The selenium concentration in root crops varied very much with the species
(table 3.6). Swedes contained most selenium as could be expected in a

Table 3.6
Selenium content of root crops harvested 1965 at Studsgaard, St. Jyndevad and Bdum
ppm Se in dry matter
Crop No. of % dry
samples matter Range Ave.
Swedes (Brassica napus) 4 125 0.22- 0.62 0.35
Sugar beets (Beta vulgaris) 2 204 0.025-0.107 0.051
Potatoes
(Solanum tuberosum) 5 21.6 0.014-0.021 0.017

member of the sulphur-rich Cruciferae family. Swedes also show a higher
concentration of the micronutrients than the other two root crops. Potato
tubers had the lowest Se concentration. As seen from the width of the
ranges, the concentration in a species varied somewhat more between the
localities than was the case with the pasture species.

3.2.5. Wild Plants

A number of wild herbacious plants had a selenium content that was
comparable with that of the cultivated plants (table 3.7). When the plants are
grouped after the place where they grow, it is seen that the coastal plants
contain less selenium than plants from agricultural and forestal areas (table
3.8). The two Danish species of Astragalus, A. glycyphyllus L. and A. danicus
Retz., were represented by five samples with an average selenium content of
0.08 ppm. Thus these species do not differ appreciably from other plants
with respect to selenium absorbance properties as is the case with some of
the American Astragalus species.
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Table 3.7
Selenium content in wild plants belonging to different b icsl families. Sampled at
flowering (1966). ppm Se in the dry matter.
ppm Se
Botanical No.of | No.of | No.of | Partof
family species | localities | samples | plant Range Ave.
Compositae 6 5 11 Top 0.04-0.24 | 0.10
Papilionaceae 5 6 8 - 0.04-0.11 | 0.08
Liliaceae 4 6 9 - 0.04-0.24 | 0.0¢
- 4 6 9 Bulb 0.03-0.11 } 0.07
Euphorbiaceae 2 2 3 Top 0.04-0.05 | 0.04
Miscellaneous 6 4 6 — 0.07-0.19 | 0.12
Total 23 15 37 Top 0.04-0.24 | 0.0¢
Table 3.8

Selenium content in wild plants growing on three types of land. ppm Se in
the dry matter of the top of the plant.

opm Se
Type of No. of No. of No. of
land localities | species | samples Range Ave.
Forest 5 5 10 0.05-0.24 | 0.12
Headland,
roadside, etc. 4 7 17 0.04-0.24 1 0.10
Sea shore 6 12 10 0.04-0.09 | 0.06

3.2.6. Allium Species
The selenium content of some cultivated Allium species and of two wild
species was determined in a pot experiment (table 3.9). Of the cultivated
species the leek had the greatest concentration. In two cases a greater
concentration was found in the bulb than in the top. The new bulbs of the
two wild species contained five to ten times as much selenium as the old
bulbs. In this well-fertilized and rather organic soil, A. scorodoprasum
reached a selenium content of 1.2 ppm, which is much more than the edible
bulbs contained and altogether the highest concentration found in plants
grown on a non-selenized Danish soil. A. scorodoprasum normally grows

close to the sea.
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Table 3.9

Selenium in the dry matter of some Allium species grown in a soil standardized for
gardening (Soil No. 7). (Pot experiment No. 1).

Common ppm Se in ppm Se

Species name iginal

bulb Top Bulb
A. cepa (4 varieties) Onion 0.12-0.15 0.08-0.30
A. ascalonicum Shallot 0.04 0.12 0.11
A. fistulosum Welsh onion 0.16 0.08
A, sativum Garlic 0.14 0.21 012
A. schoenoprasum Chives 0.26 0.12
A. porrum Leek 0.40 0.38
A. vineale Crow garlic 0.04 0.19 0.18
A, dop R bol 0.11 0.7 1.2

3.2.7. Comparison of Agricultural Plants with Respect to Their Selenium
Content

Seventeen plant species grown in the field at Rise showed variation in
selenium concentration from 0.02 ppm in potato tubers to 0.2 ppm in the
top of swedes (table 3.10). The following two years a similar series of crops
we- “vown in another Riso field (table 3.11). In this experiment a selenium
range from 0.03 to 0.7 ppm was found. The results varied somewhat between
the two years most for potato tubers where the content was 0.2 and 0.03

Table 3.10
Seleni and sulpk in different crops grown in the field at Riso. (Field
experiment No. II). ppm Se in dry matter.
Botanical Crop Part of the
family plant ppm Se | ppm 8
Turnip Top 0.17 6600
Root 0.12 4600
Swedes Top 0.19 5600
Root 0.08 3260
Cruciferae Rape Seed >0.06*| 10400
Pod 0.12 4400
Straw 0.10 3650
White mustard Seed >0.07"| 13500
Pod 0.11 4300
Straw 0.10 3850
Compositae Chicory Top 0.13 45560
Root 0.06 950
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Table 3.10, continued

Botanical Crop Part of the
family plant ppm Se | ppm S
Lupin (July) " Green 0.09 3300
Lupin (Sept.) Seed >0.11"| 5000
Pad 0.06 1050
Straw 0.07 5650
Papilionaceae Common vetch Seed >0.10 2200
Pod 0.12 800
Straw 0.13 3150
Bird’s-foot trefoil Green 0.11 2400
Red clover, 1st cut - 0.07 1400
Red clover, 2nd cut - 0.09 2450
Black medick - 0.08 1550
Rye grass, 1st cut Green 0.15 2960
2nd cut - 0.10 2800
Oats Grain 0.04 1500
Straw 0.05 1400
Graminacese Barley Grain 0.04 1200
Straw 0.08 1560
Rye Grain 0.03 1100
Straw 0.05 1550
Wheat Gnain 0.03 1150
' Straw 0.06 1000
Chenopodiaceae | Sugar beet Top 0.08 3400
(2 varieties) Root 0.08 700
Solsnaceae Potato Top 011 2450
Tuber 0.02 1100

Correlation coefficient between Se and S: r=0.69

*) Wet combustion with HNO3 alone. Hence the results are only about half the true value,
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Table 3.11

Selenium content in the dry matter of some crops grown in the field at Rise in 1966 and
1967. Field experiment No. ITI (Gis 1970b).

ppm Se
Botanical family Crop
1966 1967
Tumip Top 0.6 0.38
Root 0.73 .16
Cruciferae Marrow-stem kale 0.38
Swedes Top 0.20
Root 0.38
White mustard Seed >0.14 >0.17
Straw 013 0.12
Black medick 1st cut 0.16 0.16
2nd cut 0.36 0.09
Papilionaceae Red clover 1st cut 0.10 0.10
2nd cut 0.23 0.10
Lucerne 1st cut 0.09 0.16
2nd cut 0.12 0.16
Rye grass 18t cut 0.14 0.09
2nd cut 0.35
Oats Grain 0.05
Straw 0.08
Graminacese Barley Grain 0.03 0.04
Straw 0.15 0.04
Rye Grain 0.07
Straw 0.08
Wheat Grain 01 0.06
Straw 0.13 0.04
Chenopodiaceae Sugar beet Top 0.12 0.14
Root 0.08 0.03
Solanaceae Potito Top 0.29 0.09
Tuber 0.21 0.03

ppm respectively. As is known of many of the plant nutrients the green part
of the plants generally contained more selenium than the underground part.
The grain contained less than the straw as is the case for the nutrients (except
N and P) when the supply of fertilizers is low to moderate (Stee 1965).

The concentration differs somewhat with the plant family, Other
comparisons of plant species with respect to selenium concentration
comprising several species have been made on seleniferous or selenized soils
(see 1.2.1). As far as these and the present results are comparable the general
trend is that members of the Cruciferae family are the richest in selenium,
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Table 3.12
Average sulphur and seleni jons of various crops grown in
Danish soils
ppm in dry matter
Crop No. of
samples S Se
Sugar beet 9 430 0.051
Barley, grain 21 966 0.068
Potato, tubers 5 1220 0.017
Timothy 5 1880 0.127
Rye grass 11 2610 0.119
Lucerne 5 2765 0.149
Clover - rye grass, 1st cut 6 3080 0.200
3rd cut 6 2180 0.154
4th cut 6 2790 0.083
Swedes, root 4 2590 0.35
Onion, top 7 4610 0.21
bulb 9 5720 0.17
Correlation coefficient between Se and S :r = 0.45

and that beets, potatoes and grain the poorest just as is generally the case
with the nutrients. The variation in the concentration in agricultural and
gardening crops is usually not more than a factor of 10.

Comparison of the selenium and sulphur concentrations of the plants in
table 3.10 resulted in a correlation coefficient of 0.69. The seed samples were
not included. A further comparison of the concentrations of the two
elements was made with part of the collected samples and the Allium species
(table 3.12). It is seen that the sulphur concentration in successive cuts of
white claver - rye grass did not decrease with the cut number as did the
selenium concentration (table 3.4). The correlation between the selenium
and sulphur content in the material in table 3.12 was poor (r = 0.45). The
calculation was made on the averages for each crop. The ratio between the
sulphur and the selenium concentrations varies (tables 3.10 and 3.12)
between 7,000 and 80,000, but the range is much greater in table 3.12 as
reflected in the correlation coefficient. This difference between material
from all over the country and material from a single field points to the
possibility that the ratio might be fairly constant in so far as the amounts of
available sulphur and selenium are constant. This assumption is further
supported by the results of Fleming (Fle 1962a) who (in a pot experiment
with a seleniferous soil) found a variation in the S:Se ratio comparable with
that in our field experiment (table 3.10).
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Table 3.13
< in pical Denisk
Summary of the resalts.
ppm Se in dry matter

Crop No. of

samples Range Ave.
Potato, tubers 7 0.014-003 0.019
Barley, grain 39 0.0150.08 0.037
Sugar beet 13 0.025-0.11 0.051
Pasture species 66 0.03 -0.25 0.14
Swedes, root 6 008 062 031

3.3.Discussion

The results for some agricultural crops are summarized in table 3.13. The
samples are primarily those from the State Experimental Stations and the
few exceptional results for barley grain are not included. Though the number
of samples and localities are restricted, the results for barey grain and
pasture species may be considered representative, because the State
Experimental Stations represent the most typical agricultural soils in our
country, and because samples from private farms were not different from
those from the State Farms. The figures for the other three species in the
table are only indicative. In this material no difference in concentration was
seen that was related to the soil type.

The selenium concentration in crops is not so low in Denmark as for
instance in parts of the U.S.A., in New Zealand and in Sweden. In the US.A.
30 % of the pastures from about half the country contain less than 0.1 ppm
Se in the dry matter, and NMD in sheep and cattle is widespread (Kub 1967).
In Sweden the selenium concentration in grain seems to be substantially
lower than in Denmark. In grain samples from ten localities only samples
from one locality contained more than 0.02 ppm Se (Lin 1968), and NMD in
pigs is common. Also in a few pasture samples the concentration was lower
than in Denmark (Lin 1970).

When the present results are compared with the requirements of livestock
it should be borne in mind that the necessary amount of selenium is to some
extent increased with a fall in the vitamin E supply and with the amount of
unsaturated fatty acids. Further there is a possibility of loss of selenium
during storage under bad conditions or during hay or silage production.
Finally a lower concentration is possible in years with very rainy and cold
summers. Besides, the selenium level may decrease with intensified cropping
or grazing as has happened in New Zealand (Har 1961). A change in the
selenjum concentration may also occur as a consequence of the use of
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NPK-fertilizers instead of superphosphate because this means a decrease in
both the sulphur and the selenium supply.

The minimum selenium requirement of ruminants is 0.05 to 9.1 ppm and
the desirable supply 0.1 to 0.3 ppm in the dry fod. Though pigs may be less
susceptible to selenium deficiency than ruminants (Wri 1966), a lower
minimum requirement has not been stated for this animal.

Barley grain constitutes an important part of the food for the pigs.
Supplementarily, for instance skimmed milk, potatoes and meat-bone-meal
are used. From table 3.13 it appears that the selenium supply from the grain
alone will generally be insufficient. In Danish whole milk from 0.015 to 0.12
ppm Se has been found on a fresh-weight basis or 0.12 to 0.78 in the dry
matter (Bis 1970). The content in skimmed milk is somewhat higher. In
other countries from 0.02 to 0.4 ppm has been found, depending on the type
of milk powder (Fin 1967, Kie 1968, Lin 1968). An important part of the
food for cattle is root crops and pasture species. At least part of the year
supplements are given such as skimmed-milk powder, meat-bone-meal or
fishmeal and oilcakes. Depending on the place of origin some of these food
components are good selenium sources (Lin 1968, Oel 1968, Gis 1969).
Especially fishmeal may show a high concentration of selenium, and from 1.2
to 2.5 ppm in the dry matter has been measured in samples from Northern
Europe (Lin 1968, Gis 1969). The pasture species on the average probably
contain sufficient selenium, while of the root crops only swedes and other
Cruciferae species contain enough (table 3.13).

Thus, with a supplement of concentrated foodstuff it seems probable that
the selenium supply to cattle should in most cases be sufficient. Sheep are
often fed on poor pastures, and the supply of concentrated foodstuff may be
small. Selenium deficiency in sheep may therefore occur. The situation for
pigs is less clear, especially owing to uncertainty about the requirements of
monogastrics.

The present tendency towards a decreasing use of imported concentrated
foodstuffs may increase the occurrence of selenium deficiency in livestock
(including poultry) as many of the concentrates contain more selenium than
our forage plants.



4. SELENTUM ABSORPTION BY PLANTS FROM SELENIZED SOILS

As a measure against selenium deficiency in livestock it can be desirable to
increase the concentration of selenium in the foodstuff. Therefore, in order
to estimate the amount and the compound one should add to the soil in such
a case, it is necessary to study the absorption by the plants. Results of some
previous studies (Gra 1965, Dav 1966a, b, Wat 1967) were quoted in subsec-
tions 1.1.4 and 1.2.2.

For further elucidation of the absorption by the plants a series of
experiments was made in the years 1966 to 1968. The following parameters
were considered: plant species, soil, selenium compound, amount of selenium,
and influence of other additions to the soil. Of the agricultural plants used as
test plants, barley, red clover and white mustard were chosen in most of the
experiments. For some purposes, however, radish was preferred because it
absorbs large amounts of selenium, and because it has a conveniently short
growth period.

For pot experiments the selenium compounds were labelled with Se-75,
and the native selenium was not accounted for. In the field no use was made
of radioactive tracers and selenium determinations were therefore made by
neutron activation analysis. A description of the experimental techniques was
given in section 2.6 and earlier (Bis 1969, Gis 1970b), and a description of
the soils was given in table 3.2,

4.1. Plant Species

For studies of the extent to which the selenium concentration in the plant
varies with species, stage of development and part of the plant, one series of
plants was grown in pots and another in the field, in both cases on selenized
soils.

The main conclusion of the experiments is that the plant species can,toa
good approximation, be ordered according to their affinity towards selenium.
A multitude -of data bears this out. The order of concentration for ten species
studied in a pot experiment on a selenized soil (Bis 1969, table 4) was almost
the same as the order emerging from the analyses of plants grown in the field
on non-selenized soils (this evidence was discussed in tables 3.10 and 3.11 of
this work) and from field experiments with added selenate (Gis 1970b, table
5). Fig. 4.1 ranks some plant species according to selenium affinity and
illustrates the differences between the species.

Not surprisingly, the selenium is not uniformly distributed within the
plant. In the following some results on selenium distribution are given.

For plants with storage organs (turnip, potato, etc.) those parts normally
have a lower concentration of selenium than the leaves irrespective of
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Fig. 4.1. Diagram showing Lhe order of increasing selenium concentration
for plants grown either in the field or in pots and with or without added
selenium salts. The plants have been ordered (left to right) according to the
concentrations found in field experiment No. II.
Key: o No Se added, field experiment No. II
No Se added, field experiment No. I

Set8 added, field experiment No. II1

Set® added, pot experiment No. 3

se**  added, pot  experiment No. 3
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whether selenium has been supplied or not, and irrespective of the oxidation
state of any such supply (Gis 1970b). Similar resuits have been obtained for
plants grown in pots on seleniferous or selenized soils (Fle 1962a, Ham
1964).

The distribution between grain and straw of cereals grown on selenized
soils was in our experiments in favour of the grain, irrespective of whether
the growth was in pots (tables 4.1 and 4.2) or in the field (Gis 1970b). The
straw was favoured when no selenium was added to the soil {the field
cxperiments in tables 3.10 and 3.11) and on Se-rich soils in other pot
experiments (Joh 1961, Fle 1962a, Ham 1963a). It is common that intensive
fertilization (as often in pot cultures) results in a distribution of a nutrient
which is in favour of the grain. The distribution found in the pot cultures
(tables 4.1 and 4.2) can be explained in this way, but for crops grown in the
field (field exp. No. III), the addition of selenium alone increased the ratio
(Gis 1970b, table 5). Not surprisingly mustard seeds seem in all cases to
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Table 4.1

Plant yield and selenium concentration in plants grawn on five soils supplied
with 0.5 ppm Se as K2Se0,. Pot experiment No. 2.

Soil No.**)
Crop
1 3 4 5 [
Bariey, green 49 39 31 47 62
straw 24 37 42 39 54
grain 27 42 52 39 40
Red clover, 1st cut 31 31 26 18 49

2nd cut 34 46 47 35 59
White mustard, green 22 24 20 21 38
strew 28 38 46 42 61

Yield of dry matter,”)
g per harvest

seed 9 16 19 16 21
Barley, green 9.4 80 | 90 6.2 14
straw 5.4 3.3 3.3 3.1 0.6

grain 5.8 3.7 39 40 | 6.8

£ Red clover, 1st cut 199 |[137 |i52 [105 2.0
& 2nd cut 193 138 |[119 [10.3 15

White mustard, green 25.7 26.2 |320 274 4.2
stmaw 8.0 6.1 5.6 5.0 2.5
geed 136 |16.8 (152 [11.6 1.9

Absorption| Se in dry matter,

E Barley 0.075] 0.058] 0.062] 0.066] 0.039
3 | Red clover 0.127] 0.105] 0.095] 0.055] 0.019
2 White mustard 0,090} 0.113] 0.119] 0.098] 0.037

*) Half of the crop in pots with barley and mustard was harvested just before flowering,
the other half at maturity. For clover the whole crop was cut each time.

**) 80il data in table 3.2,

contain more selenium than the straw (tables 3.10, 3.11, 4.1, 4.2, Gis 1970b,
table 5).

The concentration in the young plants was higher than in the straw, and in
barley also higher than in the grain. This is in agreement with the behaviour
of plants with respect to other elements (Stee 1965) and with data for
indicator plants (Mox 1950, Ros 1964). It is, however, in contrast with other
results for selenium in cereals (Lin 1968) and in rye grass (Lane 1966a). A
comparison of the total amount of selenium absorbed by the plants at
flowering and at full development has been made in table 4.3. There is a clear
difference between the ratios for selenate- and selenite-supplied plants. When
selenite is used, the absorption in the last part of the growth period is of
importance. This means that in the meantime an oxidation of the selenite in
the soils may have taken place. When selenate is used, the uptake takes place
predominantly during the early part of the growth period. The results point
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Table 4.2

Plant yield and selenium concentration in plants grown on five soils supplied
with 0.5 ppm Se as K»Se0;. Pot experiment No. 2.

Soil No.**}
Crop
1 3 [} 5 6
Barley, green 44 37 22 39 62
straw 33 40 44 44 50
grain 35 44 52 40 41

Red clover, 1st cut 48 3 26 18 52
2nd cut 32 54 53 34 62

White mustard, green | 26 19 19 19 11
straw | 28 46 44 a7 57

seed 9 19 20 19 20

Yield of dry matter,
§ per harvest™)

Barley, green 181 | 142 | 1.22 0.83 | 0.44
straw 099 | 069 | 0.563 | 0.29 | 0.26
grain 1.08 | 115 | 091 0.84 | 0.84

Red clover, 1st cut 188 | 194 §1.27 1.25 10.77
2nd cut 1.58 1.61 1.17 0.69 | 0.51

White mustard, green | 3.21 3.16 | 3.13 1.84 | 0.58
straw | 243 | 1.25 | 1.27 1.26 | 0.47

seed 4.27 | 3.22 | 291 3.63 |1.31

Se in dry matter,
ppm

]

B

'a'-'-‘g Barley 0.015 | 0.013] 0.011] 0.008 | 0.007
gs Red clover 0.014| 0.015] 0.010| 0.005 | 0.007
ag White mustard 0.019 | 0.018| 0.017| 0.01¢ | 0.008
<

*) See footnote to table 4.1
**) Soil data in table 3.2

towards a small loss of selenium during the latter part of the growth period
(gaseous selenium compounds?), but the experimental errors are too large to
allow a firm conclusion.

Depending on the plant species the absotption quotient for selenate added
to mineral soils (0.6 ppm added Se) varied from 0.05 to 0.13 (table 4.1). For
selenite the corresponding figures were 0.006 to 0.02 (table 4.2). Addition of
increasing amounts of selenate or selenite resulted for both salts in increasing
absorption quotients (table 4.4). The absorption quotients for selenate are
comparable with those for other elements not absorbed or precipitated in the
soil such as NOj and K*, while the quotients for selenite are comparable
with that for Mo and larger than those for Mn and Cu (Stee 1965).

The yield was not affected by the application of 0.5 ppm Se either as
selenate or as selenite. Thus in pot experiment No. 2 the yields in pots
withc;q!;_ addition of selenium were identical to those with added selenium in
tables 4.1 and 4.2. When, however, the selenate addition was increased to 2.5
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Table 4.3
Tatal t of selenium absorh ’byphnhwnfnlldﬂd
opment divided by the total t until fk ing.*)
mg Se in old plants / mg Se in young plants
Plant Soil
epecies | No. Set added Sett added
Barley 1 06 0.9
3 0.9 1.4
4 1.2 18
5 10 15
6 49 1.7
Mustard | 1 06 1.3
3 0.8 20
4 09 1.9
5 0.7 3.6
6 1.2 2.2

*) Pot experiment No. 2. 'l'henml-'c:mpplud'lthosppn&-

K3S8e¢04 or K38¢0;3. The exp t was d out in triplicat
Mbﬂfthemduchptuhmmbdmm
the other half at maturity.
**) Soil data in table 3.2.

Table 4.4

Belenium conentration in plants and absorption quotients after addition of three
different amounts of K38¢0, or KySe03*).

Oxidn. stete | Se added tothe | Yield of dry Se in plant i

of added Se soil, ppm matter, g/pot dry matter, quotient
ppm

46 0.1 88 0.95 0.036

0.5 8.5 29 0.073

2.5 7.3 75 0.088

+4 0.1 8.7 0.28 0.011

05 8.6 1.9 0.014

25 8.3 13.3 0.020

*) Average for ten cpecies all harvested once before flowering (pot experiment No.
3 soil No, 2), The species were: Onb,bulcy,rye, wl:nt,ryegn.,nddam
black medick, radish () ), and white

ppm Se, the yield decreased (table 4.4). The decrease was for ten species on
an average 16 %, but it could be as much as 50 %. Of the ten species the
ones most susceptible to intoxiation were three leguminosae, rye and wheat
(Bis 1969). This is, however, of little interest in practice, because the plants
become very toxic at this rate of application. Selenite in the same amount
(2.5 ppm) did not affect the yield.
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4.2. Soil

The influence of the soil on the absorption of selenium by the plant was
measured in pot culture by means of six soils (tables 4.1, 4.2 and 4.5). Five
of the soils are representative of common Danish soil types, while soil No. 6
is a muck soil (from the Lammefjord area). The test plants used on five of
the soils (pot experiment No. 2) were barley, red clover and white mustard.
These three test plants are taken to be representative also of other species
with respect to their selenium content. In another experiment (pot
experiment No. 5) a sixth soil (No. 2) was tested against soil No. 5 with
mustard and radish (table 4.5). The difference in concentration obtained in
mustard grown on soil No. 5 in experiment No. 2 (tables 4.1 and 4.2) and in
experiment No. 5 is due to the growth conditions: outdoor and summer as
opposed to greenhouse and winter.

Plants grown on the most sandy soils had the highest selenium
concentrations, and those grown on the muck soil the lowest. Even in spite
of the higher yields obtained on the muck soil, the absorption quotients for
selenate are by far the lowest on this soil (table 4.1).

The clay content in the soil could seem to be decisive for the
concentration in the plants. If the concentrations in the different species
grown on soil No. 5 are used as a unit, relative concentrations obtained on
the other soils can be calculated. The average for the three species of these
relative concentrations are plotted for each soil (fig. 4.2) versus the clay

Table 4.5

Selenium in plants grown on soils Ne. 2 and 5 supplied with 0.6 ppm Se. Mustard (20 kg
soil/pot) was harvested at early flowering, radish (2.5 kg soil/pot) after development of the
hypocotyl. Pot experiment No. 5.

KgSeQ, added KgSe03 added
Crop
SoilNo.2 | SoilNo.5 | SoilNo.2 | Soil No.5
§

%5 White mustard 164 15.6 16.5 138
o Hy Radish leaves 4.2 4.1 39 3.7
s»8
gt
>
L ¥ White mustard 159 118 4.0 2.1
£32g | Radishleaves 142 109 3.2 2.4
328

-
£ 5| White mustard 0.26 0.19 0.007 0.003
E §% | Redishleaves 0.47 0.35 0.010 0.007
<30
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Fig. 4.2, Relati p
concentration in plants (red clover, barley, mustard) grown on the soil. The
selenium concentrations relative to those found in the same species grown
on soil No. 5 are used. Pot experiments Nos. 2 and 5.

the clay

of a soil and the selenium

Table 4.6
Water-soluble selenium in five soils after harvest of two cuts of red clover. Pot
experiment No. 2.
Oxidn. state | Sein 2nd cut, | Re d by Hz0-s0lubl
Soil No. of added pPpPm 1st + 2nd cut, Se, % of
Se (0.6 ppm) % of added added
1 +6 193 12,7 20
3 138 10.5 20
4 119 9.5 23
5 103 5.6 24
6 1.5 19 3
1 +4 1.68 1.4 12
3 1.61 15 18
4 117 1.0 20
5 0.69 0.5 21
6 0.51 0.7 13
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content of the soil. One observes a relationship between the clay content of a
so0il and the selenium concentration in the plant. The relationship seems to
exist for both selenate- and selenite-supplied soils. According to the figure, it
may be assumed that the concentrations obtained in a certain crop grown on
different Danish mineral soils should not vary by more than a factor of 2 or
3. For selenite application this relationship has been confirmed in a recent
experiment using mixtures of a sandy and a loamy soil (Gis 1971a). It agrees
also well with the result of Davies and Watkinson (Dav 1966b) that further
led to the conclusion thst the soil-selenium reactions are similar in all
mineral soils.

A determination of the amount of water-soluble selenium (procedure 1, see
2.4.1) in the soils was made after the second harvest in pot experiment No. 2.
The results are shown for the soils on which clover was grown (table 4.6). It
is seen that the amount of soluble selenium is not correlated with the
concentration found in the plants. Only in the muck soil supplied with
selenate does the soluble amount correspond with the low concentration in
the plants. Especially the similarity in the amount of water-soluble selenium
in selenate- and selenite-supplied soils makes it clear that this figure is not a
good measure of the availability of the added selenium.

4.3. Selenium Compound

The different availability to plants of potassium selenate and potassium
selenite has already been illustrated in tables 4.1 and 4.2. A difference similar
to the one seen there has been noted before both when plants were grown in
water culture and in soil (Hur 1937b, Mox 1950).

The availability of a series of selenium compounds — among those,
compounds of low. solubility — were compared in a pot experiment. The
solubilities of the compounds are given in table A.1 in the Appendix. The use
of the fairly insoluble elemental selenjum, though with a large surface,
resulted in 0.02 to 0.8 ppm Se in the plant dry matter (table 4.7), which is
more than obtained by Peterson and Butler (Pet 1966), but less than the
effect found by Cary et al. (Cary 1969). Also in the field an application of
elemental selenium caused an increase in the concentration in the plants (fig.
4.3). Although plants are able to absorb gaseous selenium compounds
released from neighbouring plants (Broy 1966, Ash 1967) this is probably
not the explanation here, Rather the increased concentration means that an
oxidation of some of the selenium has occurred, in the pots already during
the three months that passed between sowing and the first harvest. That this
is possible has also been demonstrated by Geering et al. (Gee 1968). The
absorption from a source of elemental selenium is, however, so small that it is
probably of no practical interest.

Readily soluble and slightly soluble selenites showed no difference in
availability (table 4.7, Wat 1967). It should be noted that the amounts of the
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Fig 43.C ion of jum in four plant species grown in the field.
Selenium was added in the spring of 1966 in the amounts shown in the
figure. The concentration in the soil is based on the upper 20 cm. Field
experiment No. Il (Gis 1970b).

slightly soluble selenites in table 4.7 in probably all cases exceeded those that
could be dissolved in the water in the soil. For instance 0.3 ppm Se as
BaSeO, is at least three times the soluble amount. If the dissolution is
followed by an absorption or precipitation reaction, more may be dissolved
and the influence of the solubility of the selenite compound thus eliminated.
In pot culture the utilization of the selenites was 20 to 200 times that of the
elemental selenium. About 1 % of the added selenite was removed by one
crop.

Also for selenates the availability seems independent of the solubility; thus
table 4.7 shows that the availability of BaSeO, is not smaller than that of
K,8e0, and CuSeO,. In an experiment with equal concentrations (pot
experiment No. 5, 0.5 ppm Se) about the same selenium concentrations were
found in plants supplied with K,8e0, and with BaSeO, (table 4 in Gis
1970Db). The first year in the field the concentration in plants supplied with
BaSeO, was also similar to that obtained after a K,SeO, addition (fig. 4.3).
The reason for this similarity may well be that Ba+?" from dissolved BaSeO,
is precipitated as the less soluble BaSO,. The amount of readily available
sulphate is 10 ppm (table 3.2) in both the soils used (Nos. 2 and 5). Thus
there is sufficient sulphate even for a complete transformation of BaSeQ,
into BaSO, plus Se0j.



Table 4.7
Absorption of selenium from different compounds labelled with Se-75. Pot expt. No. 4, soil No. 2 (Gis 1970b)

86

ppm Se added to the soil

Date | Yield | Se | S0, | Kp8e03|NaySe0, [BaSeO;| FeSe0s| CuSe0,| K,y 520, | Cusen, | Baseo,
harvest] matter*] 25 | 050 | 050 | 050 | 037 | 035 | 030 | 050 | 013 | 010

ppm Se in dry matter

Clover, 1st cut ki 34.4 0.06 143 1.566 1.33 0.87 1.08 0.70 36.7 219 22,6
Clover, 2nd cut | 10/8 48.5 0.02 1.00 1.19 113 0.75 0.82 0.43 27.2 13.6 13.1

Barley, 1st cut 8/7 55.5 0.13 0.78 0.89 1.04 0.67 0.51 0.47 13.3 1.7 5.9
Barley, 2nd cut

grain 17/8 30.0 [<0.03 0.84 1.03 0.81 0.72 0.70 0.48 9.8 6.3 4.5
Barley, 2nd cut,
straw 1778 43.2 0.03 0.61 0.56 0.52 0.35 0.46 0.27 6.9 3.9 3.3

Mustard, 1st cut | 24/6 31.2 0.83 1.80 1.96 1.80 1.00 111 0.53 49.2 246 26.3
Mustard, 2nd cut
seed 16/8 178 0.42 2.18 1.91 1.60 1.06 1.32 0.98 25.6 15.4 15.4
Mustard, 2nd cut
straw 16/8 50.9 0.05 0.66 0.63 0.48 0.34 0.38 0.22 8.9 5.2 5.1

Absorption in per cent of added Se

Clover 0.005 1.0 1.0 1.0 0.9 11 0.8 24 53 63
Bariey 0.02 0.9 1.1 1.0 0.9 1.0 0.8 12 27 28
Mustard 0.07 1.2 13 1.1 0.9 11 0.7 24 61 48

*) Aversge yield in g per harvest. See footnote to table 4.1.




Tabhle 4.8
Seleni in eight ive cuts of red clover. Different seleni pounds labelled
with Se-75 were added to the soil. Pot experiment No. 4.
Average | Average | ppm Se in the dry matter after addition of:
yield ash "
Cut No| Date | ofdry jcontent| Se K3SeO3] BaSeO3 | K3SeO,4 ] BaSeOy
matter %
g/pot 2.5 ppm | 0.5 ppm|0.37 ppm|0.5 ppm |0.1 ppm
1 7.766}§ 33.1 12.4 0.06 1.556 0.87 36.7 226
2 10866§ 474 0.02 119 0.75 27.2 131
3 15.10.66 | 28.5 7.5 0.07 0.92 0.51 14.6 6.2
4 16.1.67% 28.0 100 0.05 0.63 0.35 17 33
5 7.4.67] 289 8.1 0.06 0.42 0.24 4.0 1.8
6 30,0671 453 7.8 nd.* 0.27 0.16 20 0.83
7 3.8.67] 314 7.1 0.04 0.30 0.20 1.7 0.78
8 28867 188 7.3 0.05 0.58 0.17 14 052

*) Not detectabie.

The absorption from the various selenium sources was followed over two
years both in pot culture and in the field. Compounds with the same
oxidation state behaved alike, and therefore not all the salis used in the pot
experiment are included in table 4.8. After eight cuts (table 4.8) the
concentration in the clover plants had decreased to 256 % of that in the first
cut when selenites were the sources, and to only 4 % when selenates were the
sources. In the pots no leaching could take place. In the field (fig. 4.3) the
concentration in the selenite-supplied plants had decreased to 10 to 50 % the
second year as compared with the first year. In the plants supplied with
K,Se0, the concentration was only 5 %, while in the plants supplied with
BaSeO, it was 8 to 20 % as compared with the first year. Thus the effect the
second year of 0.5 ppm Se as K,8e0, was comparable with that of 0.1 ppm
Se added as BaSeO,. The smaller decrease in the effect of BaSeO, could be
due to the low solubility, which implies that loss through leaching should be
less than with K,SeO, as long as not all BaSe0Q, has been transformed into
BaSO,.

4.4. Influence of Other Additions
The effect of varying amounts of sulphate, sulphite and ammonium nitrate
upon the absorption of selenium was followed in a pot experiment, Besides,
the effects of a large amount of organic material and of a change in the pH
were measured,

As test plant was used radish (Raphanus sativus L.). After selenite addition
the ratio between the concentrations in the leaves and the roots was fairly
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Fig. 4.4. Concentration of selenium in the leaves and roots (hypocoty! plus
adherent roots) of radish grown on soils supplied with 0.7 ppm Se as
selenite. Varying additions of sulphate, nitrogen and other amendments.
Pot experiment No. 6.
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Fig. 4.5. Concentration of selenium in the leaves and roots (hypocoty! plus
adherent roots) of radish grown on soils supplied with 0.7 ppm Se as
selenate. Varying additions of sulphate, nitrogen and other amendments.
Fot experiment No. 6. The extrapolation to the origin is made with the
slope found in fig. 4.4.
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constant 1.7 (fig. 4.4). After addition of selenate, the concentration in the
leaves increased much more than that in the roots (fig. 4.5). From the change
in the slope it is seen that the storage of selenium in the leaves is interrupted
when the concentration exceeds 300 to 400 ppm. At this concentration in
the leaves the absorption of sulphate is considerably increased as will be seen
later (fig. 6.4).

The plants in fig. 4.5 showed no sign of intoxication, nor was the yield
reduced (for reduction of yield at higher selenium concentrations (see table
6.2). Therefore, only the figures for the tops will be given in the tables. The
first crop removed from 10 to 60 % of the added selenate and from 0.5 to
2 % of the added selenite.

Addition of increasing amounts of sulphate caused at first a decrease in the
selenium concentration in the first crop (table 4.9) and in the absorption
quotient (table 4.12) independently of whether selenate or selenite was the
source. This is in contrast to the findings in a water culture experiment where
sulphate only depressed the concentration when the source was selenate (Hur
1937b). In the second and the third crop the uptake from the selenate source
at the lowest sulphate concentration was remarkably low as compared with
that at the other sulphate concentrations. A pronounced decrease in selenium
uptake occurs systematically from the second to the third crop grown on
selenate-supplied soil (see also tables 4.10 and 4.11), This should at least
partly be ascribed to the long interval between the last two crops, during
-vhich interval (about three months) the pots were not watered. The
influence of the soil type was the same as seen previously, i.e. the highest
selenium concentrations appeared in plants grown on the most sandy soil
(No. 2).

The effect of 256 and 100 ppm S as sulphite on the selenium absorption
was identical with that of the same amounts of sulphate whether the
selenium source was selenate or selenite. This is presumably due to the fast
oxidation in the soil of sulphite to sulphate.

The effect of increasing amounts of nitrogen on the selenium
concentration in the plants is shown in table 4.10. The nitrogen was added as
a constant amount of magnesium nitrate suoplied with ammonium nitrate. In
the first two crops a maximum concentration of selenium as well as of
sulphur was obtained in the plants supplied with selenate at the moderate
nitrogen additions. In the selenite-supplied plants the effect of nitrogen was
less pronounced. The absorption quotients (table 4.12) followed the same
pattern,

Organic matter, added as litter of leaves, depressed the concentration of
selenium irrespective of whether the source was selenate or selenite (table
4.11), but the absorption quotients were fairly constant (table 4.12). The
addition of 10 % litter (on a dry ba.is) increased the pH by 0.5 units,
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Table 4.9
Influence of increasing amounts of sulphate on the uptake by radish of Se-75 labelled selenate and selenite. 0.7 ppm Se was
added as potassium salts. The nitrogen addition ponded to 150 ppm N. Sulphate was added as potassium and i
salts (the potassium addition was kept ). Pot experi t No. 6.
Yield of dry matter (leaves) ppm Se in dry matter (leaves) % S in dry matter (leaves)
Oxidn. | Soil | Crop §/6 pots
state | No. No.
of Se ppm S added ppm S added ppm S added
5 30 100 250 5 30 100 250 5 30 100 250
+6 2 4.4 54 4.9 5.0 440 350 212 280 1.0 1.7 1.64 2,25
2 6.2 5.0 5.9 6.3 98 180 176 160 |0.81 1.7 1.81 2,06
3 3.1 3.3 4.3 2.2 5 14 133 14 098 | 096 1.03 1.28
5 1 5.2 5.0 386 114 1.17 1.22
2 6.5 5.3 B4 92
3 3.3 3.3 0.7 29
+4 2 1 4.7 6.0 5.7 6.3 138 8.7 5.8 7.6 0.72 | 0.84 1.03 1,16
2 5.8 5.1 55 6.2 5.4 5.0 4.2 4.8 0.74 0.92 0.93 1.08
3 3.2 3.1 3.1 3.2 2.1 2.4 21 14 0.84 | 093 1.09 1.08
5 1 6.0 4.9 8.4 2.9 0.66 0.82
2 6.6 6.4 4.6 2.4
3 3.0 31 3.0 2.0

*) Crop No. 1 was sown on Dec. 17, crop No. 2 on Jan. 25, and crop No. 3 on May 18,



Table 4.10

Influence of i ing of ni on the uptake by radish of Se-75-labelied selenate and selenite. 0.7 ppm Se was added
as p i salts. The sulphate addition ponded to 100 ppm 80,4-8, Nitrogen was added as magnesi nitrate lied with
i ing ts of ium nitrate. Pot experiment No. 6, soil No. 2.

Yield of dry matter (leaves) ppm Se in dry matter (leaves) % S in dry matter (leaves)
Oxidn. | Crop g/6 pots
state No.
of Se *) ppm N added ppm N added ppm N added
25 75 150 | 225 ) 300 25 75 150 225 300 25 75 150 | 225 | 300
+6 1 3.3 4.5 4.9 5.6 5.4 167 300 | 212 194 161 1.531 217} 164 | 1.44 | 1.32
2 14 2.3 59 8.5 71 88 | 135 176 | 1565 121 1.22] 1.54] 1.81 | 1.58 | 1.62
3 2.2 2.7 4.3 4.4 9.6 62 39 33 28 47
+4 1 3.7 4.7 5.7 4.9 5.3 4.6 5.9 5.8 5.0 44 ] 078] 1.00} 1.03 | 0.95{ 0.92
2 1.4 2.2 5.5 8.5 9.6 2.7 3.0 4.2 4.2 3.8 0.74 0.93 1.02
3 21 24 3.1 4.4 7.8 1.8 1.7 21 21 1.9

*) For dates of sowing, see table 4.9,

€01



Table 4.11

Influence of organic matter and of increased pH on the uptake by radish of Se-75-labelled sel and selenite, 0.7 ppm Se was
added as potassium salts. The nulphur and nitrogen additions corresponded to 100 ppm 804-8 and 150 ppm N respectively. De-
composed leaves were used as terial. The te used were on a dry basis. The pH was increased from 4.6 to 7.0 (in
KCl) by means of 0.5 % CaCOjy. Pot experiment No. 6, soil No. 2.
Yield of dry matter (leaves) ppm Se in dry matter (leaves) % 8 in dry matter (leaves)
Oxidn. Crop g/6 pots
state No.
of Se *) No 2% 10% | CaCOqy No 2% 10 % | CaCOg No 2% 10 % | CaCOy
addi- org. org. addi- org. org. addi- org. org.
tion mat- mat- tion mat- mat- tion mat- mat-
ter ter ter ter ter ter
+6 1 49 | 58 6.5 2.9 212 193 133 127 1.64 1.50 1.31 1.20
2 5.9 5.5 6.1 6.8 176 138 148 155
3 4.3 3.4 5.5 5.0 33 34 31 53
+4 1 5.7 5.4 5.9 3.6 5.8 5.1 3.2 4.1 1.03 1.01 0.22 0.87
2 5.5 5.7 6.7 5.7 4.2 4.0 2.9 5.2
3 3.1 39 5.3 5.1 21 1.7 1.3 6.6

*) For dates of sowing, see table 4.9.
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Table 4.12

Absorpts i for selenium as a function of the
sddition Iphate, nitrogen and i terial (pot

experiment No. 6, 1st crop, leaves only, soil No. 2).

Absorption quotient

Addition Concen-

tration Set6 Setd

S . 5ppm 0.46 0.015

30 ppm 0.46 0.012

100 ppm 0.25 0.008

250 ppm 0.33 0.011

N 25 ppm 0.13 0.004

75 ppm 0.32 0.007

150 ppm 0.25 0.008

225 ppm 0.26 0.006

300 ppm 0.21 0.006

oM. 0% 0.25 0.008

2% 0.27 0.007

10% 0.21 0.005

An increase of the pH from 4.6 to 7.0 (measured in KCl) by means of
CaCO, decreased the yield as well as the selenium concentration in the first
crop (table 4.11). A similar effect upon the absorption was found for plants
grown on soils with different pH values (tables 4.1 and 4.2). But owing to the
considerable reduction of the yield of the first crop, the lower concentration
may as well be a result of the poor growth conditions for radish on an
alkaline soil. The sulphur concentration was affected similarly.

It is noted that in the selenate-supplied plants the concentrations of
selenium and sulphur follow each other as long as the supply of both
elemen*s is constant (tables 4.10 and 4.11). The interrelationships of
seleniura and sulphur will be considered further in chapter 6.

4.5. Oxidation State of Selenium in Radish
The oxidation states of selenjium in plants were determined in aqueous ex-
tracts of radish leaves and roots. Radish was chosen because it is one of the
species absorbing most selenium. The dried plants from pot experiment No. 6
were used. Data for this material are presented in figs. 4.4 and 4.5 and tables
4.9t04.12.

The percentage of soluble selenium was somewhat larger in the
selenate-supplied plants as compared with the selenite-supplied ones (table
4.13). At least for the roots this may be due to reduction of selenium to the
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elemental form as was seen after addition of 2.5 ppm Se as selenite to the
s0il. The lower percentage of water-soluble selenium in the roots as compared
with the leaves can to some extent be ascribed to an inefficient washing of
the voluminous pulp. Because of the treatments the concentration in the
leaves varied from 130 to 440 ppm after selenate addition and from 3 to 14
ppm after selenite addition (tables 4.9 to 4.11). Nevertheless the percentage
of water-soluble selenium was fairly constant. This was also found for the
roots.

Organic selenium, selenate and selenite were found in all extracts. The
distribution between the three fractions did not depend systematically upon
the sulphur and nitrogen additions to the soil. The plants supplied with
selenite seem to have a larger part of the soluble selenium bound in organie
compounds than the selenate-supplied plants.

Trelease and Beath (quoted in Ros 1964) also found with maize in water
culture that an addition of selenate resulted in a higher percentage of
water soluble selenium in the plants than when the source was selenite. Still
according to these authors, most organic selenium was found in extracts of
selenite-supplied plants, just as in table 4.13. But no selenite was detected in
the maize plants. Nor has selenite been found in most of the other
investigations (Bea 1947, Ham 1963a, b, Ham 1964). Those investigations,
where the less sensitive chemical determinations were used, have comprised
many species among others radish (Ham 1964). Only Peterson and Butler,
who used Se-75 as a tracer, found from 8 to 90 % selenite in extracts of
various plant species (Pet 1962). In the present experiments 35 to 50 %
sclenite was found in the extracts of radish (table 4.13). It is not probable
that this selenite should derive from reduction of selenate in the extract. A
control precipitation showed that after addition of Se-75-selenate, no
radioactive selenite was found in extracts of non-labelled radish, On the other

Table 4.13

to 4 a

Chemical for of the water-soluble selenium in radish. Average of ten treat
deviation. Pot experiment No. 6.

Oxidn. state | Plant Se in dry Water- | Distribution of the forms of the soluble Se
of Se added part matter, soluble
to the soil ppm Se, % Org. Se Se*t Se*6 ++)
+6 Leaves 244 787 51 5010 45+1
Root *) 72 487 193 3816 43%7
+4 Leaves 64 65+3 1912 3916 4216
Root *)- 36 31+ 2 42t 8 358 23+11

*) By root is understood hypocotyl plus adherent roots.
*+) Se *8 is obtained as the diff b “soluble Se" and "org. Se + de *47.
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hand, a hydrolysis of organic selenium cannot be completely ruled out
though changes of the extraction time did not affect the distribution
between the three fractions. The conclusion seems to be that selenite in all
probability does occur in plants in much larger concentrations than generally
believed till now.

4.6. Discussion

Selenates as well as selenites may be of use for artificial increase of the
selenium concentration in crops. Elemental selenium is oxidized so slowly
that it seems without practical interest. For selenates and selenites it was
found that over a shorter period the oxidation state is the decisive factor for
the absorption by the plants, while the solubility was of no importance (table
4.7). Over a longer period the low solubility of BaSeO, seemed to make this
salt preferable to the readily soluble selenates for field use as long as only the
resulting concentration in the plants is regarded.

However, none of the salts investigated in the present work fulfil the
requirements made of an ideal compound: A constant supply either for one
year or for a much longer period. The selenates give a high iritial supply
which already during the first growth season declines fast. This is a
disadvantage especially for green crops harvested several times during the
summer. On the other hand the selenates have the advantage of a relatively
high absorption quotient. The selenites offer a more moderate initial supply,
and the fall in concentration between early and late cuts of green crops is
smaller than after application of a selenate. An obvious disadvantage of the
selenites is the possible accumulation in the soil (see chapter 5). Besides, the
absorption quotionts are small, and an addition giving an adequate
concer: ration one summer will often be too small the next, especially on
acid soils.

The selenium concentration in plants grown in pots on soils supplied with
selenate was 2 to 50 times as high as when the same amount of selenite-Se
was added (tables 4.1, 4.2, 4.4, and 4.5). In the field 0.1 ppm selenate-Se
resulted in plants with a concentration from the same to three times that
obtained with 0.5 ppm selenite-Se (fig. 4.3). A tendency was found towards
an increasing absorption quotient at increasing additions of either selenate or
selenite (table 4.4).

In pot cultures an addition of 0.1 ppm Se as selenite resulted in about 0.3
ppm Se in'the dried plants, and 0.1 ppm Se as selenate resulted in a few ppm
in the plants. In the field an amount of selenite equivalent to 0.5 ppm Se
(calculated on the upper 20 cm, i.e. 1250 g Se/ha) gave concentrations of less
than b ppm in the plants, while 0.1 ppm as selenate (250 g Se/ha) gave on an
average 5 ppm. If a concentration of 0.2 to 0.4 ppm Se in the plant dry
matter is the aim, the addition should be about one tenth of these amounts.
In New Zealand 70 g selenite-Se per ha added as a top dressing has been



108

recommended (Gra 1965, Dav 1966a). This corresponds to about 0.03 ppm
Se in a 20-cm layer of the soil. In a later field experiment an addition of
100 g selenite-Se per ha resulted on the average in an increase of only 0.02
to 0.06 ppm Se in the crop (Gis 1971).

The result of a given addition will, however, in each case depend on the
growth conditions and the plant species. The variation with some of these
fuctors was discussed in the preceding sections. A very important soil
property is the clay content with which the concentration in the plants seems
to vary inversely. The amounts of nutrients in the soil will also affect the
concentration. Thus varied nitrogen and sulphur additions meant another
factor of 2 in the concentration range. The influence of the amount of
precipitation has not been studied with selenized soils. But in the field the
selenium concentration in a clover-grass mixture grown on a non-selenized
soil did not seem to depend upon the water supply (chapter 3.2.3). The most
influential factor of all is the plant species. In the common agricultural crops
the concentration may vary by one order of magnitude if selenate is used,
and by a factor of 5 if selenite is used.



5. CHEMICAL CHANGES OF SELENIUM COMPOUNDS IN SOILS

Selenium compounds added to soils may undergo a variety of chemical
reactions which may result in a change in the availability to plants.
Oxidation or reduction processes are frequently of importance as are
precipitation reactions such as the formation of slightly soluble iron selenites.
Further microbiological activity may lead to reduction and incorporation of
Se in organic compounds but there is also evidence (Shr 1967) of the
existence of micro-organisms that can oxidize selenite to selenate.

In connection with some of the pot experiments an attempt was made to
determine the amounts of selenate, selenite and organic selenium in agueous
extracts of the soils after cropping. However, only a minor part of the soil
selenium was extractable with a selenite solution, and the distribution among
the oxidation states could only be roughly determined owing to a low level
of radioactivity. Therefore, selenized soil samples were also stored in vessels
for six months, and the amounts of different selenium compounds were then
determined. From two of these soils a release of volatilized selenium was
measured.

Leaching can be another factor decisive for the amount of plant-available
selenium present some time after the addition, Leaching was followed in the
field, and the result will be discussed briefly here,

5.1. Preparation of Selenized Soil Samples
Five soils of the types previously used in pot experiments (see table 3. 2) were
in 1968 taken for selenization and later extraction. Samples of 100 g were
mixed with the Se-75-labelled selenium compound and any other addition.
The moisture content was brought to 15 %, or more when necessary, to
obtain a crumbed structure. The samples were stored in darkness at room
temperature for six to eight months. Then duplicates of each sample were
extracted in accordance with the methods described in subsections 2.4.1 and
2.4.2. The experiment comprised the series listed below. Selenium was added
as K,8e0; and as K,Se0O, respectively in all three series. Besides, series A
was repeated with BaSeO,.

Series A: Soils Nos. 1, 2, 4, 6, and 6; addition of 0.1 ppm Se.

Series B: Soil No. b, addition of 0.01, 0.1, 1, and 10 ppm Se.

Series C: Soil No. 1; the pH was adjusted by means of calcium carbonate

and calcium oxide to cover a pH range from 3.5 to about 9 (measured in

KCl); 0.1 ppm Se was added.
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5.2. Results

The oxidation states of the added selenium were determined by two
procedures. In procedure I the analysis was made on an aqueous extract
(subsection 2.4.1). A subsequent extraction of the soil with strong sulphurie
acid should, according to Williams and Byers (Will 1936), bring most of the
remaining selenium into solution, including a not well-defined part occluded
in iron oxides. Procedure II was that of Cary et al. (Cary 1967) and could
only be applied to the soils in the experimental series A to C. By means of a
sequence of extractants (see fig. 2.13) the chemical character of the
compounds was determined. It was assumed that selenium soluble in K, SO,
mainly included selensates, but also some selenites and soluble organic
compounds. NaHSeO, -soluble selenium included isotopically exchangeable
selenites. Ammonia-soluble selenium included absorbed and occluded
selenites and selenates and organic selenium, probably protein-bound seleno
amino acids. The latter group can be precipitated with HCl. Extraction with
strong hydrochloric acid should dissolve some selenites and transform iron
selenides into elemental selenium. This is dissolved in HNO, together with
any other elemental selenium.

Analysis made after four, six and eight months of storage showed that
after four to six months the fractions were fairly constant. Only the readily
soluble selenium showed a halving in this period {(on the average from 19 %
to 10 %), and the ammonia-soluble part increased correspondingly (from
26 % to 34 % of that added).

The conclusions are based upon extractions made six to eight months after
the addition of selenium to the soils, and are not sensitive to chemical
changes during these two months.

5.2.1. 8oil Type

The chemical form of selenium in five soils supplied with selenate or selenite
and stored for six months are shown in figs. 5.1 and 5.2. As could be
expected, the amount extracted with a selenite solution (procedure 1, first
column in the upper part of the two figures) corresponds very closely to the
amount of selenium present as soluble Se plus isotopically exchangeable
selenite (the first two columns in the lower part of the figures). This was also
found in the other experimental series. The other fractions in the two
extraction procedures are not comparable. A precipitation of selenium from
the sulphuric acid extract (procedure 1) showed that part of this selenium
was present as selenite, but the form of the remainder could not be
determined. All in all, the extraction procedure II which is the one proposed
by Cary et al. (Cary 1967) seems to be the most informative. The selective
precipitation of selenate in procedure 1 is, however, a valuable confirmation
of the presence of this oxidation state,
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With the concepts of Cary et al. (Cary 1967) it is seen that whether
selenium is added as selenate or as selenite, the following compounds are
present in all five soils six months later: Selenate, selenite, organic selenium,
and either elemental selenium or selenides or both. The amounts of selenate
and selenite are larger when the respective salt has been added to the soil.
Two fractions are not shown in figg 5.1 and 5.2. These are the selenites
dissolved in 6N HC] and the residue in the soil after the extractions. The
former constituted from 2 to 6 % of that added, snd the non-extractable
selenium was from 4 to 11 % of that added.

L emlrection: Selenitg
th selenite-soin. B in Lextrocy 2 extraction:

Orgonic-bound Se  LEWN 6 M50,

Selanote
inLastroes

-1

EXTRACTABLE SELENIUM, % of added

LTRSSy

Fig. 5.1, Chemical forms of selenium in five soils to which 0.1 ppm Se 2
K38e0, had been added (series A), After the addition the solls weve stored
in vessels for six months. The upper part of the figure shows the results of
extraction with a selenite solution (50 ppm Se) followed by tion with
ot sulphuric acid (procedure 1), Below, the results are shown of a sequence
of extractions with various extractants (proceduse 11). The two columns
with fdentical hatch patterns in both parts of the figure should represent
nearly the same fractions. The clay content and the pH of the soils are both
increasing when going from the left to the right of the figure, while on the
average the absorption quotients and the concentrations in red clover,
white mustard, and barley decrease from soil No. 1 to soil No, § (tables 4.1
and 4.2).
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Fig. 8.2. Chemical forms of selenfum in five soils to which 0,1 ppm Se as
selenite had been added (series A). Otherwise the conditions are identical to
those in fig. 5.1.

For samples with added BaSeO, the fractions showed the same pattern as
for K,8e0,, and no influence from the difference in solubility was observed.

None of the fractions in figs. 5.1 and 5.2 seems to provide a measure of
the plant-available selenium, Thus in no case was a difference found that
would reflect the difference in uptake between selenate and selenite supplied
plants. The amount of the extractable selenium was increasing with
increasing pH and clay content of the soil when selenite was supplied (first
column in upper part of fig. 5.2), whereas the absorption by plants was
decreasing (table 4.2). The only fraction which seemingly may be related to
the availability is the ammonia-soluble, but acid-insoluble selenium (lower
part of figs. 5.1 and 5.2). According to Cary et al. (Cary 1967) this fraction
consists rainly of protein-bound seleno amino acids. Though plants are able
to absorb some soluble organic selenium compounds, there is hardly any
doubt that readily soluble inorganic selenium compounds also are important
for the supply of the plants.

In a pot experiment (No. 4) the amounts of Se*®, Se** and organic Se in
water extracts of the soil were determined after six months of cropping. The
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amount of radioactivity was rather small at that time and procedure I was
therefore used. As extractant was used water instead of a selenite solution as
in figs. 5.1 and 5.2. From this soil (No. 2) water extracts about 80 % of the
amount extractable with a selenite solution. The results from the cropped
soil (table 5.1) are in good agreement with the results for the same soil stored
in vessels for a similar length of time (the upper parts of figs. 5.1 and 5.2). It
is to be noted that after addition of elemental selenium a little soluble
selenium was found in some of the soil samples after cropping.

Table 5.1

Water-soluble selenium in 30il No. 2 six months after the addition of re-

i 5 ppm Se as elemental selenium, 0.3 to 0.5 ppm Se as selenites

(six salts), and 0.1 to 0.5 ppm Se as selenates (four salis). The soluble

are average walues for soils cropped with bariey, red clover and whiie
mustard. (Pot experiment No. 4)

Selenium | Water-sotubs Distribution of the soluble Se
added ms | % of thet sdded | & g.+6 % Set+d % org. Se
Se? 2% 08
sett 20 16 15 34"
Set® 38 10***) 21 8"

*) No detectable soluble Se in soil cropped with barley.
**) No detectabk ic Se in 20l cropped with barley.

"')Nom&ﬂhnﬂuuppd'ithdom.

5.2.2, Concentration of Selenium

The amount of selenium added to the s0il seems to influence the distribution
of selenium between the fractions (table 5.2). As far as can be from
these data 0.1 ppm in the soil should mean a faster change of the original
compound than at other concentrations, and the fraction containing 8e” +
Se~?was consequently the largest. At 10 ppm the fraction of soluble Se con-
tained about half the addition, and the most reduced fraction contained only
10 %. In all fractions the quantity of selenium increased with the concentrat-
ion in the soil.
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Table 5.2

Influence of the amount of added selenium on the chemical forms eight months
later (sevies B)
Selenium fractions, % of added

Seadded | Conc. Soluble Isot. NHjz-sol. | NHgy-sol., Se®
in the Se exch. org. Se | but acid-in- +
s0il se™t +8e™ | solorg. Se | Se2

K2SeO, 0.01 19 21 22 6 26
01" 8 24 18 8 39

1 24 22 17 4 26

1) 54 20 8 15 11

K25¢0, 0.01 31 30 16 2 15
01"} 15 31 16 6 25

1 29 29 14 3 18

10 41 30 12 1 10

*) These samples were analysed forty days earlier, which impliesthat the percentage
of soluble Se might be too high, and the preceniage of ammonia-soluble Se might
be too low as compared with the results for the other concentrations.

5.2.3. pH of the Soil

pH is one of the soil properties which must mﬂuence the processes that the
added selenium compound undergoes. Hence the most acid soil was adjusted
to pH values from 3.5 (the original pH) to 9 as measured in M KCl. These
values are up to 0.9 units below the values that would be found in an aqueous
suspension (Hen 1969).

Only a slight reduction of added selenate was found in the pH range 4.5 to
6, and correspondingly the concentrations in the other fractions were low
(fig. 5.3). At the highest pH values an increase of the fraction containing
elemental selenium and selenides was seen. Both these results are in agree-
ment with those for a series of soils in fig. 5.1. In soils with added selenite the
fractions were more or less constant at pH values below 7. At higher pH the
selenate fraction increased and the other fractions were gimilar to those in the
soil with added selenate. The pH in the soils after the six months of storage
did in most cases not differ by more than 0.2 units from the original. Only
the samples adjusted to pH 9 had changed more, and the pH was now 7.6 to
7.9.
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Fig. 5.3. The amount of selenium made soluble by a series of extractions
(procedure II) is shown as a function of the soil pH (series C). The extrac-
tions were made six months after adjustment of the soil at the different pH
values and addition of the selenium compounds. The pH values used are
those measured at the start of the experiment.

Soluble Se, mainly selenate

—-~= Isotopically exchangeable selenite
— A in-soluble, organic Se and
--==~= Elemental Se and heavy metal selenides

5.2.4. Volatile Selenium

The formation of gaseous selenium compounds in selenized soils was de-
monstrated. Samples of 15 g selenized with BaS8eO, were used (series A).
After four months of storage, moist air was led through the samples and then
through two absorbers of granulated active carbon. In the second absorber no
activity was detected, but in the first one Se-76 was detectable after twenty-
four hours in two out of three soils (table 5.3). The values are to be consider-
ed lower limits as some of the volatile selenium formed during storage certain-
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Table 5.3

Volatile selenium in soils four months
after the addition of 0.1 ppm Se as
BaSeO,

Soil % of added
No. 1, Tarm ~0.07
No. 5, Rise ~0.04

No. 6, Lammefjord not detectable

ly will have escaped from the non-air-tight vessels and during the transfer of
the soil to the aeration system. A larger release of gaseous selenium com-
pounds than reported here has been found from soils aerated for three weeks
immediately after selenite addition (Abu 1968).

5.2.5. Selenium in a Soil Profile

As long as a selenium compound remains in a soluble form, leaching can cause
a loss. In the present investigation leaching could, however, only take place in
the field. In one of these experiments selenium was determined in the soil
profile six months and eighteen months after the addition. Four selenium
compounds had been added (field experiment No. III). From the upper
25 cm five samples were taken from each plot of 2 m?, from the deeper lay-
ers only three samples per plot.

The amounts of total as well as of water-soluble selenium were determined
by means of neutron activation analysis as no selenium tracer had been used.
The extraction was carried out at room temperature with a soil: solution ratio
of 1:2.5 and shaking overnight (see 2.4.1). This extraction is only half as
efficient (table 2.11) as the hot extraction used in other cases.

As a whole there is reasonable agreement between the amount of selenium
found in the core and the sum of native selenium plus added selenium (table
5.4). Selenium removed by the crop during the two years was about 0.8
ug/cm® from the selenate sources and 0.5 ug/cm’ from the selenite source.
This means that these amounts are without importance in this connection. It
is seen that not only the elemental selenium, but also the selenite remained in
the upper 25 cm of the soil. The selenate addition was so small as compared
with the original content that no information can be drawn from these figur-
es. One to 2% of the native selenium was present in a water-soluble form.
After the selenite addition this figure was increased to 7 % in the upper 10 cm
the first autumn. This means that 10 to 20 % of the selenite had remained in
a soluble form. The second year no difference was seen in the solubility of
the native and the added selenium. K, SeO, did not influence the amount of
soluble selenjum at all. The addition of BaSeO,, however, increased the
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Table 6.4
sl amount of selenium in soil profiles (field experiment No, LII). Selenium compounds had been
in the spring, and the soil sampies were taken in October of the same year and the next year.
ynntheuup'uwhihnunnd.mﬁnm(lym)malcnhhdlalnueolmnwithlun’

‘eroes section.
Yeat | Depthem | Native Se Se” added | K3SeO; added | K3SeO, added | BaSeO, added
125 pgicm2} 12.5 ugiem? 2.5 pg/em? 2.5 ug/em?
Ist 0-25 11 105 27 20 11
25-50 7 16 9 11 9
50-75 6. .12 8 4 4
0-75, total 24 133 44 35 24
0-75, theor, 147 34 24 24
nd 0-26 9 168 30 9 9
25-50 8 18 9 8 6
50-75 3 7 7 6 5
0-76, total 20 193 16 23 20
0-76, theor. 147 34 24 24

amount of soluble selenium in the first 25-cm layer of soil both years. Ten
and 8 % were soluble, respectively. As the addition is rather small compared
with the native selenium, this means that a substantial part of the added
selenium remained soluble. The volume of water used for the extraction was
just large enough to bring all the selenium — if present as BaSeO, — into
solution. The result agrees with the higher concentrations the second year in
plants supplied with BaSeO, as compared with those supplied with K,SeO,
(fig. 4.3).

5.3. Discussion

The redox potential in soils is to a first approximation lower the higher the
pH, and the potential decreases when a soil is adjusted to a higher pH (Blac
1968). In soils with potentials ranging from —0.2 to + 1.0 volts and with pH
values from 5 to 9, Se°, Se** and Se*® are the stable oxidation states (fig.
A.1). But even if the potentials were known for the soils used here, the rates
of the processes and the final distribution on the oxidation states cannot be
predicted.

From the results it is clear that both reduction (of added selenate and
selenite compounds) and oxidation (of added selenite) occur in all five soils.
Selenite is refound not only as exchangeable selenite, but also (in order of
decreasing amounts) as ammonia-soluble selenites, as nitric acid-soluble
compounds, as ammonia-soluble, but acid-insoluble Se, and as selenate. The
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restricted movement of selenium added as selenite is in agreement with this,
and the relative importance of the various fractions are comparable with
those found by Cary et al. (Cary 1967). Selenate is refound as exchangeable
selenites, as smmonia-soluble selenites, as ammonia-soluble, but acid-
insoluble Se, as compounds soluble in nitric acid, and as selenate. The
distribution between the fractions depends, however, somewhat upon the
concentration. It is thus clear that an accumulation of selenium in the soil is
a possibility both when selenites and when selenates are applied.
Furthermore, at least after application of selenate a small amount was
released in a volatile form.

The main difference between selenate- and selenite-supplied soils was the
occurrence of a maximum in the selenate fraction (in selenate-supplied soils)
at pH values about 5 to 7 (figs. 5.1 and 5.3).

Neither of the analytical methods used in this series of experiments seems
to provide a tool for predicting selenium uptake by plants and for assessing
the selenium reservoir. This is forcefully bome out if one compares the very
similar patterns for soil No. 2 in figs. 5.1 and 5.2 with the strikingly different
uptake by clover at a similar time after selenate and selenite application (4th
cut in table 4.8).



6. EFFECT OF SELENIUM UPON THE SULPHUR CONCENTRATION
IN PLANTS

It is well known (see 1.2.2) that the addition of sulphate to growth media
containing selenate may lead to a reduced selenium concentration in the
plants. Only in a few investigations (cited in 1.2.1), however, have the
concentrations of both elements been determined concurrently, and the
body of information dealing with the effect of selenium compounds upon
the uptake of sulphur is comparatively small. In one case (Hur 1938) an
increase of the sulphur concentration was measured for intact plants when
selenjum was added to the nutrient solution. Other works (cited in 1.2.3)
deal only with isolated plant organs. From these works it would seem that
the addition of selenate mostly leads to a decrease in the absorption of
sulphate,

In the present work data showing the concentrations of both sulphur and
selenium in several plant species grown on non-selenized soils (tables 3.10
and 3.12) and on soils supplied with a constant amount of selenate or
selenite (tables 4.9 to 4.11) have already been presented. In the following
further data are given for a few species grown on soils supplied with a
constant amount of selenium. Besides, results are presented showing the
effect of increasing amounts of selenate and selenite additions upon the
sulphur concentration. The influence of the two ions upon the uptake of
sulphur and its metabolism was followed by means of the concentration of
water-soluble sulphate and organic sulphur in the plants.

6.1. Sulphur Concentration in Plants Supplied with a Constant Amount of
Selenium

The uptake of sulphur from different soils was compared in three species
grown without and with a supply of selenate. Among the five so0ils used, four
were mineral soils containing 5-15 ppm of readily available SO, -S, while the
fifth {soil No. 6, a muck so0il) contained 270 ppm (table 3.2). Together with
the fertilizers, 7 ppm 80,-S was added. The sulphur content of the plants
not supplied with selenate shows, however, no influence from the amount of
available sulphate in the soils (table 6.1)’. In plants grown on the soils
supplied with selenate an increase was found in the sulphur concentration as
compared with the plants grown without a supply of selenate. Further, this
increase was to some extent related to the absorption of selenium from the
soils (table 6.1), For instance with clover as the test plant, the increase in
sulphur concentration was a linear function of the selenium concentration.
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Table 6.1
Sulphur and seienium concentration in three plant species harvested just before
flowering. The plarts were grown on five soils with no addition or an addition corre-
sponding to 0.5 ppm Se as selenate. Pot experiment No. 2.

Clover Barley Mustard
:1:‘ NoSe| +Se*® NoSe| +8Se*® NoSe| + se'®
ppm S | ppm S| ppm Se| ppm S | ppm S | ppm Se | ppm S | ppm S |ppm Se
1 | 2300 ]| 5300 | 19.9 | 1820 | 2300 | 9.4 | 3870 | 5600 | 25.7
3 | 2430 | 4240 | 137 | 1800 | 2300 | 8.0 | 5800 | 7600 | 26.2
4 | 2300 | 4860 | 15.2 | 2160 | 2640 | 9.0 ] 7430 | 8820 | a2.0
5 | 2200 | 3340 | 105 | 1800 | 2050 | 6.2 | 5600 | 8920 | 27.4
6 | 2270 | 2700 | 20 | 1390 | 1570 | 1.4 [ 7200 ] 5800 { 4.2

Another example of the relationship between sulphur and selenium

concentrations was seen in successive cuts of clover, in fig. 6.1 the

corresponding concentrations are plotted against each other (the Se data
s :
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red clover (pot experiment No, 4, selenate added).
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Pig. 6.2. The varistion in sulp tion in ive cuts of red
clover, (Pot experiment No. 4)

o——--e No addition of Se

) S 4 Ky Se0; addition, 0.5 ppm Se

o——o KaSeO, addition, 0.5 ppm Se

were given in table 4.8 under K,SeO, addition and the S data are found in
fig. 6.2). A linear relationship seems to exist over a broad concentration

range.

In the field (field experiment No. III) an addition corresponding o 0.1
ppm Se in the plough layer resulted mostly in a concentration in the plants
of 1 to 10 ppm Se. At these concentrations, the increase in the sulphur did
not exceed 20 %.

The addition of selenite (0.6 ppm Se) to different soils had no effect on
the sulphur content of the plants neither in pot nor in field experiments.
Also in successive cuts of red clover a fairly constant sulphur concentration
was found when the soil was supplied with selenite (fig. 6.2).

6.2. Sulphur Concentration in Plants Supplied with Varying Amounts of
Selenium

The sulphur absorption as a function of the selenium supply was followed in
experiments where sulphate labelled with 8-35 was added to the soil (pot
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experiments Nos. 7, 8 and 9). The technique has been described in section
2.6. By chemical determination of the sulphur in a number of the plant
samples it was ascertained thst the dilution of the added sulphate with
soil-sulphur was negligible. The selenium determinations were in these
experiments made by atomic absorption analysis and were therefore not very
precise. Radish (Raphanus sativus L.) was mostly used as test plant, except
for one case in which perennial rye grass was used,

6.2.1, Varied Selenate Addition

When the selenate addition was increased from 1 to 10 ppm Se, while the
sulphate addition was kept constant, the selenium concentration in radish
leaves increased from 250 to 2500 ppm (fig. 6.3). Probably on account of the
small pot size used in this experiment, the concentrations corresponding to 1
and 2.5 ppm Se in the soil were higher than those obtained in another pot
experiment with radish (pot experiment No. 3, Bis 1969). In the roots the
concentration increased only by a factor of 2 when a change was made from

3.

£

i 8

Se /N PLANT DRY MATTER, ppm

[

2 4 [} []
Se'S ADDED TO THE SOIL, ppm
Fig. 6.3. jonship b the of sel added to the soil

P

(No. 2) and the concentration in the plant. (Pot experiment No. 8).
o——o Radish leaves
. * Radish root
— X Rye grass
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1 to 10 ppm 8e in the soil (fig. 6.3). Corresponding sulphur and seleniura
concentrations in the plants are shown in fig. 6.4. Also with respect to
sulphur radish leaves showed the largest response. Thus the increase in
selenium concentration from 200 to 600 ppm (1 to 2 ppm Se*® in the soil)
resulted in an increase in the sulphur content from 1.2 to 3.0 %. In a previous
experiment (pot experiment No. 7) the addition of 2 ppm Se*® resulied in a
similar increase of sulphur in radish leaves (from 1.1 % with no Se*® to
3.3 %). At selenate concentrations above 2 ppm in the soil the sulphur
content of the radish leaves is nearly constant. No reduction in the yield was
seen with radish and rye grass as the test plants (tables 6.2 and 6.3). In the
same tables will be found the absorption quotients for the added sulphate.
Up to 60 % was removed by one culture of radish,

The chemical character of the sulphur in the plants -as determined in
aqueous extracts. In the green part of the plants practically all the sulphur
was extractable with water, while 20 to 40 % remained in the extracted



Table 6.2

Plant yield, chemical ch ter of sulphur in the plants, and absorption quotient for the added sulphate at increasing edditions of
selenate to the soil. The test plant was radish, and 100 ppm S as sulphate labelled with §-36 was added. Pot experiment No, 8. All

figures are on a dry basis.
set6 Radish, leaves ' Radish, roots
added
to the Yield, Total S, | S04-8, | HpO-s0l.| Abeorption | Yield, Total 8, | 5048, | Ha0-s0l | Absorption
soil, org. 8, gquotient org. 8, quotient
PPM €/6 pots % % % €/6 pots % % %
(1] 8.6 1.21 1.16 0.087 0.17 9.5 0.42 0.24 0.074 0.067
0.2 8.6 1.23 1.16 0.089 0.18 7.9 0.44 0.23 0.073 0,068
0.5 8.5 1.26 1.18 0,086 0.18 10.0 0.42 0.20 0.058 0,069
1.0 9.4 1.63 1.55 0.077 0.26 10.5 0.46 0.24 0.070 0.081
1.5 838 1.90 216 0.099 041 0.8 0.49 0.38 0.106 0.080
20 10.2 2,98 2,62 0.073 0.51 11.6 0.53 0.33 0.070 0,102
3.0 2.6 2.94 2.86 0.080 0.47 100 0.66 0.35 0.062 0.083
4.0 94 3.06 2.96 0.068 0,48 105 0.56 0.34 0.064 0.098
6.0 8.9 3.18 3.33 0.065 0.47 9.5 0.64 0.41 0.090 0.101
7.5 8.3 3.18 3.12 0.055 0.44 9.8 0.54 0.33 0.087 0.088
100 a5 3.26 2.8% 0.056 0.46 7.4 0.80 0.40 0.069 0.074
The regression of water-soluble, organic S on ppm Se*6 in the soll: | The regremsion of water-soluble, organic 8 on ppm Be*® in
Y = (0.0760 % 0.0018) — (0.00380 £ 0,00060) (x; —3.1545) the soil:
or Y = 0,0880 — 0.0038x; b is not significantly different from zero.
P<<0.1% for b = 0 (where b is the alope)

el
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Table 6.3

Pant yield, chemical character of sulphur in plants, and absorption quotient for the
M-Mltmmd*&h&nlﬁoum'-m
grass, and 100 ppm S as sulphate labelled with S-35 was added. Pot experiment No. 8.

All figures are on a dry basis.
Set8 jaded | Yiewd, Total S, SO,-S, HyOs0l. | Absorption
to the soil, org. §, quotient
pom ¢/6 pots % % [
0 220 0.61 0.58 0.019 0.22
0s 215 0.60 052 0.020 022
10 20.3 065 0.58 0.023 0.22
20 223 0.78 0.72 0.021 0.29
5.0 222 1.04 1.00 0.021 0.38

Toots. At least part of this residual sulphur is not necessarily insoluble in
water but may have been retained in the voluminous root pulp. Sulphate in
the extract was precipitated with Ba**. The sulphur remaining in solution
was assumed to be organically bound, presumably as amino acids and
peptides, because no part of the aqueous extract could be precipitated with
trichloroacetic acid.

The largest part of the sulphur in the extracts was present as sulphate, and
the amount increased with the increasing sulphur concentration (tables 6.2
and 6.3). The amount of water-soluble, organic sulphur in radish leaves
decreased, however, with the increasing absorption of sulphur (table 6.2).
The regression of this fraction on the selenium addition to the soil is linear
and highly significant. In the roots, however, the amount of water-soluble,
organic sulphur seems to be constant. As compared with the leaves, a larger
part of the sulphur in the roots is contained in this fraction. In rye grass
(table 6.3) no decrease in the water-soluble, organic sulphur was found
within the applied selenate concentrations. The amounts were close to
0.02 % for all selenate additions.

6.2.2. Varied Selenite Addition

As has been seen previously (chapter 4), a selenite addition to the soil results
in a selenjum concentration in radish leaves which is about one fifth or less
than that obtained with the same addition as selenate. For the root the
corresponding factor is one third or less. This means that a supply of 10 ppm
Se*® should be compared with 30 to 50 ppm Se** in the soil. Hence
selenite additions corresponding to up to 50 ppm Se were uged (pot
experiment No. 9). The growth at 50 ppmn Se was extremely poor, already at
a concentration of 5 ppm Se, the yield begins to decrease (table 8.4).



Table 6.4

Plant yield, I character of sulphur in plants, and absorpti tient for added sulphate at i dditions of selenite to
the soil. The test plant was radish, and 100 Ppm S as sulphate labelled with 8-35 was -dded Pot experiment No. 9, All figures are on
@ dry basis.

Radish leaves Radish root
Set4
added to Yield, Total S, 804-58. { Hy0-s0l.{ Absorption{ Yield, Total S, 8§04-8, | HzO-sol.| Absorption
the soil, org. S, quotient org. S, quotient
ppm g/6 pots % % % g/6 pots % % %
(1] 16.4 0.65 0.31 0.069 0.166 6.6 0.40 0.10 0.086 0.044
1 14.7 0.67 0.31 0.065 0.164 7.1 0.39 0.09 0.090 0.044
2 16.2 . 0,69 0.29 0.062 0.160 8.7 0.38 0.09 0,080 0.055
5 12,6 0.51 0.22 0.054 0.107 7.6 0.36 0.08 0.081 0.046
10 10.1 0.37 0.10 0.054 0.062 3.7 0.39 0.10 0.098 0.024
20 2.6 0.42 0.11 0,067 0.018 0.7 047 0.09 0.11é 0.010
50 0 0

91
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Increasing additions of selenite did not result in an increase in the sulphur
concentration in the plant (table 6.4) as was the case for selenate.
Furthermore, when the plant yield decreased at the higher selenite levels, the
sulphur content in the leaves decreased as well.

The percentage of water-soluble sulphur in the plants was generally lower
than in the previous experiment with selenate, where it was constantly close
to 100 %. With selenite it decreased from 60 % at no addition to 40 % at the
higher selenite levels. In the roots 50 % of the sulphur wes found in the
extracts. The addition of increasing amounts of selenite resulted in a nearly
constant level of water-soluble, organic sulphur contrary to what was found
after selenate additions. Further, after selenite addition the soluble, organic
fraction constituted a much larger part of the soluble sulphur than in the
selenate series. In the roots the amounts of sulphate-S and soluble, organic
sulphur were equal.

6.3. Discussion
Addition of selenate to the soil causes an increased absorption of sulphur,
and the increase is associated with the size of the addition.

The increased amount of sulphur in the plant leaves is mainly stared
sulphate. This together with the decrease in the amount of water-soluble,
organic sulphur seen in the radish leaves indicates that a blocking of the
sulphate reduction occurs.

A principal difference in the reduction pathways of sulphate and selenate
occurs after the formation of APS®) and APSe®), respectively. While the APS
is transformed into PAPS*) the existence of the selenium analog has not been
demonstrated (Wils 19568, Nis 1964). The present resulis may be explained
by a consumption of the available ATP by the selenate through the
formation of APSe + PP*). Consequently, little or no APS and PAPS can be
formed, and as the sulphate reduction pathway goes on from this compound,
no new organic sulphur compounds will be formed. Hence the decrease in the
amount of water-soluble, organic S which is seen in table 6.1. Owing to a lack
of reduced sulphur compounds the absorption of sulphate by the plant is
continued. This results in the increase from 1 to 3 % of total sulphur in the
leaves. Above this concentration, the plant does not seem to be able to
increase the sulphur concentration further, though the selenium con-
centration is still increasing. In rye grass a decrease in the organic S was not
ascertained, but this may be due to the smaller selenium concentration in the
rye grass as compared with the radi-h.

Selenite additions to the soil do not result in an increase in the sulphur
content of the plants nor do they seem to affect the sulphate reduction (fig.

*) APS gand APSe); ulenodm 5 -phosphmlphlu (selenate)
PAPS: 3'-phosgphoad
PP: pyrophosphate
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6.1 and table 6.4). On the contrary, the concentration of total sulphur and of
§0,-S in the leaves of radish decreases as soon as the yield is affected by the
selenite addition. In the root a pink colour was seen at the highest selenite
additions. This effect, also observed by Hurd Kamer (Hur 1937b),
presumably is caused by the reduction of selenite to elemental selenium.



7. SUMMARY and CONCLUDING REMARKS

The element selenium is an essential micro-nutrient for higher animals. The
present work applies highly sensitive radio-chemical and radio-analytical
mehods to the study of selenium in Danish soils and plants and to problems
related to fertilization with selenium.

An analytical survey (chapter 3) shows that in most Danish agricultural
crops the concentrations of selenium are marginal. In pasture species the
concentrations vary around the minimum acceptable value, in beets,
potatoes, and cereals they are usually lower than that. Only in a few cases,
notably the Cruciferae family, are the concentrations above the minimum
required for the production of healthy animals. Somewhat surprisingly,
serious symptoms of selenium deficiency are only encountered occasionally
in Denmark. The reason is probably that the ration is often supplemented
with (selenium-rich) foodstuffs such as oilcakes and fishmeal. A somewhat
increase:d selenium level in Danish foodstuffs scems desirable, and a possible
solution is to add small amounts of selenium compounds to the common
fertilizers.

A number of experiments (chapter 4) deal with the uptake in crops of
selenium added to the soils. The resulting concentration depends mainly on
the plant species and on the amount and oxidation state of the added
selenium. Of little importance are the solubility of the selenium salt, the
stage of development of the plant at harvest, and (as long as only mineral
soils are considered) the soil type and its state of fertilization. For a given
addition of selenjum (as selenate or selenite) to the soil, the resulting
concentration in the plants will vary by a factor of about 10 depending on
the species (concentrations increase from cereals to members of the
Cruciferae family), and by a factor of 2 depending upon the soil type
(concentrations increase with decreasing clay content). Altogether it should
for Danish mineral soils be possible from a restricted number of field trials to
predict the resulting concentration in plants to within a factor of 3. Such an
accuracy would suffice for practical applications.

The choice of a selenium compound suitable for field use is not an obvious
one. Selenates have high utilization, and remaining selenate will probably be
leached with a risk of bringing selenium into the ground water. Another
solution is to use selenites, which are taken up by the plants in small amounts
only, and which tend to accumulate in the soils.

A number of experiments (chapters 4 and 5) dealt with the chemical forms
of selenjum in soils and plants. In the soil, selenium compounds are
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transformed predominantly into the +4 (selenite) oxidation state irrespective
of whether selenate or selenite have been added to begin with. The oxidation
states +6, 0, —2as well as organic compounds are also found. Experiments on
the chemical forms of selenium in plants were carried out with radish as the
test plant. The selenite fraction appears to be larger than indicated in older
works. Of theoretical, rather than of practical, interest is an in in
sulphur absorption found after the application of large amounts of selenate
(chapter 6). The additional sulphur turns out to be present as sulphate, and
therefore a likely explanation of the effect is that the selenate ion blocks the
pathway for the sulphur reduction.

From a phenomenological point of view, answers are now at hand to the
main problems in connection with selenium and soils. Further laboratory
experiments will serve mainly to fill in details, although one may still hope
for a new solution to the challenging problem of the ideal compound for
‘selenium fertilization. The logical next step would now be to undertake field
experiments on a larger scale. The sensitive analytical techniques available
(reactor-neutron activation, fluorometry) will make it possible to keep such a
"pilot” experiment under complete control.
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fig. A.1. Equilibria between the different oxidation states of selenium and
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Table A.1
Solubilities of some seleniurn and salphur compounds (Gme, Land
1962, Hed 19632)

Selerium Solubility*) Sulphur Solubility*)

compound /100 ml H,O compound g/100 ml HR0

Nay8eO 8430 Na, SO 4.8°

e 728100 i 42,7100

Kg8e0, 110.59 K50, 1238

CaSeO, 7.98 CaS0;, 0,2092"

5.487

SrSe0, 0.13819 SrS0, 0.011430

BaSeO, 0.0118 BaSO, 0.0002218

CuSe04-5Hg0 | 25716 CuS0,-5H,0 |  31.6°
203100

NagSeQO4+6H,0  s. Naz80g 12.59

K,8e0, 58.0 K,803°2H,0| 100

CaSeOy CaS03-2 Hy0 0.004318

SrSe03 8803 0.003317

BaSeO; 0.01810 BaSOy 0.02

CuSeOg+2H,0 i

FeSeOg FeSO3-3H30 v.sls.

*) The solubilities are stated for 20°C, unless otherwise indicated by

superscript.
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DANSK RESUME

Siden 1957 har der varet en stigende interesse for selens betydning i husdym
naringen og ogsi en stigende interesse for veteriner-medicinske anvendelser. 1
dag betragtes selen normalt som et nedvendigt mikronseringsstof for hejere
dyr. Afdelingen for landbrugsforseg pid AEK’s forsegsanleg Rise har derfor
pébegyndt undersogelse af selenindholdet i danske landbrugsafgreder og efter-
fulgt denne med undersogelser i relation til goadskning med selen_

Det forste kapitel i narvaerende rapport giver en oversigt over litteraturen
om selen i tilknytning til landbruget.

Kapntel 2 behandler forsegs- og analysemetoder. Specielt diskuteres proble-
mer i forbindelse med at undgi tab under provebehandling. Selenindholdet i
markafgreder blev bestemt ved aktiveringsanalyse, medens svovl bestemtes ved
en tracer-metode. Karforsoeg er udfert under anvendelse af radicaktivt selen
(eller svovl), og milemetoderne hertil omtales. Endelig er metoder til bestem-
melse af oxidationstrinnet af selen i extrakter blevet undersogt.

Selenbestemmelser i landbrugsafgreder fra forskellige egne af Danmark viser
(kapitel 3), at selenkoncentrationen oftest er marginal. Det onskelige indhold
er 0.1-0.3 ppm i terstoffet. I greesmarksafgreder varierer den omkring den
nedre graense for det onskelige indhold. Rodfrugter og korn indeholder nor-
malt mindre selen end 0.1 ppm. Kun i fi afgreder, forst og fremmest kors-
blomstrede, er koncentrationen tilstraekkelig hej. Man kunne derfor vente, at
symptomer pa selenmangel hos husdyrene skulle vare hyppige. At dette tilsy-
neladende ikke er tilfaeldet, kan skyldes, at der almindeligvis gives forskellige
tilskud til det hjemmeaviede foder, og at disse tilskud ofte har et vasentligt
hejere indhold af selen. Imidlertid synes en forhejelse af selenkoncentrationen
i det danske foder enskelig, og en mulig vej hertil er anvendelse af handels-
godning tilsat et passende selensalt,

En razkke forsog vedrerer planters optagelse af selen tilfert jorden (kapitel
4). Koncentrationen i plantemne afhznger hovedsageligt af planteart og af det
tilforte selens iltningstrin, og selviolgelig af den tilforte mzngde. Derimod er
selenforbindelsens opleselighed, plantens udviklingstrin og jordtypen (forud-
sat det er en mineraljord) samt jordens gedningstilstand alle faktorer af langt
mindre betydning. Med en given selentilforsel (som selenat eller selenit) vil
man opni en koncentration i plantemne, som afheengigt af arten varierer inden
for en faktor 10 (koncentrationen voksende fra kornarterne til korshlomstre-
de) og afhangigt af jordtypen inden for en faktor 2 (koncentrationen voksen-
de med aftagende lerindhold). For danske mineraljorder skulle det alt i alt
veere muligt ud fra et begraenset antal markforseg at forudsige virkningen af en
selentilforsel inden for en faktor 3, hvilket forekommer tilstrakkeligt for an-
vendelse af selen i praksis.

Det er ikke indlysende, hvilken selenforbindelse, man bor foretraekke. Op-
tagelseskvotienten for selenater er hoj og en del af det resterende selen vil kun-
ne udvaskes med deraf folgende risiko for grundvandet. Selenit har en lille
optagelseskvotient, og der er mulighed for en akkumulering i jorden ved gen-
tagne tilforsler.
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I flere forsog er selenet i jord og planter sogt karakteriseret (kapitel 4 og 5).
Enten selen er tilfort som selenat eller selenit, er det dominerende oxidations-
trin i jorden nogle méneder senere + 4. Men ogsi selen i oxidationstrinene +6,
0,-2 samt organisk bundet selen er til stede. I planter (radise) fandtes en stor-
re part af selenet som selenit end antaget ud fra hdllgere arbejder.

Af mere teoretisk end praktisk er, at svovl trationen i radi-
seblade vokser med stlgende tllsmtmng nf selen til 10rden (kapitel 6). Kon--

trationsf 3] 10k k med st j t i planten, og faeno-
menet formodes derfor at skyldes, at selenationen blokerer reduktionen af sul-
phat.

Principielt har man svar pa de i\ problemer i forbindel. med an-

vendelse af selentilforsel til jorden. Yderligere laboratorieforseg vil hoved

lig tjene til at give flere detaljer; dog kan man stadig hibe pi en v'u-kehg los-
ning af det kritiske sporgsmdl om en ideel selenforbindelse. Det nzeste skridt
nu mé vaere markforsog i storre skala. De forhindenvaerende folsomme analy-
semetoder (akiiveringsanalyse, fluorometri) gor den nedvendige kontrol over-
kommelig.




