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BACKGROUND 

leniulU (Se) is a naturall y occurring metalloid 
dement, which is essential to human and other animal 
,ea lth in trace amounts but is harmful in excess. Of all 
-',e elements, selenium has one of the narrowest ranges 

en\'een dietary defi ciency « 40 )lgday-I) and toxic 
\"els (>400 Ilg day-I), which makes it necessalY to care­

tU lly control intakes by humans and other animals, 
ttence, the importance of und erstandillg the relation­
bips benveen environmental exposure and health . 

G eology exerts a fundam ental control on the concen­
tT<l tions of selenium in the soils on which we grow the 
rops and animals that form the human food chain. The 
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selenium status of populations, ,mimals, and crops va ri es 
markedly around the world as a result of different geo ­
logical conditions. Because diet is the most important 
source of selenjum in humans, understanding the bio ­
geochemical controls on the distribution and mobility 
of environmental selenium is key to the assessment of 
selenium-related heal th ri sks. High selenium concen­
trations are associated with some phosphatic rocks, 
organic-rich black shal es, coa ls, and sulfide minerali za ­
tion , whereas most other rock types contain velY low 
concentrations and se lenium-defi cient environments 
are far more widespread than seleniferous ones, H ow ­
eve r, hea lth outcomes are no t only dependent on the 
to tal se lenium content of rocks and soils but also on 
tbe amount of selenium taken up into plants and 
an imals-the bio:wail able selenium. This chapter 
demonstrates that even soil s containing <ldequate total 
amounts of selenium can still produce selenium­
deficient crops if the selenium is not in a form ready 
for plant uptake. 

T he links between the enviro nmental biogeochem­
istry of se lenium and heal th outcollles ha ve been docu­
mented fo r many years. Selenium was first identified in 
181 7 by the Swedish chem ist J ons J akob Berzelius ; 
however, se lenium toxicity problems in livestock had 
been recorded for hundreds of years previously 
although the cause was unkn own . . \1arco Polo reported 
a hoof disease in horses during travels in China in the 
13 th century and similar problems were noted in Iive­
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stock in Colombia in 1560 and in South Dakota (u. S.) 
in the mid-19th century where the symptoms were 
called "alkali disease." In 1931 this disease, which is 
characterized by hair and hoof loss and poor produc­
tivity, was identified as selenium toxicosis (selenosis). 
Sillce then, seleniferous areas have been reported in 
Ireland, Israel, Australia , Russia, Venezuela, China, the 
United States, and South Africa. 

Conversely, selenium was identified as an essential 
trace element dnring pioneering work into selenium­
responsive diseases in animals in the late 1950s and 
early 1960s. Selenium forms a vital constituent of the 
biologically important enzyme glutathione peroxidase 
(GSH-Px), which acts as an ,mtioxidant preventing 
oxidative cell degencr'1tion. In animals, selenium defi­
ciency has been linked to muscular weakness and mus­
cular dystrophy, but it also causes reduced appetite, 
poor growth and reproductive capacity, and embryonic 
deformities. These disorders are generally described as 
white muscle disease (\iV?I1D). Following these discov­
eries, selenium deficiencies in crops and livestock have 
been reported in ,111 regions of the world including the 
United States, the ·CK, Finland, Denmark, Sri Lanka, 
New Zealand, Austraha, India, Canada, Thailand, 
Africa , and China and selenium supplementation has 
become common practice in agriculture. 

Selenium deficiency has also been implicated in the 
incidence of a heart disorder (Keshan disease) and bone 
and joint condition (Kashin-Beck disease) in humans in 
various parts of China . Recent research has shown that 
selenium deficiency also adversely affects thYToid 
hormone metabolism, which is detrimental to growth 
and development. L1deed, approximately 20 essential 
selenoproteins have now been identified in microbes, 
animals, and humans, many of which are involved in 
catalytic functions in the body. Selenium deficiency has 
also been implicated in a host of conditions including 
cancer, heart disease, immnne system function, and 
reproduction . This chapter outlines some of the health 
problems in humans and animals that can arise as a 
result of selenium deficiency and toxicity in the natural 
environment. These links are more obvious in regions 
of the world where the population is dependent on local 
foodstuffs in the diet, but studies show that even in 
countries such as the United States where food is 
derived from a range of exotic sources, the local envi­
ronment still determines the selenium status of the pop­
ulation. This fact should not be ignored becanse 
medical science continues to discover new essential 
functions for this biologically important element. 

II. SELENIUM IN THE ENVIRONMENT 

The naturally occurring element selenium belongs to 
group VIA of the periodic table and has chemical and 
physical properties that are intermediate between 
metals :1I1d non-metals Cnble I). Selenium occurs in 
naUlre as six stable isotopes; however, it should be noted 
that although K2Se is generally regarded as a stable 
isotope, it is ,1ctually a ~- emitter with ,1 very long haJf­
life of 1.4 x J 010 yr. The chemical behavior of selenium 
resembles that of sulfur and like sulfur, selenium can 
exist in the 2-, 0, 4+, and 6- oxidation states (Tlble II). 

TABLE I. Physical Properties of 
Selenium 

Element name Selenium 

Chemical symbol: Se 
Atomic number: 34 
Periodic table group: VIA 
Atomic mass: 78.96 
Density: 4808 kg m-J 

Melting point: 220°C 

Boiling point: 685°C 

Vapor pressure: I mmHg @ 356°C 
Natural isotopes: Abundance: 

74Se 0.87% 
76Se 9.02% 
77Se 7.58% 
78Se 23.52% 
80Se 49.82% 
82Se 9.19% 

From Jacobs (1989) and U.S.-EPA (2002a). 

TA BLE II. Chemical Forms of Selenium in 
the Environment 

Oxidative state Chemical (orms 

Se2- Selenide (Se2-, HSe-, H2Se,q) 

Seo Elemental selenium (Seo) 


Se4
' Selenite (SeOi-, HSeOj , H2SeOhq) 


Se6
- Selenate (SeO~-. HSeOJ-. H2Se04,q) 


Organic Se Selenomethionine. Selenocysteine 


From Jacobs P989) and Neal (1995). 
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. a result of this complex chemistry, selenium is found 
~ all natural materials on Earth including rocks, soils, 
'Jters, air, and plant and animal tissues (TJble III) (see 
'(1 Chapter 2, this volume). 
,\t tbe global scale, selenium is constantly recycled in 
t: environment via the atmospheric, marine, and ter­

-'~5 tri<11 systems. Estimates of selenium flux indicate that 
athropogenic activity is a major source of selenium 

-::.l ease in tl1e cycle, whereas the marine system consti­
re s the main natural pathway CTIlbie IV) (Haygarth, 

r/<J4). Selenium cycling through the atmosphere is sig­
Ji cant because of the rapidity of transport, but the ter­

-e-itrial system is most important in terms of anjmal and 
',J.man health because of the direct links with agricul­
~al activities and the food chain. 

Although the element is derived from both natural 
.,d m,ln-made sources, an understanding of the links 

"een environmental geochemistry and health is 
a.rticularly important for selenium as rocks are the 
-i1l1ary source of tl1e element in the terrestrial system 

T.1ble V) (Fleming, 1980; Neal, 1995). Selenium is 
•.spersed from the rocks through the food chain 

';3 complex biogeochemical cycling processes including 
arbering to f01111 soils, rock-water interactions, and 
logical activity (Figure 1). As a result, selenium is 

[ distributed evenly across the planet, rather con­
,t:ntrations differ markedly dependjng on local condi­
ons and an understanding of these variations is 

;::.sential to aid the amelioration of health problems 
~oci,lted with selenium deficiency and toxicity. The 
: JlIowing sections of this chapter provide a brief 
-wnll1ary of anthropogenic sources of the element 
,..fore going on to discuss the important aspects of sele­

'!.ium in the natural biogeochem.ical cycle and impacts 
n health. 

_\. Mau-:Made Sources of Selenium 

~nllowing its discovery in 1817, little industrial appli­
~':ltion was made of selenium until the early 20th century 

hen it began to be used as a red pigment and improver 
'1 glass and ceramic manufacture; however, it was not 
m ti l the invention of the photocopier in tile 1930s that 
"lemaml for the element significantly increased due to 
t'. photoelectric and semi-conductor properties. Today 
·denium is widely used in a number of industries (Table 
' T); most comlTlonly selenium dioxide is employed as a 
\..3 talyst in organic synthesis and as an antioxidant in 
!Ilks, mineral, vegetable , and lubricating oils. Selenium 
mono- and disulfide are also used in anti-dandruff and 

antifungal pharmaceuticals (VVHO, 1987; Haygarth, 
[994; U.S.-EPA, 2002b). 

The world industrial output of selenium was over 
2310 tonnes in 1995, and the largest producers are 
Japan, Canada, and the United States. In 1985, pro­
duction of selenjum in the U nited States alone 
reached 195 tonnes, which was used mainly in the 
electronic/photocopying and glass industries (Table 
VI). It is nOt economical to mine mineral deposit,> 
specifically for selenium, rather the element is recov­
ered from the electrolytic refining of copper and lead 
and from the sludge accumulated in sulfuric acid plants 
(U.S.-EPA, 2002a,b). 

Selenium compounds are released to the environ­
ment during the combustion of coal and petroleum 
fuels; during the extraction and processing of copper, 
lead, zinc, uranium, and phosphate; and during the 
manufacture of selenium-based products. According to 

monitoring data in the United States, between 1987 and 
1993 over 460 tonnes of selenium were released to the 
environment, primarily from copper-smelting indus­
u'ies (Table v1I) (U.S.-EPA, 2002a,b). 

It is estimated that 76,000-88,000 tonnes yr- 1 of sele­
nium are released globally from anthropog'enic activity, 
compared to natural releases of 4500 tonnes yr- 1

, which 
gives a biospheric enrichment factor value of 17. This 
value is significantly higher tllan 1 indicating the impor­
tant influence of man in the cycling of seleruum 
(Nriagu, 199 I). For example, long-term lTlonitoring 
data from tile Rothamstead Agricultural Experimental 
Station in the UK demonstrate the impact of anthro­
pogenic activity on selenium concentrations in herbage. 
Samples collected between 1861 and 1990 bulked at 5­
year intervals reveal that the highest concenu'ations 
occurred between 1940 and 1970 which coincided with 
a period of intensive coal use. Due to the move to fuel 
sources such as nuclear, oil, and gas iJ1 more recent 
decades, selenium concentrations in herbage are declin­
ing (Haygarth, 1994). 

Selenium is also released inadvertently into the envi­
ronment from the agricultural use of phosphate fertil­
izers, from the application of sewage sludge and manure 
to land, and from the use of selenium-containing pesti­
cides and fungicides (Table V). For example, in the 
European Union (ED) it is no longer permissible to 
dump sewage sludge at sea, consequently the applica­
tion to land has increased in recent years. To help avoid 
potential environmental problems, a maximum permis­
sible concentration (iVlAC) of selenium in sewage sludge 
in the UK is set at 25 mg kg-I, whereas the MAC in soil 
after application is 3 mg kg-I in the UK and 10 mg kg-I 
in France. Clearly, the application of sewage sludge to 



T AB L E III. Selenium Concentrations in Selected Natural Materials 

Material Total Se (mgkg I) Water-soluble Se (ngg-') Material Total Se (mgkg ') 

Earth's crust: 0.05 Water (~gL-I): 
World freshwater 0.02 

Igneous rocks (general): 0.35 Brazil River Amazon 0.21 
Ultramafic (general) 0.05 U. S. (general) < I 
Mafic (general) 0.05 U. S. seleniferous 50-300 
Granite (general) 0.01-0.05 U. S. Kesterson <4200 

U. S. River Mississippi 0.14 
Volcanic rocks (general) : 0.35 U. S. River Colorado 10-400 
United States <0.1 U. S. River Gunnison 10 
Hawai i <2.0 U. S. Lake Michigan 0.8-10 
Tuffs (general) 9.15 U. S. selen iferous gw 2- 1400 

U. S. drinking water 0.0-0.01 
Sedimentary rocks: Spa.in freshwater 0.001-0.202 
Limestone (general) 0.03-0.08 China Se-deficient sw 0.005-0.44 
Sandstone (general) <0.05 China Se-adequate sw 1.72 
Shale (general) 0.05-0.06 China seleniferous sw 0.46- 275 
W. USA shales 1- 675 Finland stream water 0.035-0. 153 
Wyoming shales 2.3-52 Canada stream water 1-5 
South Korea shales 0.1-41 Norway groundwater 0.01-4 .82 
China Carbon-shale 206-280 Slovakia groundwater 0.5-45 
Mudstones (general) 0.1- 1500 Bulgaria drinking water <2 
Carbonates (general) 0.08 Sweden drinking water 0.06 
Marine carbonates 0.17 Germany drinking water 1.6-5.3 
Phosphates (general) 1-300 Ukraine surface water 0.09-3 
U. S. Coal 0.46- 10.65 Ukraine groundwater 0.07-4 
Australia Coal 0.21-2.5 Argentina surface water 2-19 
China stone-coal <6471 Reggio, Italy dw 7-9 

Oil (general) 0.01 ­ 1.4 Sri Lanka drinking water 0.056--0.235 
Greece drinking water 0.05-0.700 

Soil : Polar ice (general) 0.02 
World (general) 0.4 Seawater (general) 0.09 
World seleniferous 1-5000 
U. S. (general) <0. 1-4.3 Plants: 
U. S. seleniferous 1-10 U. S. grasses 0.01-0.04 
EnglandlWa.les (general) <0.01-4.7 50- 390 U. S. clover and alfalfa 0.03-0.88 
Ireland seleniferous 1-1200 Norway moss 0.8-1.23 
China (general,) 0.02-3.81 Canada tree bark 2-16 

China Se-deficient 0.004-0.48 0.03-5 Norway grain 0.006-0.042 
China Se-adequate 0.73-5 .66 Norway forage 0.05-0.042 
China seleniferous 1.49-59.4 1-254 Finland hay 0-0.04 
Finland (general) 0.005-1.241 Finland grain 0.007 
India Se-deficient 0.025- 0.71 19-66 
'India seleniferous 1-19.5 50-620 Algae: 
Sri Lanka Se-deficient 0.112-5.24 4.9-43.3 Marine (general) 0.04-0.24 
Norway (general) 3-6 Freshwater (general) <2 
Greece Se-deficient 0.05-0. 10 
Greece Se-adequate >0.2 Fish : 
New Zealand (general) 0. 1-4 Marine (general) 0.3-2 

Freshwater (general) 0.42-0.64 
Stream sediments: Wales 0.4-83 

Animal tissue (general): 0.4-4 
Atmospheric dust (general) : 0.05- 10 
Air (ng m-J

) (general) 0.00006-30 

Note: gw = groundwater. sw = surface water. dw = drinking water. 
From Fleming (1980);Thornto n et al. (1983); Levander (1986); WHO ( 1'987); Jacobs (1989); Nriagu (1989); Tan ( 1989); ~ergusso n (11990); Hem (1992) ; 

Haygarth (1994); Neal ( 1995); Rapant et al. (1996); Fordyce et al . ( 1998) ; Rei ma nn and Caritat (1998) ; Vinceti et al. (1998) ; O ldfield ( 1999); British 
Geo logical Survey (2000); Fordyce et al. (2000a). 
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id increases the selenium content of the soil; however, 
-·. <J ti onships bet\veen elevated contents and increased 
~ke into plants have yet to be established (Haygarth, 

d 4 ). The application of selenium-bearing fertilizers 
• 	 land has been used to remediate selenium deficiency 

number of countries and is discussed in Section V 
.. this cbapter. Environmental problems related to 
Je niul11 emissions may also arise in areas surrounding 
. Icnium processing or fossil-fuel burning industries. 
:,lenium concentrations in the air within O.5-10km of 

_ Jpper-sulfide ore processing plants have been reported 
reach 0.15-6.5 ~g lTC' (\;\THO, 1987). 

TABLE IV. Global Selenium Fluxes 

Cycle Selenium flux (tonnes per year) 

Anthropogenic 76,000-88,000 

Marine 38,250 

Terrestrial 15,380 

Atmospheric 15,300 

Modified from Haygarth (1994). 

It is clear that man-made sources of selenium have a 
major impact upon the selenium cycle; despite this, the 
natural environment is still a velY important source and 
pathway of selenium in animal and human exposure 
and requires careful consideration in selenium-related 
health studie (see also Chapter 3, this volume) . 

B. Selenium in Rocks 

The most important natural source of selenium in the 
environment is the rock that makes up the surface of the 
planet. Selenium is classed as a trace element as average 
crustal abundances are generally very low (0.05-0.09 mg 
kg-I; 'T.clylor & ?vlcLennan, 1985). Average concentra­
tions in magmatic rocks such as granites rarely exceed 
these values (Table III). Relationships with volcanic 
rocks are more complicated. Volcanoes are a major 
source of selenium in the environment and it is esti­
mated that over the history of the Earth, volcanic erup­
tions account for 0.1 g of selenium for every cm2 of the 
Earth's surface. Ash and gas associated with volcanic 
activity can contain significant quantities of selenium 
and, for example, values of 6-15 mg kg- I have been 
reported in volcanic soils on Hawaii. Conversely, 

TABL E V. Main Sources of Selenium in the Environment 

'.!arural sources 	 Comments 

'o lean ic activity Important source 

Neathering of rocks Important source 

Sea spray Concentrations in ocean water are only an order of magnitude lower than those in rocks 

;!..tmospheric flux From the ocean surface to the atmosphere 

lo latilization and recycling from biota 

j~erial deposition For example, in the UK annual selenium deposition = 2.2-6.5gha- ' 

\1an-made sources 	 Comments 

Selenium-based industries 

Metal processing industries 

Burning of fossil fuels 

D isposal of sewage sludge to land 

Agricultural use of pesticides 
Agricultural use of lime 

Agricultural use of manure 

Agricultural use of phosphate fertilizers 

Important source 

Important source 
Typical selenium contents 1-17 mg kg-I 

Potassium ammonium sulfide ([K(NH4)S]sSe) 
Typical selenium contents 0.08 mg kg-I 

Typical selenium contents 2.4 mg kg- I 

Typical selenium contents 0.08-25 mg kg- I 

From Fleming (1980); Haygarth (1994); and Neal (1995). 

http:0.05-0.09
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FIGURE 1 Simplified schematic diagram of the cycling of selenium from the environment to man. The main geochemistry and 
health pathways are shown in red. 

TABLE VI. Industrial Uses of Selenium 

Industry 

Electrical components-semi-conductors, cables, and contacts 

Photocopier components 
Glass manufacture 
Photographic emulsions, printing, and graphics 
Pigments in plastics, paints, enamels, inks, rubber, textiles 
Pharmaceutical catalyst 
Additive to petroleum fuel and lubricant products 
Accelerator and vulcanizing agent in rubber manufacture 

Metal alloys 
Fungicides 
Pesticides 
Nutritional additive to livestock feed 
Anti-dandruff shampoo 

Medical' use, e.g., dietary supplements 

Percentage of total production used by U. S. industry in 1985 

35% 

30% 

25% 

10% 

From U.S.-EPA (2000a,b). 

because selenium escapes as high-temperature gases 
during volcanjc activity, selenium concentrations left 
behind in volcanic rocks such as basalts and rhyolites are 
usually very low (Fleming, 1980; Jacobs, 1989; Nriagu, 
1989; Neal, 1995). In general terms, sedimentary rocks 
contain greater concentrations of selenium than 

igneous rocks, but even so, levels in most limestones 
and sandstones rarely exceed 0.1 mg kg- I (1\Teal, 1995). 
Because these major rock types account for most of the 
Earth's surface, a picture should begin to emerge that 
selenium-deficient environments are far more wide­
spread than selenium-adequate or selenium-toxic ones. 
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T AB L.E VII. Industrial Dispersion of 
Selenium in the U. S. Between 1987 and 1993 

Selenium release to 

land and water 
1987-1993 

Source (tonnes) Water Land 

Top 5 States: 

Utah 
Arizona 

Wisconsin 

Indiana 
Texas 

Main industries: 

Copper smelting, refining 
Metal coating 

Petroleum refining 

Totals 

0.7 
0 
0 
2.4 
0.16 

0.7 
0 
4 
6.15 

316 
118 
20 

0 
2.2 

436 
2 
0.4 

460 

U.S.-EPA (2002b). 

- ceptions to the generally low concentrations occur in 
rti cular types of sedimentary rocks and deposits. Sele­

- elm is often associated with the clay fraction in sedi­
_Dts and is found in greater concentrations in rocks 
_h as shales (0.06mgkg-l) than limestones or sand­

",oes. Very high concentrations (::;300 mg kg-I) of sele­
m have also been reported in some phosphatic rocks, 

-~ bably reflecting similarities between organically 
~ri \ 'ed P04 ,1- and SeO/ - anions (Fleming, 1980; 
. obs, 1989; N riagu, 1989; Neal, 1995). Selenium con­

__ "ltrations in cO<ll and other organic-rich deposits can 
. high relative to other rock types and typically range 

- OJ 1 to 20 mg kg-I (,1 Ithough values of over 600 mg 
have been reported in some black shales) with sele­

In present as organoselenium compounds, chebted 
( ies, or adsorbed element aacobs, 1989). Selenium 
Jft cn found in sulfide mineral deposits and has been 

-t:.:I ,IS a pathfinder for gold and other precious metals 
mineral explonnion (Boyle, 1979). In most situations, 

ni llIll substitutes for sulfur in sulfide minerals due to 

'Iarities in crystallography, however, elemental Sel) 
cC<lsionally reported (Fleming, 1980; Neal, 1995; 

T i.:un;lga et aI., 1996). The main mineral forms and 
_, mmon mineral associations of selenium are outlined 

Table \t1II. 
T herefore, the distribution of selenium in the geo­

: __al environment is highly variable depending on dif-

TAaLE V III. Most Common Mineral Forms of 
Selenium in Natural Rocks 

Selenium-mineral Chemical formula 

Crookesite (Cu,TI,AghSe 
Clausthalite PbSe 

Berzelianite CU1Se 
Tiemannite HgSe 

Elemental selenium Se 

Selenium is also commonly found in the sulfide host minerals 

Pyrite FeSl 

Chalcopyrite CuFeSl 
Pyrrhotite FeS 

Sphalerite ZnS 

Typical mineral associations with selenium: 

Polymetallic sulfide ores Se-Hg-As-Sb-Ag-Cu-Zn-Cd-Pb 
Copper-pyrite ores Cu-Ni-Se-Ag-Co 

Sandstone-uranium deposits U-V-Se-Cu-Mo 

Gold-silver selenide deposits Au-Ag-Se 

From Fleming (1980); Neal (1995); and Reimann and Caritat (1998). 

ferent rock types. An illustration of the relationships 
between geology and selenium distribution is shown in 
the m<lp of \V<lles (Figure 2). The highest selenium con­
centrations in stream sediment are associated with the 
mineralized areas of Parys Nlountain, the Harlech 
Dome, and Snowdon in north \Vales. In South \Vales 
they are seen in the Forest of Dean and Pembrokeshire 
Coalfields and in the Permian Mercia Mudstone Group 
of the \Velsh borderlands. In contrast concentrations 
over Devonian age sandstones in mid-\Vales are 
extremely low «0.4 mg kg- I) (see also Chapter 2, this 
volume). 

C. Selenium in Soil 

In the majority of circumstances there is a very strong 
correlation between the concentration of selenium in 
geological parent materials and the soils derived from 
them. The selenium content of most soils is very low at 
0.01-2 mg kg-I (world mean is 0.4 mg kg- I), but high 
concentrations of up to 1200 mg kg- I have been 
reported in some seleniferous areas (Table rAJ 
(Fleming, 1980; Jacobs, 1989; Mayland, 1994; Neal, 
1995). The relationships between geology, soil selenium 
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Parys Mountain 

Snowdon 

Selenium in 
Stream Sediments 

mg kg" 1 

3.30 99 

1.90 95 

1.40 90 

0.90 75 

0.50 50 

250.2 1 

Absent 
data 

L
• I' 

Se Distribution 

©NE 

F I GU R E 2 Distribution of selenium in stream sedimeflts of Wales. showing high concentrations over the coalfields of south Wales. 

the mineralized areas (Parys Mountain. Snowdon. Harlech Dome) of north Wales. and the Mercia Mudstone in the Welsh Borderlands. 

Contrasting low values occur over the sandstones and siltstones of mid-Wales demonstrating a very strong relationship between sele­

nium in the environment and geology. (Adapted with permission from British Geological Survey. 2000.) 

concentrations, uptake into plants, and health outcomes 
in ,milllais were first ex,lmined in detail in pioneering 
work carried out during the 19305 by Moxon (1937) . 
Soils capable of producing selenium-rich vegetation 
toxic to livestock were reported over black shale and 
sandstone deposits of th e Great Plains in the United 
St'ltes. Subsequent snIdies into selenium-defici ency­
related diseases in animals le;ld to one of the first m,lrS 
of the selenium status of soils, vegetation, and animals 
and the establishment of th e classic Great Pbin selenif­
erous soil types (Figure 3) (~\;Juth & Allaway, 1<)63). 

Although the und erlying geology is the rrimary 
control on selenium concentrations in soils, the mobil­
ity and uptake of selenium into plants and animals, 
known as the bioavailability, is determined by a number 
of bio-physiochemical parameters. These include the 

prevailing pH and redox conditions, the chemiC<ll forrn 
or speciation of selenium, soil texture and mineralogy, 
and organic matter content and the presence of com­
pet.itive ions. An understanding of these controls is 
essential to the prediction and remediat.ion of health 
risks from selenium as even soils that contain adequate 
total selenium concentrations can result in selenium 
deficiency if the element is not in readily bioavailable 
form. 

The principal controls on the chemical form of sele­
nium in soils are the pH and redox conditions (Fignre 
4). U nde r most nanll'al redox conditions, selenite (Se4+) 
and selenate (Se6~) are the predorninant inorganic 
phases with selenite the more stable form. Selenite is 
adsorbed by ligand exchange onto soil particle surfaces 
with greater affinity than selenate. This process is pH 
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-­ SLE IX . Some Examples of Seleniferous Soils and 
glcal Parent Materials 

Parent material 

Cretaceous shale. Jurassic shales and 
sandstones. Triassic sandstones 

Cretaceous shales 
Black slates 
Volcanic soils 
Carboniferous shales and limestones 
Carboniferous and Ordovician shales and slates 
Cretaceous limestone 
Cretaceous shales and sandstones 
Cretaceous shales and limestones 
Jurassic sandstones 
Permian coal and shales 

::-: fled fr-om Fleming ( 1980). 

Plant Se > 50 mg kg , 

o White Muscle O'isease Incidence 

Selenife rous Lithologies from 
Soil Parent Materia ls 

dependent and adsorptio n in creases with decreasing 
pH . In acid and ncu tral so il s, selenite fo rms very insol­
ubl e iron oxide and oxyhydroxide complexes such as 
Fe2(OH)~ SeO ). The low solubility coupl ed with 
stronger adsorption ma kes selenite less bioavail<lble 
than selenate. In contrast, selenate, the lllost common 
oxidation st~lte in neutral and al ka line so ils, is generally 
soluble, mobile, and readily availa ble for plant uptake. 
For example, experiments havc shown that acl d5tion of 
selenate to soils results in ten times m o re plant uptake 
than addition o f the same amount of selenium as selen­
ite (Jacobs, 1989; Neal , 1995). 

E lemental selenium (Sen), selenides (Se2-) , and sele­
nium sulfide salts tend to exist in reducing, acid and 
organic-rich environments only. T he low solubility and 
oxicLltion potential o f these element species make them 
largely unavaiJable to plants and animals. H owever, the 
oxidation and reducti on of selenium is closely linked to 

microbial activity, for example, the bacterium Bacilllls 
m egfltel'illlll is known to oxidize elemental selenium to 

FI G URE 3 The geographic distribution of selenium-rich soils (shading), localities where plant selenium concentrations are known 
:":1 exceed 50 mg kg- I, and reported incidences of the selenium-deficiency-related disorder WMD in animals in the United States. 
~dapted with permission from Muth and Allaway, 1963.) 
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F'IGURE 4 Schematic diagram showing the main controls on the chemical speciation and bioavailability of selenium in soils. 

selenite. It is estimated that perhaps 5 o'X, of the sele­
nium in some soils may be held in organic compounds, 
however, few have been isolated ,lnd identified. To date, 
selenomethionine has been extracted from soils and is 
two to four times more bioavailable to plants than inor­
ganic selenite whereas selenocysteine is less bioavailable 
than selenomethionine (Jacobs, 1989; Mayland, 1994; 
Neal, 1995). 

The bioavailability of the different selenium species 
in soils is summarized in Figure 5. L1 summ,lI-Y, selena te 
is more mobile, soluble, and less well adsorbed than 
selenite, thus, selenium is much more bioavailable 
under oxidizing alkaline conditions and much less 
bioavailable in reducing acid conditions (Figure 4) 
(Fleming, 1980; Jacobs, 1989; Neal, 1995) (see also 
Chapter 14, this volume). 

In addition to the speciation of selenium in soils, 
other soil properties affect mobility. The bioavailability 
of selenium in soil generally correlates negatively with 
clay content due to increased adso rption on fine parti­
cles; indeed, the selenium uptake in plants grown on 

clay-loamy soils can be half that of plants grown on 
sandy soils. Iron also exerts a major control on selenium 
mobility as both elements are affiliated under oxidizing 
and reducing conditions and adsorption of selenium by 
iron oxides exceeds that of clay minerals. A~ mentioned 
above, the capacity of clays and iron oxides to adsorb 
selenium is strongly influenced by pH, reaching a 
maximum between pH 3-5 and decreasing with increas­
ing pH (Jacobs, 1989; Neal, 19<)5). Soil organic matter 
also has a large capacity to remove selenium from soil 
solution possibly as a result of fixation by organometal­
lic complexes. For example, plant uptake of selenate 
added to organic-rich soils can be ten times less than 
from mineral soils (Jacobs, 1989; N eal, 1995). 

The presence of ions such as SO./- and PO-+'- can 
influence selenium uptake in plants by competing for 
fixation sites in the soil and phllltS. 50/- inhibit, the 
uptake of selenium by plants and has ,1 greater effect on 
selenate than selenite. The addition of PO/- to soils has 
been shown to increase selenium uptake by plants as the 
PO/ - ion is readily adsorbed in soils and displaces 
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selenocyslelne t~selenate (Se6. ) selenomethionine 

selenium (SeO) 1-----+ 

Sources: Jacobs (1989); Neal (1995 ) 

FIGURE 5 Decreasing order of bioavailability of the different forms of selenium found in soils. 

-elenite fr0111 fixation sites making it more bioavailable. 
Conversely, increasing the levels of POl- in soils can 

·lute the seleniull1 content of vegetation by inducing 
ncreased plant growth (Jacobs, 1989; ;VIayland, 1994; 
-d, 19(5). 
Therefore, ill any study of the selenium status of soil, 

"c)l1sideration of the likely bioavailability is important. 
e\·eral different chemical techniques are available to 

,sess bioavailabilit:y but one of the most widely 
;Iccepted indicators is the water-soluble selenium 
~vntent (Jacobs, 1989; Tan, 1989; Fordyce et aI. , 
_OOOb). In mOSt soils, only a smaiJ proportion of the 
~u t al selenium is dissolved in solution (0.3-7 %) and 
.' elter-soluble selenium contents are generally <0.1 mg 
"g--I (Table III) (Jacobs, 1989). 

The importance of soil selenium bioavailability and 
t:alth outcomes is exemplified by seleniferous soils in 

'.he United States. Toxicity problems in plants and live­
..:.(()ck have been reported in soils developed over the 
C retaceous shales of the northern mid-vVest which 
. __ ;ltain l-lOmgkg- ' total selenium because up to 60% 
If the element is in water-soluble readily bioavailahle 

f m Il in the semi-arid alkaline environment. In contrast, 
ils in Hawaii with up to 20 mg kg-I total selenium do 

rot cause problems in vegetation and livestock, because 
· ...e element is held in iron and aluminium complexes in 
. he humjd lateritic soils of that region (Oldfield, 1999). 

D. Selenium in Plants 

dlough there is little evidence that selenium is essen­
. :11 for vegetation growth, it is incorporated into the 

.l nt structure. SeleniulD concentratio.ns in plants gen­
-ally reflect tbe levels of selenium in the environment 

-Jeh that the same plant species grown over high and 
ow selenium-available soils will contain concentrations 

refl ecting the soil composition. However, an important 
1cto r that may determine whether or not selenium-

related health problems manifest in animals and humans 
is the very wide-ranging ability of different plant specjes 
to accumulate selenium (VVHO, 1987; Jacobs, 1989; 
Neal, 1995). 

Rosenfield and Beath (1964) were the first to classify 
plants into three groups on the basis of selenium uptake 
when grown on seleniferous soils. Some examples of 
this scheme are outlined in Table X. Selenium accumu­
lator plants grow \vell on high-selenium soils and can 
absorb> 1 000 mg kg- I of the element, whereas second­
ary selenium absorbers rarely concentrate more than 
50-100mgkg- '. The third group, which includes grains 
and grasses, usually accumulates less than 50 mg kg- I of 
selenium. Selenium concentration in plants can range 
from 0.005mgkg- ' in deficient crops to 5500mgkg-1 in 
selenium accumulators, but most plants contain <lOmg 
kg- I selenium. Some species of the plant genera Astra­
galus, Haplopappus, and Stanleya are characteristic of 
seleniferous semi-arid environments in the western 
United States and other parts of the world and are often 
used as indicators of high-selenium environments. It 
should be noted, however, that other species in these 
genera are non-accumulators (\VHO, 1987; J acobs, 
1989; Neal, 1995). 

The reason why some plants are better at accumulat­
i.ng selenium than otl1ers depends upon selenium 
metabolism. Plants contain maIlY different selenium 
compounds and the main form in non-accumulator 
species is protein-bound selenomethioni.ne; however, 
selenocysteine and selenoniul11 have also been reported 
Gacobs, 1989; N eal, 1995). In contrast, the selenium 
meta bolism in accumulator plants is primarily based 
on water-soluble, non-protein forms such ,1S Se­
methylselenomethionine. The exclusion of selenium 
from the proteins of accumulator plants is thought to 
be the basis of selenium tolerance Gacobs, 1989; Neal, 
19(5). Plants also reduce selenate to elemental Sen and 
selenicle Se~- fOfmjng the volatile organic compounds 
dimethylselenide and dimethyldiselenide, which are 
released to the air during respiration giving rise to a 

http:selenomethioni.ne
http:concentratio.ns
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TABLE x . Examples of the Three Types of Selenium 
Accumulating Vegetation 

Type Examples (genus, family, or species) 

Primary G. Astragalus (e.g., milk vetch) 
accumulator G. Machaeranthera (woody aster, U. S.) 

G. Haplopappus (North and South 

American goldenweed) 
G. Stanleya (Prince's Plume) 
G. Morillda (rubiaceous trees and shrubs, 
Asia/Australia) 
F. Lecythidaceae (South American trees) 
Sp. Neptunia (Legume Asia/Australia) 

Secondary G. Aster 
accumulator G. Astragalus 

G. Atriplex (Saltbush) 
G. Castilleja (North and South American 

perennials) 
G. Grindelia (gummy herbs of western 

North and Central America) 
G. Gutierrezia (perennial herbs of western 

North and South America) 
G. Machaeranthera 
G. Mentzelia (bristly herbs of western 

America) 
Sp. Brassica (mustard, cabbage, broccoli, 

cauliflower) 
Non-accumulator Sp. Pascopyrum (wheat grass) 

Sp. Poasecunda (blue grass) 
Sp. Xy/orhiza (Woody Aster) 
Sp. Trifolium (clover) 
Sp. Buchloe (buffalo grass) 
Sp. Boute/oua (North and South American 

tuft grass) 
Sp. Beta (sugar beet) 
Sp. Horedeum (barley) 
Sp. Triticum (wheat) 

Sp. Avella (oats) 

From Rosenfield and Beach (1964); Jacobs (1989); and Neal (1995). 

"garlic" odor characteristic of selenium-accumulating 
plants (Mayland, 1994). 

Despite these coping mechanisms, pbnts can suffer 
selenium toxicity via the following processes Gacobs, 
1981); Fergusson, 1990; iVIayland, 1994; vVu, 1994): 

• 	 Selenium competes with essenti<ll metabolites for 
sites in the plant biochemical structure. 

• 	 Selenium may replace essential ions, mainly the 
IJ18jor cations (for example, iron, manganese, 
copper, and z;inc). 

• 	 Selenate can occupy the sites for essential groups 
such as phosphate and nitrate. 

• 	 Selenium can be incorporated into analogues of 
essential sulfur compounds in plant tissues. 

No phytotoxicity symptoms h,lVe been reported in 
nature in the United States, hut experimental evidence 
has shown a negative correlation between increased 
selenium contents in soil and growth (plant dty weight, 
root length, and shoot height all decrease). For example, 
alfalfa yields have been shown to decline when 
extractable selenium exceeds 500 mg kg- I in soil. Other 
symptoms include yellowing, black Spots, and chlorosis 
of plant leaves and pink root tissue Qacobs, 1989; vVu, 
1994). However, phytotoxicity has been reported in 
nature in China, where high concentrations in soil 
caused pink discoloration of maize corn-head embryos; 
the pink color was attributed to the presence of ele­
mental seleniulll. Levels of >2 mg kg- I and > 1.25 mg 
kg-I seleniulll were detrimental to the growth amI yield 
of wheat and pea crops, respectively (Yang et al., 1983). 
In addition to disturbances to the planr metabolism, a 
recent study has shown that at low concentrations, 
selenium acts as an antioxidant in plants inhibiting 
lipid peroxidation but at high concentrations (additions 
of > 1 0 mg kg-I), it acts as a pro-oxidant encouraging 
the accumulation of lipid peroxidatiol1 products, which 
results in marked yield losses (Hartikainen et al., 
2000). 

Food crops tend to have rebtively low tolerance to 
selenium toxicity, and most crops have the potential 
to accumulate the element in quantities that are toxic to 
animals and humans. L1 general, root crops contain 
higher selenium concentrations than other plants (Table 
XI) and pLlI1t leaves often contain higher concentf(ltions 
than the tuber. For example, Yang ct al. (1983) noted 
thilt selenium concemriltions in veget<lbles (0.3-81.4mg 
kg- I) were higher than in cereal crops (0.3-28 .5 mg 
kg- I in rice and maize) i.n seleniferolls regions of China. 
Turnip greens were particularly high in selenium, with 

Ian average of 457 and rangeel up to 24,891 mgkg­
compared to an average of 12 mg kg- I in the tuber. In 
moderate to low selenium environments, alt~llfa (Sp. 
i\!ledicago) has been shown to take up more selenium 
than other forage crops, which may be clue to deeper 
rooting accessing more alkaline conditions, hence more 
bio3vailable selenium at depth. However, in general, 
crop species grown in very low-selenium soils show 
little difference in take up and changing the type of 
plants makes little impact on the selenium content of 
crops Gacons, 1 <)89). An exception is reported in New 
Zealand (Section V of this chapter). 
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TABLE XI . Relative Uptake of Selenium in 
Agricultural Crops 

Selenium accumulation Plant species 

3etter accumulators 

JDorer Accumulators 

~ ..erage selenium 
mgkg- I dry weight u. S. crop type 

:407 
297 

. 110 
066 

) .054 
:.015 

Cruciferae (broccoli. radish, cress, 

cabbage. turnip, rape, and mustard) 

Liliaceae (onion) 

Leguminosae (red and white clover. 

peas) 
Helianthus (sunflower) 

Beta (Swiss chard) 

Compositae (lettuce, daisy. artichoke) 

Gramineae (cocksfoot. ryegrass. 

wheat. oats. barely) 

Umbelliferae (parsnip. carrot) 

Roots and bulbs 

Grains 

Leafy vegetables 

Seed vegetables 

Vegetable fruits 
Tree fruits 

Jacobs (1989). 

. Selenium in "Vater 

It is eStim,lted that thc annual global flux of selenium 
.rum land to the oceans is 14,000 tonnes yr- I via sw-face 

1d groundwaters, which represent a major pathway of 
,ekniulll loss from land in the selenium cycle (Nriagu, 
1()89). Approximately 85% of the selenium in rnost 
";yers is thought to be in particulate rather than aqueous 
' mn, however, the cycling of seleniwll from the land to 

·he aqueous environment is poorly understood and 
-equires h.irther investigation (Haygarth, 1994). 

The average concentration of selenium in seawater is 
o mated at (l.()9I1g L- 1 (Cutter & 13ruland, 1 (84), but 

dle mean residence time for selenium is thought to be 
-n years in the mixed Llyer and 1100 years in the deep 
('ean, hence, the oceans constitute an important envi­
!1l1lClltai sink for selenium (Haygarth, 1994). Biogenic 

ola tilization from seawater to the atmosphere is esti­
matcd 	 at 5000-8000 tonnes annually (Nriagu, 1(89) 
n LI Al11ouroux et al. (2001) have demonstrated that the 
Im ransforInation of dissolved selenium in seawater 

during spring blooms of phytoplankton is a major 
pathway for the production of gaseous selenium emis­
sion into the atmosphere. This makes the oceans an 
important component of the selenium cycle. 

Although the oceans via seati:)Q(1 do play a role in 
human selenium exposure, 'water used for drinking is 
more important. Seleniulll forms a very minor compo­
nent of most natural waters and rarely exceeds 10 I1g 
L-1. ~vpic::tlJy ranges are <O.l-100I1gL-1 with most 
concentrations below 3I1gL- I. A garlic odor has been 
noted in waters containing 10-2 511g L -I , whereas waters 
cont,lining 100- 200 I1g L - I selenjum have an acerhic 
taste (VVI-IO, 1987 ; Jacobs, 1 (89). In general, grouncl­
,vaters contain higher selenium concentrations than 
surface waters due to greater contact times for rock­
water interactions (Hem, 1992). Grol1ndwaters con­
taining 100011gL-1 selenium have been noted in 
seleniferous aquifers of Montana in the United States 
and up to 27 5 I1g L-I in China (lacobs, 1989; Fordyce et 
aI., 2000b) (Table III). Although rare in nature, con­
centrations of up to 2000 I1g L ,I selenium have also been 
reported in saline lake waters in the United States, 
Venezuela , and Pakistan (Afzal et aI., 2000). AJ1thro­
pogenic sources of selenium can impact surface water 
quality as a resul t of atmospheric cleposition from fossil 
fuel combustion, industrial processes, and sewage dis­
posal. For example, concentrations of 400 I1g L 1 in 
surface waters have been reported around the nickel­
copper smelter at the Sudbury ore deposit in Ontario, 
Canada (Nri,lgu, J989) and sew'age effluents are k110wn 
to contain 4S-S0I1gL-1 selenium (lacobs, 1989). Irriga­
tion practices can also affect the ,1J110unt of selenium in 
water such as at Kesterson Reselvoir in the San Joaquin 
Valley, California (lacobs, 1989). (See Section VI of this 
chapter). 

F. Atmospheric Sel.eilium 

The volatilization of selenium from volcanoes, soil, sed­
iments, the oceans, microorganisms, plants, animals, 
and industrial activity all contribute to the selenium 
content of the atmosphere. It is estimated that natural 
background levels of selenium in non-volcanic ,lreas are 
very low, arouncl 0.01-1 ng m-'; however, the residency 
time of selenium can be a matter of weeks, which makes 
the atmosphere a rapid transport route for selenium in 
the environment. Volatilization of selenium from the 
surElce of the planet to the atmosphere results from 
microbial methylation of selenium from soil , plant, and 
water surfaces ami is affected by the availability of sele­
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nium, carbon SOLlrce, oxygen availability, and tempera­
ture (Haygarth, 1(94). 

The majority of gaseous selenium is thought to be in 
dimethylselenide form and it is estimated that terrestrial 
biogenic sources contribute 1200 tonnes of selenium 
per year to the atmosphere. Atmospheric dusts derived 
from volcanoes and wind erosion of the Earth's surface 
(l80 tonnes per yea r) and sLlspended sea salts (550 
tonnes per year) from the oceans also ('onstitute signif­
icant sources of atmospheric selenium C'\riagu, 19H9). 
It is suggested that particle-hound selenium can be 
transported several thousand kilometers hefore deposi­
tion hack to the Earth's surf,lce in both wet and elrv 
forms. \iVet deposition is though t to contribute 5(i 1() 
tonnes per ye3r to land (Haygarth , 1(94). For exampl e, 
in the CK it has been demonstrated that wet deposition 
(rain, snow, etc.) accounts for 70-93 "In of total deposi ­
tion with >7()'){) of selenium in soluble fo rm . In the 
proximity of se lenium sources (such as industrial emis­
SiCIIlS), atmospheric deposition can account for 33-82% 
of uptake in the leaves of plants (Hayga rth, 1994). 

G. Selenium Is All Around Us 

From the descriptions above, it is clear that sel enium is 
present in varying quantities in the environment all 
around us as a result of natural and man-made 
processes. Anill1~lls and humans are exposed to environ­
mental selenium via dermal contact, the inhalation of 
air, and via ingestion of water and of plants and animals 
in the diet produced on soils conta ining selenium. 

III. SELEN IUM IN AN I MALS AND Hu MANS 

A. Selenium Exposure 

In must non-occupational circumst:lI1ces atmospheric 
exposure is insignificant ,1S concentrations of selenium 

1are so low « 1°ng m- ) . However, occupational inhala­
tion exposure may occur in the metal, selenium­
recovery, and paint industries. In these circumstances, 
acute (short-term) exposure of humans to hydrogen 
selenide, the most toxic selenium compound, which 
exists as a gas at room temperature, resu lts in irritation 
of the mu cous membranes, pu Imonary edema, severe 
hronchitis, :lI1d bronchial ammonia whereas inhalation 
of selenium dust can cause irritation of the membra nes 

TABLE XII . U.S.-EPA Inhalation Exposure Criterion 
for Selenium-Bearing Compounds 

Regulation Compound Value 

Lethal concentration Hydrogen selenide 12,700~gm-J 
JPermissible exposure limit Se-hexafluoride 400!1g m-
JPermissible exposure limit Se-compounds 200!1g m-

From U.S,·EPA (2002a), 

in the nose and throat, bronchial spasms, and chemical 
pneumonia. SelerriuJ11 dioxide gas is the main source of 
problems in industrial situations as se lenious acid is 
formed on contact with water or sweat causing in'ita­
tion. Indigestion and nausea, cardiovascular effects, 
headaches, dizziness, mal aise, and irritation of the eyes 
have also been reported in occupational se lenium expo­
sure (VVHO, 1987, 1996) (see also Chapter 23 this 
volume). 

As a result of these effects, hydrogen selenide gas is 
classed as a highly toxic substance and the common 
selenium-bearing compounds sodium selenite and 
sodiwll selenate are considered "high concern" pollu­
tants (U.S. -EPA, 2002a). Some regulatory values for 
selenium compounds in air are presented in Table Ar:Il. 
Little information on the long-term (chronic) effects of 
selenium inhalation is available. In se leniferous areas of 
China, there is some evidence to suggest that the 
selenium-loading of the population is enhanced by 
inhalation of coal smoke from open fires used for 
cooking as concentrations have been known to rise to 

160,000 ng m-J in air daring combustion (Yang et aI., 
1983). However, it is difficult to assess the amount of 
exposure via this route compared to other SCllLfces 
(Fordyce et aI., 1998). Smoking is an inadvertent inhala­
tion exposure route to selenium as tobacco commonly 
contains 0.03-0.13 mg kg-I (\;V1-1.0, 1987). Assuming a 
cigarette contains 1 g of tobacco and that all the sele­
nium is inhaled, a person smoking 20 cigarettes could 
intake 1.61lg Se day-I. The inhalation of locally grown 
selenium-rich tobacco in seleniferous regions of China 
may contribute to the loading of the local popula tion 
(selenium concentration is 9.05 mg kg- I, Fordyce et aL, 
1<)98). In general , however, inhalation is a less impor­
tant exposure route than ingestion. For example, studies 
carried out on dogs found that only 52 and 73% of se le­
nium in the form of metal and selenious acid aerosols 

http:0.03-0.13
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ere adsorbed in the lungs compared to 73 and 96% 
Lsorption in the gut (Levander, 1986; ''''HO, 1(87). 
Yery few studies have examined the eHects of dermal 

_xposure to selenium although sodiwl1 selenite and sele­
ni ulll o:,),chloride solutions have beell proved to absorb 
nra the skin of experimental animals. The insoluble 
_Olllpound selenium sulfide is used in anti-dandruff 
hampoos ~llld is not normally absorbed through the 

,kin, but elevated selenium concentrations in urine h,lve 
"txen noted in people with open skin lesions who use 
'hese products. In an occupational setting, selenium 

ioxiJe gas can result in burns and dermatitis and an 
lI ergic body rash . In most normal circumstances, 

, Ilwever, dermal contact is not an import,lnt exposure 
ro ute (Levander, 1986; Wl-10, 1987, 1996) (see also 
Chapter 23, this volume). 

In the majority of cases, water selenium concentra­
Lio ns are extremely low (<lO~gL- I ) and do not cOlJsti­
rute a major exposure pathway; however, aquatic 
'fe-forms are sensitive to selenium intoxication as 

luhle forms of selenate and selenite are highly 
ioavailable and cause reduced reproduction and 

;;rowth in fish (Jacobs, 1989). For this reason, the U .S.­
EPA has set a chronic ecotoxicity threshold of 5~gL- I 

lO surface water (Canton, 1999). Selenium is a bioacclI­
mulator, which means that plants and animals retain the 
element in greater concentrations than are present in 
-be environment CElble XIll) and the element can be 
liuconcentrated by 200-6000 times. For example, COll­
_entrations in most waters are approxima tely 1 ~gL-1 

hereas freshwater invertebrates generally contain up 
~o -+ mg kg- I of selenium (lacobs, 1(89). Phytoplanktons 
re efficient accunllllators of dissolved selenomethio­

nine and incorporate inorganic selenium into amino 
lids and proteins (estimated bioconcentratjon t~lCtors 

'Olnge fro III 100 to 26(0) (lacobs, 1(89). However, the 
-t' ported lethal doses of seleniulll in water for inverte­

rilteS (0.34-42 mg L - I) and fish (0.62-28.5 mg L -I) indi­
~3 te that in most circumstances water alone is not a 
'llil jor environmental problem. It should be noted, 
lowever, that inorganic and organic selenium enter the 

. (l ei chain almost entirely via plants and algae and bio­

. .. Il centnltion from high-selenium waters could cause 

roblems, because selenium passes lip the food chain 


. III algae and larval fish to large fish, birds, and 

Ulllans 0~'HO, 1987; Jacobs, 1989). A MAC of 10­

11 l1lg kg-I selenium in the diets of fish has been pro­

nosed in the United States to prevent toxicity and the 


take of too much selenium into the food chain 
Jacobs, 1(89). At concentrations >50~gL- 1 in water, 
-eleniuIll intake can contribute significantly to overall 
Ji etary intake in animals and humans and the U.S.-EPA 

TABLE XIII . Average Concentrations of Selenium in 
Selected Animals 

Animal Selenium mgkg-' 

Fish, U. S. 0.5 wet weight 
Terrestrial arthropods I fresh weight 
Earthworms 2.2 (normal soil)-22 (sewage sludge 

amended soil) fresh weight 
Bird livers 4-10 dry weight 
Bird eggs 0.4-D.8 wet weight 
Bird kidneys 1-3 dry weight 
Mammal livers <2 dry weight 

From Jacobs (1989). 

(2002b) currently recommends this as tl1e .MAC for 
selenium in drinking water. The World Health Orga­
nization currently sets a more precautionary MAC of 
1 0 ~gL-I selenium for drinking water 0 "'HO, 1996). 

However, tile most important exposure route to 
selenium for animals and hum:lIls is the food we eat, as 
concentrations are orders of magniUlde greater than in 
water and air in most circumstances (VVHO, 1996). In 
terms of the human diet, organ meats such as liver and 
kidney are good sources of selenium and some seafoods 
contain almost as much. Muscle meats are also a sig­
nificant source and garlic and mushrooms contain more 
than most other vegetables. Cereals are another impor­
tant source, however, white bread and flour contain 
less selenium than whole meal by about 10-30% (Tlble 
XIV). Brazil nuts sold in the UK are high ill selenium, 
indeed, cases of selenium poisoning in Amazon peoples 
following consumption of nuts of the Lecytllidaceae 
family have been reported in Brazil. These incidents 
resulted in nausea, vomiting, chills, diarrhe<l , hair and 
nail loss, painful joints, and deatl1 in some cases (~ee 
Section I1l.F of this chapter). Cooking reduces the sele­
nimn contents of most foods, and studies have shown 
that vegetables tbat are normally high in selenium such 
as asparagus and mushrooms lose 40% during boiling. 
Other studies estimate 50% of tbe selenium content is 
lost from vegetables and dairy products during cooking 
especially if salt and low pH foods such as villegar are 
added, whereas frying foods results in much smaller 
losses (Levander, 1986; "''HO, 1987, 1996; Rayman, 
2002) (see also Chapter 7, this volume). 

Levels of dietary selenium intake show huge 
geographic vari,1tion and are dependent UpOJl the 
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geochemical conditions of the food source environ­
ments as well as differences in dietary composition. For 
example in 1995, cereals accounted for 75% of the total 
1491lg day I selenium intake in Canada but only 10% 
of the 30llg day-' intake in Finland ("VHO, 1996). In 
general terms, cereals grown in North America contain 
more selenium than European crops and concern is 
growing in Europe over declining selenium intakes. 
The UK traditionally imported large quantities of 
wheat from North America but since the advent of the 
EU, most cereals are now more locally derived and as a 
consequence, daily intakes of selenium in the UK have 
been falling. Marked declines are evident even over a 4­
year period from intakes of 431lg day-' in 1991 to 29­
391lg day I in 1995 (Figure 6) (Rayman, 2(02). This 
downward trend is also attributed to a reduction in 
cereal consumption in the UK, which fell from 1080g 
person I week- ' in 1970 to 756 g person-Iweek- ' in 1995 
(MAFF, 1997). The selenium content of Irish bread is 
also significantly lower than in the United States and 
only marginally higher than the UK (Table :AlV) 
(Murphy & Cashman, 20(1). Other cereal crops such 
as rice generally contain low selenium contents (Table 
XIV) and can have a significant influence on overall 
dietary intake when consumed as the staple food as in 
most of Asia. Conversely Japanese diets can be very high 
in selenium (up to 500llg day') in areas where a large 
amount of seafood is consumed (VVHO, 1987). 

Some examples of daily dietary selenium intakes from 
around the world are listed in Table XV On a global 
scale it is estimated that dietary intakes in adults range 
from 3 to 7000llg day-' and for infants in the first 
month of life from 5 to 5 51lg day-I. The wide ranges 
are attributed to selenium contents in the environment 
(WHO, 1996). The greatest variations in dietary intake 
are reported from selenium-deficient and seleniferous 
regions of China (Tan, 1989), but contrasts also occur 
in South America between high daily intakes (100­
1200llg) associated with foodstuffs grown on selenium­
rich shales in the Andes and Orinoco River ofVenezuela 
and widespread selenium deficiency in Argentina 
(WI-IO, 1987; Oldfield, 1999). Dietary intakes in coun­
tries such as New Zealand, Finland, and Turkey are also 
poor as a consequence of low-selenium soils, whereas 
intakes in Greece, Canada, and the United States are 
generally adequate ('NHO, 1987). On the basis of sele­
nium requirement studies, a range of 50-200llg day-' 
has been recommended by the U.S. National Research 
Council (NRC) for adults depending on various factors 
such as physiological status. Balance studies to more 
precisely determine the ratio of selenium inputs and 
outputs in human beings were attempted, however, 

T ABLE X IV. Concentrations of Selenium in Selected 
Foodstuffs From Around the World 

Food type Source Selenium mgkg- I 

Whole meal flour Ireland 0.077-0.099 
White flour Ireland 0.060-0.069 
Wheat flour Russia 0.044-0.557 
Whole meal bread Ireland 0.086-0.129 
White bread Ireland 0.066 
Wheat World 0.1-1.9 
Wheat Greece 0.019-0.528 
Wheat Colombia 180 
Wheat China Deficient 0.001-0.105 
Barley U. S. 0.2- 1.8 
Oats U. S. 0.15-1 
Corn China Deficient 0.005-0.089 
Corn China Seleniferous 0.5-28.5 
Corn Venezuela 14 
Maize China Deficient 0.001-0.105 
Maize China Seleniferous 0.017-9.175 
Maize China Adequate 0.021-2.324 
Maize U. S. 0.136 
Rice Venezuela 18 
Rice China Deficient 0.007-0.022 
Rice China Seleniferous 0.3-20.2 
Rice Sri Lanka 0.0001-0.777 
Cereals World 0.1-0.8 wet weight 
Cereals Finland/New 0.01-0.07 

Zealand 
Liver, kidney, World 0.4-1.5 wet weight 

seafood 
Liver, kidney, Finland/New 0.09-0.92 wet weight 

seafood Zealand 
Muscle meat World O. 1-0.4 wet weight 
Muscle meat Finland/New 0.01-0.06 wet weight 

Zealand 
Dairy products World 0.1-0.3 wet weight 
Dairy products Finland/New 0.0 I wet weight 

Zealand 
Cow's milk Turkey I 1.28-36.05 mg L- ' 
Human milk World 0.013-0.0 18mg L I 

Human milk New Zealand 0.005 mgL- ' 
Dried milk Russia 0.038-0.1 IS 
Egg whites Chile 0.55-1.10 
Fruit and vegetables World O. I wet weight 
Fruit and vegetables Finland/New 0.01-0.07 wet weight 

Zealand 
Vegetables China Seleniferous 2.0-475 
Brazil nuts UK 22.3-53 
Soya beans China Deficient 0.0 I 0 
Soya beans China Seleniferous 0.34--22.2 

From Yang et al. (1983); Levander (1986); WHO (1987. 1996); Jacobs 
(1989); Tan (1989); Fordyce et al. (1998); Oldfield (1999); Fordyce et al. 
(2000a); Murphy and Cashman (200 I). 

http:0.01-0.07
http:0.55-1.10
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http:0.09-0.92
http:0.01-0.07
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F'I G U R E 6 Bar chart showing the decline in the average daily 

: etary intake of selenium in UK adults 1974-1995, 

-h e~e were not successful as humans have the ahility to 
oaify fecal and urinary excretion of selenium depend­

_ell! on levels of intake (v\lBO, 1996). Current reCOI11­
'U~ Ilded daily aJlowances (RDAs) of dietary selenium 
-lngc fl'om 5 5 ~g in women to 7 5 ~g d,lY-] in men and 

,-- 10~g day- ] in infants (Table Aryl (Wl-IO, 1996; 
l \FF, 1997). 
Just as bioavailability is ,111 important factor in terms 
-plant uptake of selenium, it is also an important factor 

'1 U1C diets of animals and humans. Dietary studies have 
hown that selenomethionine is more readily absorbed 
'1 ule guts of animals and humans tllan selenate, 

-:.>Ienjte, or selenocysteine. More llian 90% of ingested 
~I enomethionine and selenate is absorbed, whereas',e r,lte for sodium selenite is slightly loV\'e r (>80%). 
-d cnides and elemental selenium are poorly absorbed . 
• -cry few stuebes have examined the chemical form 

r' selellium in foodstuffs , hut evidence suggests that 
- ,6-44% of selenium in tuna is in dle form of selemne 

lth the remainder present as selellite and selenide. In 
_ ,ntrast, 50% of the selenium ill wheat and 15% in 
_.1hhage is in the form of sel.enomethionine. These c1if­
'-, rences in the chemicaJ forms of selenium are reAected 
n the rate of absorption and bioavailahility of me 

-:- t: lllent in foodstuffs. For example, it is estimated that 
Iv er 90% of the selenium in Brazil nuts and beef kid­
e: ~ is bioavailable, compared to only 20-60% in tuna. 
lowever, other seafood, such as shrimp, crab, and 

3.1ltic herring, have higher bioava ilability. As an indica­
n of the diet in general, srudies carried out in N ew 

Zea land have shown that 79% of selenium present in 
:lrural foods is bioavailable. In addition to foodsruffs, 
inerai supplements are a source of dietary selenium to 

humans and ,mimals. Chemical supplement tests show 
97% adsorption of selenomethionine, 94% of selenate, 
and 60% of sodium selenite in this dietary form (Levan­
der, 1986; \ iVBO, 1987, 1996; Rayman, 2002). 

In animals, 85-100% of dietary plant selenium is 
absorbed whereas only 20-50% of the selenium present 
in meat and fi sh is taken up by birds and mammals. 
In general terms, selenium in plant forms is more 
readily bioavailable than selenium in anilIlal forms 
(Levander, 1986; v\lBO, 1987, 1996) (sec also Chapter 
20, this volume). 

The bioavailability of selenium to humans and 
animals is not only dependent on the amount of absorp­
tion but also on the conversion of the ingested seleniulll 
to metabolically active forms. In humans, studies hased 
on the activity of the selenium-dependent enzyme 
GSH-Px have shown that the bioavailability of sele­
niulll in wheat is >80% whereas the bioavailability of 
selenium in mushrooms is very low. In a comparison 
between wheat and mineral selenate supplements, while 
the latter were shown to enhance GSH-Px activity, 
patients fed wheat demonstrated greater increases and 
hetter long-term retention of selenium (\VHO, 1 (87). 

Much has still to be learned about the uptake of sele­
nium in humans and animals, however, it is clear that in 
most normal circllmstances food forms the major expo­
sure route as selenium accumulates from the environ­
ment via plants and algae through the food chain to 
animals and man. Selenium in the form of selenome­
thionine and selenate is highly bioavailable to animals 
and humans and foodstuffs that contain high propor­
tions of these forms, such as organ and llluscle meats, 
Brazil nuts, and wheat, are good sources of the element 
in the diet (WHO, 1987; Rayman, 2002). 

B. Selenium in the Body of Animals and Humans 

Once ingested into me body, most seleniuIll is absorbed 
in the small intestine of animals and humans, but the 
rates and mechanisms of selenium metabo)jsm vary 
hetween different animal species. In general , si ngle­
stomached 3nimaJs absorh more selenium than rmni­
nants due to the reduction of selenite to insoluble forms 
by rumen microorganisms. Experiments 011 rats indi­
cate very little difference in the process of absorption 
of different selenium forms; 92 % of selenite, 91 % of 
selenomethionine, and 8 1 % of selenocysteine were 
absorbed primarily ill the small intestine and none in 
the stomach. Approximately 95% of the total selenium 
intake was absorbed regardless of whether m e rats were 



390 SELE:-;IUM DEFICIE~ C Y AND TOXICITY 

TABLE XV. Some Daily Dietary Intakes of Selenium From Around the World (~lg day- I) 

Country Year Vegetables and fruit Cereals Dairy Meat and fish Men Women Total 

New Zealand (general) 1981-1982 1-2 3-4 II 12-16 28-32 
New Zealand infants 1987 0.5-2.1 
Finland 1975-1979 I 3-25 7-13 19 30--60 
UK 1978 3 30 5 U 60 
UK 1991 43 
UK 1995 29-39 
Japan (general) 1975 6 24 2 56 88 
Japan high seafood 1987 500 
Canada 1975 1-9 62-133 5-28 25-90 98-224 
Canada 1987 149 
U.S. (general) 1974-1976 5 45 13 69 132 
U.S. (general) 2002 71-152 
U.S. South Dakota 1976 10 57 48 101 216 
U.S. Maryland 1987 81 
China (general) 1987 2-212 
China seleniferous 1983 240--6690 
China Se-adequate 1983 19.1 13.3 42-232 
China Se-deficient 1983 7.7 6.6 3-22 
India, Mumbai 2001 61.9 
Turkey 2001 20--53 
Venezuela 1999 58 100--1200 
Swedish Pensioners 1987 8.7-96.3 
Greece 1999 110 

Country RDA range RDAW RDA M RDA I 

U.S. 50--200 55 70 8.7 
UK 60--200 60 75 10 
China 40-600 

Note: RDA = Recommended Daily Allowance: W =Women: M = Men: I = Infants. 

From Yang et al. (1983): WHO (1987, 1996); Tan (1989); MAFF (1997); Oldfield (1999): Aras et al. (200 I): Mahapatra et al. (200 I): U.S.-EPA (2002a). 


fed a low- or high-selenium diet indicating that sele­
nium intake is not under homeostatic control. This 
is true in general for intake in anjmals and hmTI<llls . 
However, other studies have shown that oral doses of 
selenomethionine are retained more readily and turned 
over more slowly than selenite in humans , therefore 
unlike rats there is a difference in the metabolism of dif­
ferent forms of selenium. In fact, selenomethionine, the 
main form of uptake from plants to animals, becomes 
associated with protein tissues in the body whereas 
inorganic selenium is absorbed into other tissues 
(Levander, 1986; WHO, 1987, 19(6). 

Most of the ingested selenium is quickly excreted in 
the urine, breath, perspiration, and bile and the remain­

del' becomes bound or incorporated into blood and pro­
teins. Urine is the primary route of excretion (70-80%) 
in single-stomached aflirnals, however, in mminants 
selenium is mostly excreted in the feces and studies 
have shown that the majority of this selenium is in 
unavailable elemental form. Chemical selenium tracer 
experiments in humans suggest that the main extraction 
pathway is via urine, however, in studies using natural 
foods , excretion in feces was equal to that of urine; 
whereas minimal amounts of selenium were exuded in 
sweat and respiration and expulsion of volatile forms of 
selenium only occurred at very high exposures. Unlike 
seleruum absorption, which is not homeostatically 
regulated, selenium excretion in animals and humans is 
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~~~-i-+Animals (General) liver ... pancreas '" lun!JS .. spleen 
.._.. 

Fish -.pIean lIver ... kidney ... muscle .. erythrocytes~ 
Birds :-. liverIIkt.!8i .._..Humans r kldriiY (~2~ lliiiiiilC -. liver ... splcen ... panCrllall .. testes brain 

Mammals -. livel .... muscle~ 
(Low Se diet) 

Data Sources: WHO (1987); WHO (1996); Levander (1986); Jacobs (1989) 

FIGU R E 7 Relative concentrations of selenium in the tissues of different animals, decreasing in concentration from left to right. 

uirectly influenced by nutritional status: excretion rises 
~5 intake incre,lses and decreases when selenium intakes 
Jre low (Levander, 1986; ",rHO, 1987, 1996) (see also 
Chapters 7, 8, and 20, this volume). 

The remaining selenium is transported rapidly 
around the body and concentrates in the internal 
organs, which are rich in protein. This pattern is 
present in a number of animal species (Figllre 7). 
H ence, in normal conditions in humans, selenium levels 
.Ire highest in the liver and kidneys and lower in muscle 
tissues; the largest total amount of selenium in the 
human body is in the muscles as these form the main 
body mass. Tot,11 human body seleniulll contents are 
o':, timated at 3-14.6mg (WHO, 1987). 

In rats fed selenium-deficient diets, however, the 
attern of selenium distribution is different with sele­

riUlll reserved in the testes, brain, thymus, and spleen. 
-\.Iso in humans the supply to the testes h,lS priority over 
he other tissues during seleniulll deficiency, because 
me element is found in the mitochondrial capsule 
"Jwtein (NICP) and is involved in biosynthesis of testos­
-eTone. Consequently, the selenium content of the testes 
'1creases considerably during puberty (Levander, 1986; 
H -IO, FJ87). 

Both inorganic and organic selenium are converted 
. JIlimals and humans to mono-, di-, or trimethylated 

. lrillS by tlle main metabolic pathway, rarely reduction. 
ii lllethylselenoniu!1l, is the main urinJ!'Y excretion 

. )fm. However, in cases of selenium toxicity, this 
L1n"ay becomes overloaded and the volatile selenium 

~~Llb()lite dimethylselenide is produced and exhaled 
he lungs, which results in the characteristic "garlic 

' e:n h" symptOllJ in animals and humans suffering 
lel1osis. There is much debclte over the form of sele­
um held in protein tissnes. Non-ruminant <ll1imals 
rl hUl11<ll1s cannot synthesize selenite into selenome­

'~ionine, but there is evidence to suggest that selenome­
jonine can be incorporated into protein tissues 

ctly However, in the case of rats it is then converted 

to selenite or selenate. Rabbit~ and rat~ can also convert 
selenite into selenocysteine tissue proteins. Selenium 
may also be present in proteins in the selenotrisul­
fide and acid-labile form. Early work suggested that 
selenium intake in naturally occurring organic forms 
was retained in tissues to a greater extent than inor­
ganic forms, however, experiments with mice using 
selenite, Se-methylselenocysteine, and selenomethio­
nine showed that mice fed selenomethionine had 
greater quantities and better long-term retention of 
selenium than those fed selenite or Se-methylseleno­
cysteine. Therefore, the distinction between inorganic 
and organic forms of selenium does not hold true as the 
metabolism of Se-methylselenocysteine and selenocys­
teine resemble that of selenite rather than selenome­
thionine. There is some evidence for metabolic pools of 
selenium in animals and humans. Studies with e\ves fed 
selenium-adequate and then selenium-deficient diets 
showed that they were able to pass on adequate levels 
of selenium to their lambs even though the lambs 
were born 10 months into the selenium-deficient diet. 
Possible mechanisms for these pools may be the se­
questration of seleno1!lethionine or selenamino acids 
incorporated into protein structures and then released 
during protei]l turnover (Levander, 1986; 'i\TJ-I0, 1987, 
1996) . 

In most circumstances there is a close correlation 
between the levels of selenium in the diet of humans 
and animals and blood selenium content. On average, 
plasma levels vary from 0.079 to 0.252 mg L- I depend­
ing on selenium intake, whereas the mean concentra­
tion of selenium in human whole blood is 0.2 mg L- ' 
(WHO, 1987, 1996). Human whole blood selenium 
levels show marked geographic variation depending on 
dietary intake. Ranges of 0.021- 3.2 mg L- ' have been 
reported worldwide with highest concentrations in 
seleniferous areas of Chin,l and Venezuela and lowest 
concentrations in the selenium-deficient regions of 
Scandillavia, Ne-w Zealand, and China (1:'1ble 1.'\11) 
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TABLE XV I. Examples of Selenium Concentrations in Human Tissues From Around the World 

Selenium (mgL-') Selenium (mgL-') 

Country Whole blood Year Serum Year 


Average (humans) 0.2 
Normal (humans) 0.06-0.105 
Canada, Ontario 0.182 1967 
China, high Se 1.3-7.5 1983 
China, high Se, no disease 0.44 1983 
China, mod Se 0.095 1983 
China, low Se, no disease 0.027 1983 
China, low Se, disease 0.021 1983 
Tibet, low Se <0.005 1998 
Egypt 0.068 1972 
Finland 0.056-0.081 1977 
Guatemala 0.23 1967 
New Zealand 0.083-0.059 1979 
Sweden 1987 0.86 
UK 0.32 1963 
U.S. 0.256-0.157 1968 
Russia 0.11-0.442 1976 
Venezuela seleniferous 0.355-0.813 1972 
Bulgaria 0.0548 1998 
Hungary 0.0558 1998 
Slovenia 0.0570 1998 
Croatia 0.0642 1998 
Russia 0.0718 1999 
Italy, Lombardy 0.D4-0. 19 1986 0.033-0.121 1986 
Spain, Barcelona 0.060-0. 106 1995 
Canary Islands 0.008-0. 182 2001 

Selenium levels in human milk are affected by maternal affect the weight of baby or the length of pregnancy. 

Selenium (mgkg I) Selenium ({lgL-1
) 

Hair Year Urine 

China, Se deficient 0.074 1983 0.007 
China, Se deficient 0. 170-0.853 1998 
China, Se deficient 0.094-0.359 1996 
China, low Se 0.16 1983 
China, Se adequate 0.343 1983 0.026 
China, high Se 1.9-100 1983 0.04-6.63 
China, high Se 0.566-141 1998 
Italy, Lombardy 1986 0.0002-0.068 
Sri Lanka 0.104-2.551 1998 

Yang et al. (1983); Levander (1986) ; Akesson and Steen (1987) ; WHO (1987, 1996); Oldfield (1999); Fordyce et al. (2000a); Vinceti 
et al. (2000); Rome ro et al. (200 I) ; Fordyce et al. (2000b) 

(\(VH O, 1996; Oldfield , 1999). Similarly, concentrations intake and infants and young children have a high 
in hair, nails, and urine vary according to di fferences in requirement for the element during the rapid growth 
di etary intake, and some examples of the selenium periods of ea rly life. However, the age of mother and 
composition of these tissues are given in Table XVI. the cOllcentration of selenium during pregnancy do not 

http:0.04-6.63
http:0.D4-0.19
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\\'ide ranges of 2.6-283mg L - I in human milk have 
been reported from selenium-deficient and seleniferous 
regions in China, compared to ranges of 7-33 mg L - I in 
the United States (Levander, 1 Y86.) 

In terms of biological function, approximately 20 
essential selenoproteins containing selenocysteine have 
now heen identified in microbes, animals, and humans, 
many of which are involved in redox reactions acting as 
components of the catalytic cycle (\VEO, 19%). The 
)elenoproteins found in mammals are listed in T,1ble 
:\.'v11 (Rayman, 2(02). Enzyme activity is attributed 
to the glutathione peroxidase, thioredoxin reductase, 
i()dothyronine deiodinase, and selenophosphate syn­
thet;lse groups. Tn complex interactions with vitamin E 
.md polyunsaturated fatty acids, selenium plays an 
essential biological role as part ofthe enzyme GSH-Px, 
\\ hich protects tissues against peroxidative damage by 
c;1talyzing the reduction of lipid hydrogen peroxide or 
organic hydr()peroxides. lc)gether, GSH-Px, vitamin 
E ~1I1d superoxjde dismuthases form Qne of the main 
antioxidant defense systems in humans and animals. As 
uch, selenium has been linked to enzyme activation, 

im mune system function, pancreatic function, DNA 
repair, and the detoxification of xenobiotic agents 
~u ch as paraquat, however, the exact mechanisms of 
immune function and detoxification are unlmown 
Combs & Combs, 1986; Levander, 1986; \VHO, 1987, 

19%). Selenium is found in the prosthetic groups of 
-everal metalloenzymes and appears to protect animals 
ag~linst the toxic effects of arsenic, cadmium, copper, 
mercury, tellurium, and thallium in most circllmstances, 
hut this is not always the case and the biological 
response depends on the ratio of selenium/metal 
im olved (\VnO, 1987; Fergusson, 1990). Seleniu.m 
hehaves antagonistically with copper and sulfur in 
humans and animals inhibiting the uptake and function 

f these elements. Selenium has been identified as a 
, (Jl11ponent of the cytochrome P-450 system in humans 
nd animals, however, tile exact biological role of this 

-t: lenoprotcin has yet to be established (\\1l-IO, 1987, 
I ()C)6). ImportaL1t developments in recent years have 
- h OWl1 that selenium is beneficial to the thyroid 
bormone metabolism. There are t1u'ee iodothYl'C)nine 
deiodinase (IDT) sclenoenzymes. 1)rpes 1 and 2 are 
l1\ olved in the synthesis of active 3, 3' and 5­
iriiodothyronine (T3) hormones, whereas type 3 101 
t.1talyzes the conversion of thyroxine (T4) to inactive 
1 3(rT3). These hormones exert a major influence on 
: d lular differentiation, growth, and development, espe­
_In lly in the fetus and child (Arthur & Beckett, 1(94). 

elcnium also ,1ppears to be important in reproduction. 
n addition to <liding the biosynthesis of testosterone 

TABLE XVII . List of the Approximately Fourteen 
Known Mammalian Selenoproteins 

Name Function 

Glutathionine 
peroxidase GSH-PX 

Mitochondrial capsule 
selenoprotein 

Sperm nuclei selenoprotein 

Spermatid selenoprotein 
34kDa 

lodothyronine deiodinases 

Thioredoxin reductases 

Selenophosphate synthetase 
SPS2 

Selenoprotein P 

Selenoprotein W 

IS-kDa selenoprotein 

18-kDa selenoprotein 
IMethionine sulfoxide 

reductase 
Selenoprotein N 

Antioxidant enzymes 

Protects sperm cells from 
oxidative damage 

Essential for male fertility and 
sperm maturation 

May protect developing sperm 

Regulation and production of 
active thyroid hormones 

Reduction of nucleotides and 
binding of transcription 
factors in DNA 

Required for selenoprotein 
synthesis 

Protects endothelial cells against 
perioxynitrite 

Skeletal and heart muscle 
metabolism 

May protect prostate cells 
against carcinoma 

Found in the kidney 
May regulate lifespan 

If deficient may be linked to 
muscular dystrophy 

From Rayman (2002). 

(see above), the selenium contents of avian eggs are high 
whereas morphological deformities, immotility, and 
reduced fertility have been reported in sperm in 
selenium-deficient experimental animals (\VI-lO, 1987, 
19%; Rayman, 2(02). Although many of the ill vivo 
functions of selenium are still poorly understood, defi­
cient and excessive dietary intakes of selenium have a 
marked effect on animal and human health, some of 
which are discussed below. 

C. Selenium Deficiency-Effects in Animals 

Due to the complementary wle of selenium and 
Vitamin E, all selenium deficiency diseases in animals 
are concordant with vitamin E deficiency with the 
exception of neutrophil microbicidal activity reduction 
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and the 5-deiodinase enzymes responsible for the pro­
duction of triiodothyronine from thyroxine. Selenium 
is necessary for growth and fertility in animals and 
clinical signs of deficiency include dietary hepatic ap­
optosis in rats and pigs; exudative diathesis, elll bryonie 
mortality, and pancreatic fibrosis in birds; nutritional 
muscular dystrophy, known as white muscle disease, 
and retained placenta in ruminants and other species; 
and mulberry heart disease in pigs. Clinical signs of 
selenium deficiency in .lllimais include reduced ap­
petite, growth, production and reproductive fertility, 
unthriftyness, and muscle weakness (Levander, 1986; 
V\;1-IO, 1987, 1996; Oldfield, 1999). 

\Vhite llluscle disease is a complex condition that is 
multifactorial in origin and causes degeneration and 
apoptosis of the muscles in a host of animal species. 
This disease rarely affects adult animals but can affect 
young animals from birth. In lambs born with the 
disease, death can result after a few days. If the disease 
manifests slightly hner in life, aninlals have a stiff and 
stilted gait, arched back, are not inclined to move about, 
lose condition, bccome prostrate and die. The disease 
responds to a combination of vitamin E and seleniulll 
supplementation (Levander, 1986; \;\lHO, 1987, 1996; 
Oldfield, 1999). 

Exudative diathesis in birds leads to massive hemor­
rhages beneath the skin as a result of abnormal per­
meability of the capillary walls and accumulation of 
fluid throughout the body. Chicks are most commonly 
affected between 3-6 weeks of age and become dejected, 
lose condition, show leg weakness, and may become 
prostrate and die. The disease responds to either 
vitamin E or selenium supplementation, but it will not 
respond to vitamin E alone if selenium is deficient 
(\;VHO, 1987). 

Hepatic apoptosis in pigs generally occurs at 3-15 
weeks of age and is characterized by necrotic liver 
lesions. Supplements of alpha-tocopherol and selenium 
can protect against death (Levander, 1(86). 

Low-selenium pastures containing 0.008-0.030 mg 
kg-1 a.re associated with a condition called "ill thrift" in 
lambs and cattle from New Zealand. The disease is 
characterized by subclinical growth deficits, clinical 
unthri ftyness, rapid weight loss, and sometimes death 
but can be prevented by selenium supplementation with 
marked increases in growth and wool yields (Levander, 
1986; VVHO, 1987). 

The level of dietary selenium needed to prevent defi­
ciency depends on the vitamin E status and species of 
the host. For example, chicks receiving 100 mg of 
vitamin E require OJllmgkg-1 of selenium to protect 
against deficiency, whereas chicks deficient in vitamin 

E require 0.05mgkg-1 of selenium. Under normal vita­
min E status, concentrations of 0.04- 0.1 mg kg- I (dry 
weight) in feedstuffs are generally adequate for most 
animals with a range of 0.15-0.20mgkg- 1 for poul­
try and 0.03-0.05 mg kg- I for ruminants and pigs 
(Levander, 1986; '''ll-IO, 1(87). 

SeleniuiU deficiency and 'VMD are known to 
occur in sheep when blood selenium levels fall below 
SO llg L - I and kidney concentrations below 0.21 mg kg- I 

(dry weight). Blood levcls of 100 llg V i selenium are 
needed in sheep and c,lttle and 180- 230 llg L- I in pigs 
to maintain the immunoresponse systems. Studies have 
shown that most farmland grazing in the UK is not able 
to provide enough selenium to support (Ul75 mg L-I in 
blooel in cattle. Indeed, selenium deficiency in animals 
is very common and widespread around the globe 
affecting much of South America, North America, 
AJrica, Europe, Asia, AustJ"<llia, and l"ew Zealand. !\Ilany 
western countries now adopt selenium supplementation 
programs in agriculture, but these are often not avail­
able in South America, Africa, and sia and livestock 
productivity is significantly impaired by selenium defi­
ciency in these regions (Levander, 1986;\VHO, J987, 
1996; Oldfield, 19(9) (see also Chapter 20, tllis 
volume). 

D. Selenium Deficiency~Effects in Humans 

N o clear-cut pathological condition resulting from 
selenium deficiency alone has been identified in 
humans, however, the element has been implicated in a 
number of diseases (\\7I-IO, 1996) (see also Chapters 
8 and 23, this volume). 

1. Keshml Disease 

Keshan disease (KD) is an endemic cardiomyopathy 
(heart disease) tllat mainly affects children and women 
of childbearing age in China. The disease has been 
documented for over 100 years, but the name is derived 
from a seriolls outbreak in Keshan County, northeast 
China in 193 S. Outbreaks have been reported in a broad 
belt stretching from Heilongjiang Province in the 
northeast of China to Yunnan province in the southwest 
that transcends topography, soil types, climatic zones, 
and popllia tion types (Figure 8). This disease manifests 
as an acute insufficiency of the he,lrt function or as a 
chronic llloderate-to-severe heart enlargement and can 
result in death. Seasonal variations in outbreak were 
noted with peaks in the winter in the south and in the 
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F I G U RE 8 Distribution of the incidence of KD in China. (Adapted with permission from Tan, 1989.) 

,ummer In the north. The worst affected years on 
record were 1959, 1964, and 1970 when the ,mnual 
prevalence exceedecl 40 per 100,000 with more than 
noo cases and 1400-3000 deaths each year (Tan, 1989). 
.-\lthough the disease occurred in a broad belt across 

China, all of tbe affected areas were characterized 
by remoteness and a high proportion of subsistence 
f,a nners who were very dependent on their local envi­
ronment for their food supply. Investigators noticed 
[hat \-"}\IID in anim,lls occurred in the same areas and 
further studies demonstrated that the soils and crops 
were very low in selenium. KD occurred in areas where 
grain crops contained <0.04 mg kg-I of selenium ;md 
dietary selenium intakes were extremely low, between 
10 and 15 ~g clay- I. Affected populations were charac­
terized by very low selenium status indicated by hair 
contents of <0.12 mg kg-I (Xu & Jiang, 1986; 13n, 1989; 
Yang & Xia, 1995). On the basis of tbese findings, large­
cale mineral supplementation was carried out on 1- to 

IJ -~-ear-old children who were at high risk of the disease. 
In a trial carried out in Mianning COUllty, Sichuan 
Province, from 1974 to 1977, 36,603 children were 
g; \·en 0.5- to 1.0-mg sodium selenite tablets per week 
, hereas 9642 children were given placebo tablets. 

During the 4 years of investigation, 21 cases of the 
disease and 3 deaths occurred in the selenium­
supplemented group whereas 107 cases and 53 deaths 
occurred in the control group. By 1977 all the children 
were supplemented with selenium anri the dist<lse was 
no longer prevalent in either group. The results showed 
that supplements of 50-~lg day- I selenite could prevent 
the disease but if the disease was already manifest, sele­
nium was of no therapeutic value (Anonymous, 2001). 

Although the disease proved to be selenium­
responsive, the exact biological function of the element 
in the pathogenesis was less clear and the seasonal vari­
ation in disease prevalence suggested a vir,ll connection. 
Subseguent studies have demonstrated a high preva­
lence of dle Coxsackie B virus in KD patients (see, for 
example, Li et ai., 2000) and studies have proved 
increased cardiotoxicity of this virus in mice suffering 
from seleniulll and vitamin E deflciency. For a number 
of years it was thought that selenium deficiency 
impaired the immune function lowering viral resistance, 
however, more recent work by Beck (1999) has shown 
that a normally benign straiJl of Coxsackie B3 (CVB3/0) 
alters and becomes virulent in either selenium-deficient 
or vitamin E-deficient mice. Once the mutations are 
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completed, even mice with normal nutritional starus 
become susceptible to KD. These changes in the vims 
are thought to occur as a result of oxidative stress due 
to low vitamin E and low selenium status. This work 
demonstrates not only the importance of selenium defi­
ciency in immunosuppression of the host but in the tox­
icity of the viral pathogen as well. Other studies have 
implica ted moniliformin mycotoxins produced by the 
fungi Fusllrizrm /n'oliferrlfmfl and F subglutil1ft1ls in corn 
as a possible C,lUse of KD (Pineda-Valdes & Bnllerman, 
2000). A~ with [Hany environmental conditions, KD is 
likely to be multifactorial but even if selenium defi­
ciency is not the main cause of the disease, it is clearly 
an importa n t factor. 

During the 1980s the prevalence of KD dropped to 
less than 5 per 100,000 with less than 1000 cases 
reported annually. The reason for this is twofold: first, 
widespread selenium supplementation programs have 
been carried out on the affected populations and sec­
ondly, economic and communication improvements in 
China as with the rest of the 'world mean that the pop­
ulation is increasingly less dependent on locally grown 
foodstuffs in the diet. In recent years the incidence of 
the disease has dropped still further so that it is no 
longer considered a public health problem in China 
(Burk, 1994). 

2. IVlshin-Beck Disease 

Kashin-Beck disease (KBD), an endemic osteoardlropa­
thy (srunting of feet and hands) causing deformity of the 
affected joints, occurs in Siberia, China, North Korea, 
and possibly parts of Africa. The disease is named after 
the Russian scientists who 6rst described it bet\veen 
1861 and 1899. It is characterized by chronic disabling 
degenerative osteoarthrosis affecting the peripheral 
joint'> and the spine with apoptosis of the hyaline 
cartilage tissues. Impairment of movement in the ex­
tremities is coml11only followed by bone development 
disturbances sllch as shortened fingers and toes and in 
more extreme cases, dwarfism (Fignre 9) (Levander, 
1986; 'Em, 1989; WliO, 1(96). Indeed the main fearure 
of KED is short starure caused by l11ultiple focal apop­
tosis in the growth plate of the tubular bones. In China, 
t he pattern of disease incidence is concordant with KD 
in the north of the country, but the links with selenium­
d ·fi cicnt environments are less clear (Tan, 1989). 

JJ1 itial studies revealed that rats fed grain and drink­
ing \rarer from the affected areas in China suffered 
acute massive liver apoptosis and foodstuffs from 
the affected areas were found to be low in selenium . 
'h ildren and nursing mothers were supplemented with 

FIG U R E 9 Kashin-Beck disease patient (left) and woman of 
the same age. (Reproduced with permission from Tan, 1989.) 

0.5-2.0mg sodium selenite per week for a period 
of 6 years and the disease prevalence dropped from 
42% to 4% in children aged 3-10 years as a result (TIn, 
1989). More recent srudies carried out since the early 
1990s demonstrated KBD-like cartilage changes and 
bone mineral density reduction in selenium-deficient 
rats (Sasaki et aI., 1994; Moreno-Reyes et aI., 20(1). 
However, other factors have been implicated in the 
pathogenesis of KBD. The main theory proposed by 
Russian investigators was that the dise,lse was a result 
of mycotoxins in the diet, and other wor k carried out in 
China has suggested ingestion of contaminated drink­
ing water as a possible cause. In China, higher fungal 
contamination of grain in KED areas has been known 
for a number of years. Other work suggests th;Jt 
the presence of humic substances in drinking water is .1 
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factor, and the mechanism of action is free radical gen­
eration from the oxy and hydroxyl gronps of fulvic acid. 
'\onetheless, selenium \vas c.onli.rmed as a prevent~1tive 
factor in KBD in these studies (Peng et a!., 1999). 

There are similarities hetween KBD and the iodine­
deJiciencv disorder cretinism. Several studies have con­
,i dered the relationships between KBD aDd seleniulll 
;lI1d iodine deficiency. \Vork in the Yulin District of 
China (Zhang et al, 2001) carried out on 353 rural 
chool children '1ged 5-14 years compared dat,1 between 

three endemic KBD viU,1ges (prev,1Ience rates 30-45'){,) 
and a nOD-endemic village. Higher fungal cont,lInina­
tion was recorded in cere]l gr'1i.n stores in KBD areas 
[h,1I1 in the DOll-endemic vilL1ge, and hair selenium and 
urinary iodine concentrations were lower in f~lIniJies 

~ l1tlering from the disease than in control groups. 
However, iodine deli.ciency did not correlate signifi­
Cllltly with increased KBD risk. Recent work into the 
Llisease has focused on Tibet and it does implicate iodine 
III the pathogenesis. Among S7S 5- to IS-year-old 
children examined in 12 villages, 49% had KBD, 46s{, 
had the iodine deficjency disorder goiter, and I % had 
cretinism. Of the examined population, 66% had 
urinary iodine contents of <0.02I1gL-1 and tbe content 
was lower in Kl3D patients (0.12 flg L - I) t1],m in control 
>uhjects (0.18 Ilg L - I). Hypothyroidism W,1S l1Jore fre­
quent in the KBD group (23%) compared to 4% in the 
controls. Severe selenium deficiency was present in all 
eTOUps with 3WXJ of subjects with serum concentrations 
~) f <5 mgL-1 (normal range 60-105 mg L - 1). Statistical 
lIlalyses revealed an increased risk of KBD in groups 
wi th low urinary iodine in the severe selenium-deficient 
are,]s. Here also, ll1esophilic hU1g,11 contamination in 
barley VUterl7(lriri sp.) was higher in KBD ,]reas than 
non-endemic areas and disease prevalence correlated 
positively with the humic content of dri.nking w'1ter. 
T he results suggest that KBD is multifactorial :and 
occurs as a consequence of oxidative damage to cJrti­
b ge and bone cells when associated with decreased 

l1 tioxidant defense. Another mechanism that may 
L'llexist is bone remodeling stimubted by thyroid 
hormones whose ,1ctions are blocked by certain myco­
TO \ins (Suetens et ,11., 20Cll). 

3. Iodine Deficiency Disorders 

Tn ,1c1dition to the links between selenium and iodine 
leficiency in KB D , the recent est<l blishment of tbe role 
,f the selenoenzyme, iodothyronine deiodinase (ID1) , 
n thyroid hl11ction means that seleniu111 deficiency 
.. now being examined in relation to the iodine defi­
iency disorder (IDD) goiter ,md cretinism. Nlany areas 

around the world 'where lOO is prevalent are deficient 
in selen.ium including China, Sri Lanka, India, Africa, 
and South Americ,1 (vVI.-IO, I 9S7, 1996). Concordant 
selenium and iodine deficiency arc thought to account 
for the high incidence of cretinism in Central Africa, in 
Zaire and Burundi i.n p,1rticular (Kohrle, 1999), and 
selenium deficiency has been demo.nstrated in popula­
tions suffering TDD in Sri L1I1ka (Fordyce et a!., 2000a). 
However, these Links require hlrther investig:ation to 
determine the role of selenium in these diseases. 

4. Cancer 

Following studies th3t revealed an inverse relationshi p 
between selenium in crops and human blood versus 
cancer incidence in the United States and Canada 
(Shamberger & F rost, 1969), the potential anti­
carcinogenic effect of selenium has generated a great 
deal of interest iJl medical science. NLlIly studies to 
examine the links between selenium and cancer in 
~lIlill1al experiments and humans have been carried out; 
however, to date, the results are equivocal. There is 
some evidence to suggest that selenium is protective 
against callcer due to its antioxidant propert.ies, the 
ability to counteract heavy metal toxicity, the ability to 

induce cell death, the ability to inhibit cell growth, ,1ml 
the ability to inhibit nucleic ,1cids ,11ll1 protein synthesis 
(VVI-IO, 19S7, 1996; Clark et aI., 1996; Varo et a!., 
1998). llowever, other shldies have shown th3t sele­
nium may promote cancer based on the pro-oxidant 
mutagenic and immunosuppressive actions of some 
seleniulll compouods. For example, the supplementa­
tion of sodium selenate, sodium selenite, and organic 
selenium have been shown to reduce the incidence of 
several tumor types in lahor,ltory animals, but selenium 
sulfide has been shown to be carcinogenic in animals 
and has heen c1assi (ied as a Group B2 cOlllpound- a 
possible human carcinogen (vVHO, 1987, 1996; U.S.­
EPA, 2002<1). Human studies have demonstrated low 
levels of seleniull1 in the blood of patients suffering gas­
trointestinal cancer, prostrate cancer, or non-Hodgkin'S 
lymphoma, but there is some evidence to suggest that 
selenium increases the risks of p,1l1creatic and skin 
C)]1cer (Vvl TO, 1987, 1996; Bin, 1989). 

An excellent review of the work into selenium and 
cancer is presented by Vinceti et a!. (2000) ,mel is Slllll­

m,]rized as follows. In a recent shldy of patients with a 
history of bas,11 or squamous cell skin Clllcer, selenium 
intakes of 200l1g (l1y-1 appeared to reduce lT1ort,llity 
from all cancers ,111<1 the incidence of lung, colorect,11, 
and prostate ClJ1cers. H owever, it did not prevent the 
appearance of skin cancer. I.ndeed, some studies have 
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shown an inverse relationship with melanoma risk but 
other studies have shown no relationship with non­
melanoma skin cancer. However, Vinceti et al. (1998) 
carrieu out assessments of populations inadvertently 
exposed to high selenium in drinking water and 
reported higher mortality from lung cancer, melanoma, 
and urinary cancer among men and lymphoid neoplasm 
in women in the exposed group compared to controls. 
Other studies have shown an increased risk of colon and 
prosta te cancer in populations taking selenium supple­
ments in Iowa in the nited States and Finland than in 
control populations. However, a study in Nlontreal 
carried out between 1989 and 1993 found no associa­
tion between selenium status (measured by toenail sele­
nium) and breast or prostate cancer but showed an 
inverse relationship with colon cancer (Vinceti et aI., 
2(00). 

In a stucly of stomach cancer in Finland and The 
Netherlands, an inverse relationship between selenium 
status and disease prevalence was found in Finnish men 
but not in Finnish women or ill men or women from 
The Netherlands. N o relationship between sclenium 
status and stomach cancer was evident in studies carried 
out in·Japan. A link between low-selenium status and 
pancreatic cancer was observed in !vlaryland in the 

nited States and in Finland, but a similar relationship 
witll bladder and oropharyngeal cancer was evident in 
Maryland only (Vinceti et aI., 2000). Indeed Finland 
provides an interesting case because the government 
was so concerned ,1bout the low level of selenium intake 
in the Finnish diet that in 1984 a national program was 
initiated to increase the selenium content of Finnish 
foodstuffs by adding sodium selenate fertilizers to crops. 
Mean daily intakes rose from 45/1g day-I in 1980 to 
110-120/1g clay- I between 1987 and 1990 and 90/1g 
day-I in 1992 (Varo et aI., 1 (98). Studies of cancer inci­
dencc over tllis time carried out in Finland, Sweden, and 
"Norway showed no reduction i,n colon cancer, nOI1­
Hodgkin's lymphoma, or melanoma in Finland whereas 
breast ancl prostrate cancer rates increased compared to 
the other two countries. Populations in Finland and 
l'\ew Zealand are known to have much lower selenium 
status than many otller countries and yet no excess 
incidence of breast and colon cancer is evident. Simi­
larly no relationship betwecn cancer prev<llence and 
selenium intakes as low as 14~lg day-I was identified 
among rural farmers in China. Conversely, recent work 
by Finley et al. (2001) has demonstrated a link between 
consumption of high-selenium broccoli and reduced 
colon and mammary cancer prevalence. Based on the 
evidence presented above, it is fair to say that "the jury 

is still out" in terms of tlle benehcial effects or other­
wise of selenium and cancer. 

5. Canliovascufm' Disease 

Selenium deficiency has also been implicated in car­
diovascular health and it is suggested that serum 
concentrations of less tllan 45 /1g L - 1 incre,lse tlle risk 
of ischemic heart disease. Animal studies have demon­
stratecl that selenium could playa protective role by 
influencing platelet aggregation and increasing produc­
tion of thromboxane A2 while reclucing prostacyclin 
activity. However, the epidemiological evidence and 
studies into selenium status and disease risk provide 
contradictory results (Levander, 1<)86; ""\lBO, 1987, 
19(6). 

6. Reproduction 

The full role of selenium in reproduction has yet to be 
established; 11Owever, selenium deficiency has been 
shown to cause illlmotile and deformed sperm ill r,lts 
(\!\Tu et ,11., 1979; Hawkes & 'Turck, 20(H) and studies 
into this field are ongoing in tlle medical profession at 
the current time. 

7. Other Diseases 

Selenium deficiency has been linked to a number of 
other conditions in man as the concentration of the 
element is decreased in the serum/plasma or erythro­
cytes of patients with AlDS, trisomy-21, Crohn's and 
Down syndrome, and phenyLketonuric]. The evidence of 
viral mutogeny under selenium deficiency est3blished 
b Beck (1 (99) in the case of the C oxsackie B virus 
has major implications in terms of the toxicity and 
immunoresponse to many viral infections, particularly 
AIDS, in light of the widespread selenium-deficient 
environments of ccntral and southern Africa \vhere the 
disease has reached epidemic proportions in recent 
years (Longombe et aI., 19(4). The links between sele­
nium status and AIDS require furtller investigation ill 
that region. 

Selenium deficiency has also been Ii.nkecl to mus­
cular dystrophy (a similar human disease to \;VJVTD in 
animals) ,md muscular sclerosis, but again the medical 
evidence for the role of the element is equivocal. Sele­
nium supplementation has proved beneficial to patients 
suffering renal clisease and finally an inverse relation­
ship between selenium status and asthma incidence has 
also been postulated (WHO, 1<)87). 
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Diew-y intakes of 0.1-0.2 mg kg- I selenium are con­
idered nutritionally generous converting to 50-100!-lg 

d,ly- I for a typical person and O.7-2.8!-lgkg body 
\\ eig-hCI. Even in New Zealand and Finland, where 
de~lium intake is .Hl- SO!-lg day-I , compa red with 
iOO- 25 0!-lg day- I in the U nited St,ltes and Canada, 
\-ert c1iniC<ll signs of selenium deficiency are rare 

;I!l10ng humans (vVHO, 1987, 19(6). Nonctheless, 
research increasingly shows the essential nature of se le­
l iulll to human hea lth and the potential for subclin ical 
f"fects should not be underestimated. Concern is 

gro\\'ing in many regions of the world over low leve ls 
of dietary se lenium int,lke in human populations. 

E. Selenium Toxicity-Effects in Animals 

E xperiments onbbor<ltory animals h,lVe demonstrated 
rh,lt hydrogen selenide is the most toxic selenium COlTl­

pound by inhalation, sod ium se lenite the m ost tox ic via 
ingestion, and elemental se lenium in the di et has low 
toxicity as it is large ly insoluble (U.S.-EPA, 2002<1; 
\ \ 1-10, 1987). Sod ium se lenite or selenjferous \....heat 
containing 6.4mgkg- 1 selenium causes growth illh ibi ­
tion <Inc! hai r loss in animals and at concentrations 
of S m g kg- I, pancreatic enhu-gement, anemia , elevated 
~crulll bilirubin leve ls, and death follow (Leva nder, 
1986; WHO, 1987). In add.ition to food intake, the 
,Ippli ca tion of sod ium selenate in drinking water has 
heen shown to cause fetal deaths and reduced fertility 
in mice. Seleniulll sulfide is the only compound proven 
tu be c;]rcinogenic in anima l studi es which results in 
increased liver tumors in r<lts. Although it is used in 
:ll1 ti-dandruff shampoos it is not normally found in 
food <Ind water. The oral lethal dose for sodium selen­
ite in laboratory anim,lls has been shown to range from 
2.3 to 13 mgkg- I body weight. jVlethylatioll of selenium 
i~ used as a detoxification mechanism by animals, ,mel 
inorganic and organic forms of sel enium are m etabo­
lized to forlll Illono-, di-, or trimethylatec! seleniulll , of 
\I·hi eh monomethylated forms are most toxic. For 
exalllple, dimethylselenjde is 500- 1000 times Jess toxic 
ha n se lenide (Se2

- ) ("VHO, 1987) (see ,ll so C hapter 20, 
th is volum e). 

IJI natura l cond itions, acute selenium intoxication 
is uncommon as animals are not llormally exposed to 

high selenium forage and tend to avoid eating se lenium 
;] ccu llluLltor plants. Abnormal posture and movemen t, 
J iarrhea, la.bored respi ra tion, a bdomLna I pai ns, prostra­
ti on, and death, often as a result of respirato ry failure, 
characterize toXJcity. The characteristic symptoms of 

se lenium poisonin g arc t he ga rli c odor due to exll aLa­
tion of dimethylse lenjde, vomiting, shortness of breath, 
and tetan.ic spasms. Pathological changes include con­
gestion of the !i\'er ,1Ild kidneys, and swelling and hem­
orrh'lges of the heart (Lev;lIlder, 1986; \ /VHO, 1987, 
19(6). 

C hronic selenium in toxication is more common and 
leads to two cond itions known as alkali dise<lse and blind 
staggers in grazing animals. AJkalj disease occurs after 
ingestion of plants containing S- 40mgkg-1 ove r weeks 
or months and is ch,lracte ri zed by dullness, lack of vital­
ity, em,lCi:nion , rough coat, sloughi ng of the hooves, 
erosion o f th e joints ,I nc! bo nes, anemia , lameness, liver 
cirrhosis, and reduced reproductive performance. 
Although much of the work o n 'l lkal.i disease has focused 
on cattle, consllmption of feeds containing 2 mg kg- I of 
selenium h<.lS also been shown to cause hoof deform a­
ti on , hair loss, hypochromic anemia, and increased 
alkali and acid phosphatase activities in sheep 
(Levander, 1980; WHO, 1987). 

Blind staggers occurs in cattle and sheep but not in 
horses and dogs and occurs in three stages: 

• 	 Stage 1: The animal wanders in ci rcl es, has 
impaired vision , ,md is ano rexic. 

• 	 Stage:2 : The stage 1 effects get worse :llld front 
legs weaken. 

• 	 Stage 3: The tongue becomes partially paralyzed 
<lnd the anim ,l l cannot swall ow and suffers 
blindness, labored respiration , abdominal pain, 
emaciatio n, and death . 

Pathological ch<lnges include li ver apoptosis, cirrho­
sis, k.idlJey inA<lllllllation , and impaction of the digestive 
tract. Treatment of the conditio n involves drenching 
with large amounts of water and ingestio n of strychnine 
sulfate. However, selen ium may not be the main cause 
of blind staggers, which h<ls similariti es to thia llline 
deficiency. High su lfate intake has been impli cated 
in the disease and may en h<ll1Ce the destruction of 
thiamine (vVHO, 1987). 

1n addition to alkali disease and blind staggers, high 
selenium intakes in pigs, sheep, and cattle have been 
shown to interfere with normal fetal development. 
Selenosis has been known to cause congenital malfo r­
mation in sheep and ho rses and reproductive problems 
in rats, mice, dogs, pigs, and ca ttl e whereby females 
with high seleniulll intakes had fewer sm,lller yo ung that 
were often infertile . Blood seleniulIJ levels o f >2 m g L- I 

in cattle and >0.6-0.7 IIlg L- I in sheep are associated 
with selenosis with horderLin e tox icity at 1-2 mgL- 1 in 
cattle (Levander, 1986; \ ;\lH 0, 1987). 

http:tetan.ic
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Although much of the work into selenium toxicity has 
focused on agricultural species, se lenosis has also been 
reported in wild aquJtic specics and birds. Selenium 
concentrations of 47-53 !lgL-1 in surfJce \vaters results 
in anemia and reduced hatchability of trout whereas 
concentrations of 70-700llgL-1 in w,lter are toxic to 
most aqll<ltie invertebrates. Cn1I1iai and vertebral defor­
mities OCellI' in frogs exposed to 2000!lg L-J in surface 
"vaters. Selenium toxicity is also associated with embry­
onic deformities in birds; incieed, the hatchahility of 
fertile eggs is a sensitive indicator of seleniul1l intoxica­
tion. At concentrations of 0- 9 mg kg-J ill the diet, 
embryos suffer brain tissue, spinal cord, and limb bud 
deformities where,lS >/ mg kg-J causes reduced egg pro­
duction and growth (\"'RO, 1987; Jacobs, 1989). 

F. Selenium Toxicity-Eftects in Humans 

The toxici ty of seleni Ul1l compounds to humans 
depends ,on the chemical form, concen tr,l tion, a nd on ,] 
nl1mber of compounding factors. The ingestion of sele­
nious acid is fatal to humans, precedcd by stupor, hyper­
tensioll , and respiratory depression wherc,ls the toxicity 
of methylated selenium compounds dcpends not only 
on thc dose administered but ,1150 on thc previous leve l 
of selenium intake. Higher selenium intake prior to 
dosing with methylated compounds h,ls been shown to 
be protective ag<1inst toxicity in animal experimcnts. 
Poor vitamin E status increases the toxicity of selenium 
Jnd the nutritional need for the element, where,ls 
sulfate counteracts the to.xicity of selenatc hut not of 
selenite or org,1l1ic selenium and increases selenium 
uri na ry excretion . ,\:Iethylmercury enhances sel eni um 
deficiency but inorganic mercury increases methylated 
selenium toxicity. At intakes of 4-8mg kg- J, se lenium 
increases the copper contents of tbe heart, liver, ,1l1d 
kidneys but has a detoxifying or protcctive effect against 
cadmium and mercury (\VBO, 1987; Bedwal et dl., 
1l}()3). High scleni um int,lke has also been shown to 

decrease sperm motility in healthy men (Hawkes & 
Turek, 2001) and has been related to increased inci­
dence of some forms of c<mcer including pancre,nic and 
skin cancer (see Section TTLD in this chapter). 

Oven selenium toxicity in humans is far less wide­
spread than selenium deficiency. Following the disClw­
ery of scleniferous environments and the incidence of 
alkali disease in animals in the Great Plains in the 
L~nited States during the J950s, concern about poten­
ti,11 adverse affects on the human population were 
raised. The health status of rural populations in 

seleniferous areas was examined. Results showed ele­
vated urinary selenium levels in the population but no 
definite links to clinical symptoJ11s of selenosis. 
However, a higher incidence of gastrointestinal prob­
lems, poor dental health, diseased n<1ils, and skin dis­
coloration were reported (Smith & \ 'Vestfall, 1937). In 
similar studies in ,1 seleniferous region ofVenewela, thc 
prevalence of dermatitis, hair loss, and deformed nails 
among children was higher than in non-seleniferous 
areas. The hemoglobin and hematocrit v,lll1es in chil­
dren Ii'om the seleniferous areas were lower than in con­
trols but did not correlate with blood or urine selenium 
levels and evidence of selenium toxicity effects was 
rather inconclusive. Nine cases of aCute selenium intox­
ication due to the intake of nuts of the Lecythis aI/aria 
tree in a seleniferous are,l of Venezuela have been 
reported to result in vomiting and diarrhea followed 
by hair and nail loss and the death of a two-year-old 
boy (\AlHO, 1(87) (sec also Chapter 23, this 
volume). 

In China, an outbreak of endemic human selenosis 
was reported in Enshi District, Hubei Province, and in 
ZiY,1l1g County, Shanxi Province, during the 19605. 
This condition was associated with consumption of 
high-selenium crops grown on soils derived from coal 
containing >300 mg kg-J selenium. In the peak preva­
lence years (1961 to 19(4) morbidity rates reached 50% 
in the worst affected villages, which were all located in 
remote areas among populations of subsistence farmers. 

fair and nail loss were the prime symptoms of the 
disease but disorclers of the nervous system, skin, poor 
clental heath, garlic breath, ,1l1d paralysis were also 
reported. Although no health investigations were 
carried out at the time, subsequent studies in these areas 
clrried out in the 19705 revealed very high dietary 
int,lkes of .2-6.8 mg with a range of selenium in the 
blood of 1.3-7.5I1lgL- 1 and hair selenium levels of 
4 . I- IOOmgkg-1(Yang et aI., 1983; T<1l1, 1(89). 

Selenium toxicity related to mineral supplement 
intake has also been reported in the 'nited States. In 
1984, 12 cases of selenosis due to intakes over 77 days 
of tablets labeled to contain 0.15-0.17mg selenium, but 
which actually were found to contain 27- 31 mg sele­
nium were reported. Patients suffered nausea, vomiting, 
nail damage , hair loss, fatigue , irritability, ahdomin,ll 
cramps, watery diarrhea, skin irritation, and garlic

Jbreath and had blood serum levels of 0.528mgL­
(\iVIIO, I (87). The U.S.-EPA recollllnends ,lll upper 
limit of mineral supplementation of selenium of 
O.lmg kg-J. 

Incleed, a whole list of sYll1ptoms has been implicated 
in elevated selenium exposure including severe irrita­
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F IGURE 11 Hair loss as a result of selenium toxiCity 'In 

Enshi District, China. (Photo: Professor Mao Dajun. Reproduced 
with permission from the Br:itish Geological Survey. Keyworth, 

Nottingham.) 

IV. MEASURING SELENIUM STATUS 

Thus far in this chapter seleniulll deficiency and toxicity 
in the environment, pbnts, animals, ,mel human beings 
has been discussed, but in order to assess seleniull1 status, 
it is important to consider how it is measured . Informa­
tion about the chemical composition of the terrestrial 
environment is generally collated by national survey 
organizations concerned with geology, soil, water, 
agriculture, and vegetation. In terms of geology, for 
example, over 100 countries around the world carry out 
national geochemical mapping programs. These pro­
grams are based on systematic collection of materials 
such as soil, sediment, water, rock, and vegetation, which 
are then analyzed for a range of element compositions 
and used to produce maps of element distributions in the 
environment. This type ofapproach was pioneered in the 

FIGU RE 10 Nail deformities as a result of selenium poi­
soning in Enshi District, China. (Photo: Professor Mao Dajun. 
Reproduced with permission from the British Geological Survey, 

Keyworth, Nottingham.) 

tions of the respiratory system, metaLlic taste in tbe 
mouth, tingling and inflammation of the nose, fluid in 
the lungs, pneumonia, the typical garlic odor of breath 
and sweat due to dimethylselenide excretion, discol­

ra tion of tb.e skin, dermatitis, pathological deforma­
tion, and loss of nails (Figure 10), loss of hair (Figure 
J1), excessive tooth decay and discoloration, lack of 
mental alertness and listlessness, peripheral neuropathy, 
Jnd g~lstric disorders. The ljnks 'with dental health are 
:; omewhat equivocal and many of the studies indicating 
.1 possible link with selenium failed to take into account 
other factors such as the fluoride status of the areas of 
~tuJy (\VHO, 1987). 

Pdrt of the problem in assessing high selenium expo­
',me is that there is some evidence to suggest popula­
tions can adapt to or tolerate high selenium intakes 
" i thout showing major clinical symptoms. Lwestiga­
Duns are al so hampered by the lack of a sensitive bio­
ch emical marker of selenium overexposure (\VHO, 
10 96). Hair loss and nail damage are the most cornmon 
.lOti consistent clinical indications of the condition. 
Ch inese studies carried out in the seleniferous areas of 
1 Jubei and Ziyang have demonstrated that these effects 
-re evident above dietary intakes of 900 Ilg day-I, blood 
b 5m,1 levels of J mg L- I, and whole blood concentra­
'nil s of 0.813 mg L -I (Yang et al., 1983). Interestingly, 
-Jnher work in China has shown a marked reduction 

the ratio of selenium in plasma compared to that in 
. '1 throcytes at dietary intakes of 750mgkg- l

. This is 
: first indication of a biochemjcaL response to high 

-~ ! en i um intakes prior to the development of clinical 
. mptoIDs (Yang et al., 1989). There is still a great 
~ .11 of uncertainty abollt harmful doses of selenium, 
~t a maximum recommended dietary intake of 400 Ilg 
.. .-1 h,1S been proposed based on half the level of 
r'lkc fOllDd i,n the Chinese studjes (\VHO, 1996). 
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1950s by Russian geochemists and the wide application 
of these methods has been made possible by improve­
ments tD rapid multi-element analysis techniqnes over 
the last 60 years. 

However, selenium is not an easy element to analyze, 
partly because concentr,ltions in natun1l materials ar 
so low. Therefore, in many multi-element geochemical 
surveys, seleniulll was not included in the 'lI1alysis. It 
was not until the last 25 ye,lrs th,lt '1I1<1lytic'11 ,1dvances 
have allowed the detection of seleniulll at low enough 
concentrations to be of real interest to environmental 
studies but because these techniques are more expen­
sive than routine <ll1<llytical programs, selenium is still 
often missing from the group of determinants despite 
its environment,ll importance (Darnley et al., 1(95). A 
sunlJnary of some uf the selenium data available 3round 
the world is provided by Oldfield (19<)<). 

Analytical methods th3t give goodlilllits of detection 
(<lmg kg- I) include colorimetry, neuron activation 
analysis (i\:AA), x-ray fluorescence spectrometry (XRF), 
,1tolllic fluorescence spectrometry (AFS), gas chro­
lllatogn1phy (GC), inductively coupled mass spectrom­
etry (ICP-IVIS), 3nd inductively coupled atomic 
emission spectrometry (ICP-AES). Of these, AFS is the 
most widely used for natural materials such ,1S foods, 
plants, and soils. NAA is often used to determine dif­
ferent selenium isotopes, especially in tnlcer studies 
using 7SSe, etc., and gives good detection limits, but it 
is a more specialized form of analysis. For sUidying 
stable isotopes of selenium (for example, 7"Se and ~2Se) 
ICP-MS may be used, but it requires enriched and 
expensive isotope materials. In more recent years, 
hydride-generation techniques have improved the 
detection limits of spectrometric methods such as ICP­
AES. Ion exchange chromatography has been exten­
sively used to determine selenium compounds in plants 
whereas gas chromatography is employed to dete rmine 
volatile selenium compounds. Ion exchange or solvent 
extraction methods are used to disti.nguish selen<lte and 
selenite species in solution. Recently developed anion 
exchange high-performance liquid chromatography 
(HPLC) and ICP-dynalllic-reaction-cell MS methocls 
can be used to measlIfc selenium isotopes and sele­
narnino acids including sclenocysteine and selenome­
thionine. Using these techniques it is now possible to 
measure relatively low selenium concentrations and 
selenium element species in a wide variety of environ­
mental and biological materials (\VHO, 1987). 

In animals and humans a variety of bio-indicators of 
selenium status have been employed. Due to the close 
associatjon between the level of dietary selenium intake 
and GSH-Px activity, the fact that the enzyme activity 

represents functional selenium and that assessments of 
tbis enzyme are e,lsier to perform than selenium tests, 
GSH-Px activity h,ls been lIsed extensively to measure 
seleniulll status, especially in animals. However, this 
method requires caution because GSH-Px activity is 
influenced by other physiological factors ,mel a non­
selenium-dependent GSH-Px enzyme is also present tn 
animals and humans. Furthermore, the enzyme activity 
may provide an indication of seleni wlJ status at lower 
levels of intake, but ,1t higher concentrations of sele­
nium the GSH-Px activity becomes saturated and the 
enzyme cannot be used to indicate toxic selenium status 
(WHO, 19(6) (see also Chapters 23 and 30, this 
volume). 

Other indicators of selenium status include whole 
blood, plasma, or serulll; hair; toenail; and urine 
content. Of these, hair has been used extensively 35 it is 
easy to collect. However, caution is required to ensure 
that samples ,1re not contaminated with residues from 
selenium-containing shampoos. It should also be noted 
that urinary seleniull1 cannot be used to measure inhala­
tion exposure to hydrogen selenide gas, selenium oxy­
chloride, or organic-selenium compounds as severe 
damage to the lungs occurs before elevated selenium 
contents are evident in the urine (\-\'1-:£0, 1987). Dietary 
surveys are also commonly used as an indication of sele­
nium intake. Single-day dietary surveys can give errors 
of up to 90% when used to estimate the real long-term 
exposure to selenium, because wide ranges in d,lily 
intake are commonplace (0.6-22 1Ilg day-I). Compar­
isons of different methods have shown that three-week 
dietary observations give estimates of overall intake to 
within 20% and are a much more reliable indication of 
likely seleniulll status (v\THO, 1987). 

Regardless of the materi,ll sampled, whether it is soil, 
food, blood, water, hair, etc., seleniulll status is deter­
mined by comparison to a set of thresholds and nor­
mative values that have been determined by examining 
tile levels at which physiological effects occur in plants, 
animals, and humans. Some of these thresholds are 
listed in 'L1blc XVlIl. In general, tOtal soil selenium 
contents of 0.1-D.6mgkg'-1 are considered deficient as 
these ,1re tile concentrations of selenium fonnd in 
regions wherc selenium-deficient livestock are com­
monplace snch as New Zealand, Denmark, and the 
Atlantic Region of Canada. ,,,ro rk regarding Keshall 
disease in China suggests levels of 0.125 mg kg-I total 
selenium in soil C,1Use seleniulll deficiency in the food 
chain (Yang et al., 1983; Yang & Xia, 1(95). However, 
it should be kept in mind that the amount of total 
seleniulll in the soil is not necessarily the critical factor 
determining seleniulll status. Several studies have 
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TA BLE XVIII. Deficiency and Toxicity Thresholds and Recommended Upper Limits for Selenium in Various Media 

Deficient 
mgkg-' 

So ils 
W orld Total Se 0.1-0.6 
C hina Total Se 0.125 
China Water-Soluble Se 0.003 
'~jonts 

IVorid Plants 0, 1 
hina Cereal Cmps 0.025 

4nimals 
=odder. Animals chronic <0.04 
Cattle and sheep liver 0,21 

Cattle/sheep blood mgt' <0.04 

-ru mans 
C hina Hail­ 0.200 
J rlne Excretion llg day", 
~ef. Dose mgkg" day- ' 
=:Jod <0.05 
::>iet llg day- ' <40 

Marginal 
mgkg ' 

0.175 
0.006 

0.040 

0.05-0.06 

0.250 

Moderate 
mgkg " 

00400 
0.008 

0.070 

0.500 

Adequate 
mgkg-' 

0.1-1.0 

0.1-3 

0.07-0.1 

10-200 

55-75 

Toxic 
mgkg- ' 

>3 
0,020 

3-5 

> 1 

3-15 

>3 

0.005 
2-5 

>400 

Reference 

Various 
Tan (1989) 
Tan (1989) 

Jacobs (1989) 
Tan (i 989) 

Jacobs (1989) 
WHO (1987) 
Mayland (1994) 

Tan (1989) 
Oldfield (1999) 
US-EPA (2002a) 
WHO (1996) 
WHO (1996) 

Maximum Admissible Concentration mgkg-' Reference 

J K Soil 35-8000 EA (2002) 
=rance Soil 10 Haygarth (1994) 

SA Sewage Sludge 100 US-EPA (2003) 
K Sewage Sludge 25 Haygarth (1994) 
SA Air mg m-J 0.2 US-EPA (2002a) 

d orl d Water I-lg L- I 10 WHO (1996) 
..JSA Water llgL- ' 50 US-EPA (2002b) 
>·.orl d Human Urine mg L ' 0.1 WHO (1987) 

::mO!1strated that the total selenium content of d1e soil 
_.a1 be considered "adequate" but if the selenium is not 
., b io<lvailable form, it is not taken up into plants and 
um als and selenium deficiency can result (see, for 

_ 1mple, Fordyce et al., 2000<1). l()tal selenium con­
_ . ,(rations in soil can give an indication of likely 
·c eniulll ~tatus but do not necessarily tell the whole 

f\ . ,111<1 a seienimll deficient environment is nor neces­
--ily one in which total concentr,ltions of selenium in 

.lre the lowest. In recent years soil with water-soluble 
_ t'ni ull1 has been used as ,111 indicator of the bioavail­

e fraction and Chinese scientists have recommended 
. deficiency and toxicity thresholds on this basis, 

, ~ and 0.020 mg kg- I, respectively (Tan, 1989). 

Due to the manv different Llctors th,lt can influence 
the uptake of selenium from soil into plants, vegetation 
often provides a better estimate than soil of likely envi­
ronmental statns with regard to health probl ems in 
animals and humans. Feed crops containing more than 
O.lmg kg- I of selenium will protect livestock from sele­
nium deficiency disorders, whereas levels of >3-5 mg 
kg- I in plants have been shown to induce selenium tox­
icity in 3nill1<lls (Lev:JJ1der 1980; Jacobs, 198<» . The 
current M \.C of selenium in animal feedstuffs in the 
United States is 5mgkg- l

. In terms of cereal crops for 
human consumption, Chinese workers suggest defi­
ciency and toxicity thresholds of 0.02 and O.IOll1gkg-' , 
respectively, based on epidemiological studies in Keshan 

http:0.05-0.06
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1950s by Russian geochemists and the wide application 
of these methods has been made possible by improve­
ments in rapid multi-element analysis techniques over 
the last 60 years. 

However, selenium is not an easy dement to analyze, 
partly because concenb'ations in natural materials are 
so low. Therefore, in many multi-element geochemical 
surveys, selenium was not included in the analysis. It 
was not wltil the last 25 years that analytical advances 
have allowed the detection of selenium at low enough 
concentrations to be of real interest to environmental 
studies but because these techniques are more expen­
sive than routine analytical programs, selenium is still 
often missing from the group of determinants despite 
its environmental importance (Darnley et al., 1995). A 
summary of some of the selenium data ava ilable around 
the world is provided by Oldfield (1999). 

Analytical methods that give good limits of detection 
«1mg kg- I) include colorimetry, neuron activation 
analysis (NAA), x-ray fluorescence spectrometry (XRF), 
atomic fluorescence spectrometry (AFS), gas chro­
matography (GC), inductively coupled mass spectrom­
etry (ICP-NrS), and inductively coupled atomic 
emission spectrometry (ICP-AES). Of these , AFS is the 
most widely used for natural materials such as foods, 
plants, ,lnd soils. NAA is often used to determine dif­
ferent selenium isotopes, especially in tracer studies 
using ISSe, etc., and gives good detection limits, but it 
is a more specialized form of analysis. For studying 
stable isotopes of selenium (for example, i8Se and H2Se) 
ICP-MS may be used , but it requires enriched and 
expensive isotope materials. In more recent years, 
hydride-generation techniques have improved the 
detection limits of spectrometric methods such as ICP­
AES. Ion exchange chromatography has been exten­
sively used to determine selenium compounds in pLHlts 
whereas gas chromatography is employed to determine 
volatile selenium compounds. Ion exchange or solvent 
extraction methods are used to distinguish selenate and 
selenite species in so lution. Recently developed anion 
exchange high-performance liquid chromatognlphy 
(HPLC) and ICP-clynamic-reaction-cell MS methods 
C,lI1 be used to measure seleniwll isotopes and sele­
namino acids including selenocysteine and selenome­
thionine. Using these techniques it is now possible to 

measure relatively low selenium concentrations and 
selenium element species in a wide variety of environ­
mental and biological materials (\NHO, 1987). 

In animals and humans a variety of bio-indicators of 
selenium status have been employed. Due to the close 
association between the level of dietary selenium intake 
and GSH-Px activity, the fact that the enzyme activity 

represents functional selenium and th,lt assessments of 
this enzyme are easier to perform than selenium tests, 
GSH-Px activity has been nsed extensively to measure 
selenium status, especially in animals. However, this 
method requires caution because GSH-Px activity is 
influenced by other physiological factors and ,1 non­
selenium-dependent GSH-Px enzyme is also present in 
animals and humans. Furthermore, the enzyme activity 
may provide an indication of selenium status at lower 
levels of intake, but at higher concentrations of sele­
nium the GSH-Px activity becomes saturated and the 
enzyme cannot be used to indicate toxic selenium status 
(WHO, 1996) (see also Chapters 23 and 30, this 
volwne) . 

Other indicatOrs of selenium status include whole 
blood, plasm'l, or serum; hair; toenail; and urine 
content. Of these, hair has been used extensively as it is 
easy to collect. However, caution is required to ensure 
that samples are not contaminated with residues from 
selenium-containing shampoos. It should also be noted 
that urinary selenium cannot be used to measure inhala­
tion exposure to hydrogen selenide g,ls, selenium 0)")' ­

chloride, or organic-selenium compounds as severe 
damage to the lungs occurs before elevated selenium 
contents are evident in tl1e urine (vVHO, 1987). Dietary 
surveys are also cOlllmonly used as all indication of sele­
nium intake. Single-day dietary surveys can give errors 
of up to 90% when llsed to estimate the real long-term 
exposure to selenium, because wide ranges in d<lily 
int,lke are commonplace (0.6-221)lg day-I) . Compar­
isons of different methods h,)ve shown that three-week 
(liet;]r), observations give estimates of overall intake to 
witllin 20% and are a much more reliable indication of 
likely selenium status (VlHO, 1987). 

Regardless of the material sampled, whether it is soil, 
food, blood, water, hair, etc., selenium status is deter­
mined by comparison to <l set of thresholds and no('­
mative values that have been determined by examining 
the levels at which physioJogical effects occur in plants, 
animals, and humans. Some of these thresholds are 
listed ill T..1ble A'\llIl. In general, total soil selenium 
contents of 0.1-0.6mg kg- I are considered deficient as 
these are the concentrations of selenium found in 
regions where selenium-deficient livestock are com­
monplace such as New Zealand, Denmark, and the 
Atlantic Region of Canada. 'Vork regarding Keshan 
disease in China suggests levels of 0.125 mg kg-I total 
selenium in soil cause selenium deficiency in the food 
chain (Yang et al., 1983; Yang & Xia, 1995). However, 
it should be kept in mind that the amount of total 
selenium in the soil is not necessa rily the critical factor 
determining selenium status. Several studies have 
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TABL.E XVIII , Deficiency and Toxicity Thresholds and Recommended Upper Limits for Selenium in Various Media 

DefiCient Marginal Moderate Adequate Toxic 
mgkg-' mgkg-' mgkg-' mgkg- ' mgkg- ' Reference 

Soils 
World Total Se 0,1-0,6 

China Total Se 0,125 0,175 00400 >3 
China Water-Soluble Se 0,003 0,006 0.008 0.020 
Plants 

World Plants 0,1 0.1-1.0 3-5 
China Cereal Crops 0,025 0.040 0.070 >1 
Animals 
Fodder, Animals chronic <0,04 0.1-3 3-15 

Cattle and sheep liver 0,21 

Cattle/sheep blood mg L I <0,04 0.05-0,06 0,07-0.1 

Humans 
China Hair 0,200 Q,250 0.500 >3 
Urine Excretion f,lg day­ ' 10-200 
Ref, Dose mgkg-1day- 1 0.005 
Food <0,05 2-5 
Diet f,lg day- ' <40 55-75 >400 

Various 
Tan (1989) 
Tan (1989) 

Jacobs (I 989) 
Tan (1989) 

Jacobs (1989) 
WHO (1987) 
Mayland (1994) 

Tan (1989) 
Oldfield (1999) 
US-EPA (2002a) 
WHO (1996) 

WHO (1996) 

Maximum Admissible Concentration mgkg-' Reference 

UK Soil 
France Soil 
USA Sewage Sludge 
UK Sewage Sludge 
USA Air mg m-J 

World Water f,lgL- ' 
USA Water ~lgL-1 

1World Human Urine mg L­

35-8000 

10 
100 
25 

0.2 

10 


50 

0.1 

EA (2002) 
Haygarth (1994) 
US-EPA (2003) 
Haygarth (1994) 
US-EPA (2002a) 
WHO (1996) 

US-EPA (2002b) 
WHO (1987) 

demonstnlted th,lt the total selenium content of the soil 
can be considered "adequate" but if the selenium is not 
in bioavailable form, it is not taken up into plants and 
~mil11als and selenium deficiency can result (see, for 
e.xample, Fordyce et al., 2000a). lotal selenium con­
centrations in soil can give an indication of likely 
,elenium status but do not necessarily tell the whole 
"tory, and a selenium deficient environment is not neces­
'sarily one in which total concentr<Itions of seleniulll in 
, oil are the lowest. In recent years soil with water-soluble 
, eleniul11 h,lS been used as an indicator of the bioavajl­
able fraction and C hinese scientists have recommended 
50il def1eiencv and toxicity thresholds on this basis, 
0.003 ,1nd 0.020 mg kg- I, re;pectively 0 -:111, 1989). 

Due to the many different factors that can influence 
the uptake of selenium from soil into plants, vegetation 
often provides a better estimate than soil of likely envi­
ronmental status with reg,lrd to health prohlems in 
animals and hUll1ans. Feed crops containing more than 
0.1 mg kg ! of selenium will protect livestock from sele­
nium deficiency disorders, whereas levels of >3-5 mg 
kg-I in plants have been shown to induce selenium tox­
icity in animals (Levander 198(); Jacobs, 1(89). The 
current MAC of selenium in animal feedstuffs in the 
(; ni ted Sta tes is 5 mg kg I. Tn terms of cereal crops for 
human consumption, Chinese workers suggest defi­
ciency and toxicity thresholds of 0.02 and D.lO mg kg I, 

respectively, h,lsed on epidemiological studies in Keshan 
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disease and areas affected with selenosis (hll1, 1989). 
Determination of the seleniulll status of water is usually 
mMle using comparisons to the \NHO maximum admis­
sible concentration of I011gL-'. 

Tn veterin,lry science, concentrations of <0.04 mg L - 1 

seleniulll in anim<ll whole-blood are considered defi­
cient and are related to \iVlVID in ruminant species 
whereas 0.07- 0.101IlgL- 1 is considered adequate, which 
highlights the extremely narrow range in selenium 
status between clinical and non-clinical outcomes 
(Levander 1986; "VI-10, 1987). I·IuIllan selenium status 
is rather lllore difficult to categorize becallse of the lack 
of overt clinical symptollls in lllany populations exposed 
to supposedly deficient or toxic intakes, but based on 
work in Chin<l, deficiency and toxicity thresholds in 
human hair of 0.2 and>3 mg kg-I (Yang et al., 1983; Tan, 
1989; Yang & Xia, 1995), respectively, have been sug­
gested whereas dietary limits of 40 and 400 llg day- I are 
proposed by the \ I\mo as an indic,ltion of human 
selenium status (WHO, 1996). 

V. RE M EDIATION 

A variety of methods have been used to try and coun­
teract the impacts of selenium deficiency and toxicity 
in environments and within animals and humans as 
follows. 

A. Remediating Selenium Deficiency 

j\1ethods to erl.hance selenium in the environment and 
uptake into agricultural crops and animals have been 
developed over a number of years. One approach is to 
alter the species o f crops grown on deficient soil to plant 
types that take up more selenium. Switching from white 
clover production to certain grasses to increase the sele­
nium content of fodder crops has been lIsed snccessfully 
in New Zealand (Davis & \;\Tatkinson, 1966). Another 
approach is to apply selenium-rich fe rtilizers to the soil 
to increase the amount of selenium taken up by plants, 
animals, and humans. Some rock phosphate fertilizers 
are rich in selenium and can be used to enhance uptake; 
however, there is some risk associated with application 
of selenates to alkali and neutral soils because of high 
bioavailability. Use of selenate fertilizer results in much 
higher selenium contents of first cuts of crops or forage, 
which decrease sharply with subsequent cropping. 

Addition of selenite to acid-neutral soils can result in 
some loss of selenium to soil adsorption, which 
decreases the effectiveness of the application, but in 
some cases this mechanism can ensure that levels of 
uptake are not toxic (Fleming, 1980; Jacobs, 1989). The 
selenium concentration of foods can also be increased 
by supplementing ordinary fertilizers with soluble sele­
nium compounds. At the current time, only Finland, 
N ew Zealand, and parts of Can<lda and China allow 
selenium-enhanced fertilizers to be used for the culti­
vation of food crops. These countries use fertilizers 
based on sodium selenate (Oldfield, 1999). For example, 
in New Zealand 1 % granular selenium is mixed with 
granulated fertilizer and is applied at a rate of 
10 g Se ha- 1 over about a quarter of tbe agricultural land 
in the country (in 1998 1.2 million of 4 .5 million ha 
underwent selenium fertilization) (Jacobs, 1989; 
Oldfield, 1999). 

Problems of uptake associated with retention of sele­
niulll in the soil can be circumvented by direct applica­
tion of the fertilizer to the plants themselves. Foliar 
application of selenite to plants bas been successfully 
used to increase the selenium content of crops and 
animals . Spraying seleniwn at 3-5 g ha- I has been shown 
to increase the content in grain whereas sodium selen­

Iite applied at 50-200gSeba- ' maintained >0.1 mgkg­
contents in crops through three harvests. Studies have 
shown that the selenium content of crops is enhanced 
by mid-tillering spraying with selenium fertilizer but it 
cannot be applied successfuIJy to seeds Gacobs, 1989). 

For example, Chinese workers have reponed much 
better uptake of selenium in maize crops grown on 
aerated oxygenated soils than in rice grown in the same 
soils under waterlogged conditions due to reduction of 
selenium to insoluble forms. To avoid poor uptake of 
selenium from soils as a consequence of the water­
logged conclitions, foliar spraying of sodium selenite at 
an early shooting stage of the rice plant growth was 
found to improve the selenium content of the grain and 
hull (Cao et aI., 2000). In another study, the average 
wheat selenium contents in Kashin-Beck endemic <lreas 
were 0.009 mg kg- I dry weight resulting in daily intakes 
of 12).lg in the local population. FolJowing foliar sele­
niuIn fertilizer application, wheat contents increased to 
0.081 mg kg- I dry weight and human daily dietary 
intakes rose to 4711g (13n et aI., 1999). 

In Finland, the bioavailability of soil selenjul1l 
for plants is generally poor due to the relatively low 
selenium concenD'ation, low pH, and high iron content 
of th soil as much of the country comprises very 
ancient hard crystalline granite and gneiss rocks. This 
is very similar to eastern Canada where selenium 
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upplel11entation is also practiced (Jacobs, 1989). In 
1f)84, the Finnish government approved a program of 
elenium supplementation in fodder and food crops . 
f he program initially involved spraying a 1 % selenium 

lution o nto fertili ze r granules g iving an application 
·';1 te of 6 g Se ha - I for s il age and 16 g ha- I fo r cerea l crops. 
\ \'ithin two years a threefold increase of m ea n selenium 
tntake in the human population was ohserved ,1l1d 
hu man serum contents inc reased oy 70%. The supple­
mentation affected the selenium content of all maj or 
')QeI groups with the exception of fi sh . In 1990 the 
1jl1flllJ1t of selenium tIlat was supplemented was reduced 
ro 6 g Se ha 1 fo r all crops and the me<1 n human selenium 
in take fell by 30% and the se rum selenjul11 concentTa­
e,)J1 decreased hy 25% from the highest levels observed 
ITi 1989. Accordtng to data obt'lined, supplementation 
,Jt fertilizers with selenium is a safe and effective means 
of increasing rhe selenium intake of both animals and 

lI mans and is feasible in countries like Finland \,\·ith rel­
u \ ely uniform geocbemical conditions (Aro et aL, 
<N5). In other countri es where tlle low level of sele­

ll iull1 intake is currently of concern, such as in the UK, 
rh is kind o f inte rvention would require carefuJ planning 
Jnd monitoring of the effects 0 11 both animal and 
hwnan nutrition and the environment, because geo­
h emical conditions vary markedly across the cowltry 

.1'i a result of ,1 diverse geological environment. 
I n addition to attempts to enhance selenium in fodder 

d 'I) P S and animal feeds supplemented witIl sodium 
~c' lenite or selenate, selenium deficiency in animals is 
Jbo prevented by veterinary in te rven tions such as sele­
nj um injections to females during hlte ges t,nion and/or 
ro the young stock shortly a fter birth , dietary supple­
'nents, salt licks, and drenches (Levander, 1986). 

Tn humans also, direct dietary supplementation 
"llc thods ha ve been used successfully to counteract sele­
'1iu !11 de fi ciency. Pills containing selenium alone or in 
_.Jmbin'ltion with vitamins and/or minera ls are available 

several counu·ies . Selenium supplements contain 
-elenium in different chemical forms. In the majority o f 
upplements, tIle selenium is present as 35 selenome­

thion ine; however, in multivitamin preparatio ns, infant 
: nnutls, pro tein mixes, and weight-loss products 

ld iuI11 se lenite :mel sodiul11 selenate are predominantly 
.J~ c: cl. In otIler products, selenium is present in protein­
~'he lated or amino acid chelated forms. C urrent animal 
rudies and epidemiological evidence t~1Vors seleno!llc­
:~i ()nin e as the most bioavai labl e and readily taken up 
o r 111 of selenium in mineral supplements. A dosage of 

::' 00 fl g day- I is gene rally considered safe and adequate 
'or aduJts of average weight consumi ng a North 
'un erican di et ('"\THO, J987). Studies carried out in KD 

<1reas of C hina have shown that hoth selenite ,md se le­
nium-yeast supplements were effective in raising GSH­
Px activity o f selenium-deficient populations, but 
selenium-yeast provideu a longer lasting body pool of 
selenium (Alfth:m et aI., 2000) . Altering the diets of 
humans to include selenium-rich foods has also proveu 
successful in preventing selenium detici ency. In China, 
se lenium-rich tea, mineral water, and cereal crops are 
now marketed in selenium-defici ent areas . 

B. Remediating Selenium Toxicity 

One of the mos t common methocls to reduce the effects 
of selenium in soil is phytoremediation. This practice is 
carried out by g rowi ng pLll1t species, which accumulate 
selenium from the soil ,l nd volatilize it to the ai r to 
rcduce levels in soil. For example, the hybrid poplar 
trees POplll1lS tremula x alba can transfer significant quan­
tities of se lenium by volatili zation from soil to air; the 
rate for seJenoll1etIlionine is 230 times th,lt of selenite 
and 1.5 times higher for selenite than selena te. These 
trees have been used successfulJy to reduce selenium 
contents in soil in the western ,l reas of the United States 
(Oldfield, 1(99) . 

There is some evidence to suggest that the presence 
of phosphate and sulfate in soils can inhibit the uptake 
of selenium in plants and application of these minerals 
as soil trea tment~ could he beneficial agaiJlst se lenium 
toxicity in agricultural crops. Studies have shown a 
tenFold increase in sulfate content reduced uptake from 
selenate by >90% in ryegrass and clover. whereas a 
similar increase in p hosph<ne content caused 30-50% 
decreases in selenium accumulation ti'om selenite in 
ryegnlss, but in clover such decreases only occurred in 
tI) e roo ts. Therefore, sulfate-se lenate antagonisms were 
much sU-onger than phosphate-selenite <1l1tagonisms. 
The addition of sulfur or calcium sulJ~1te (gypsum) to 
seleniferous so ils in North America W,IS not sllccessful 
in reducing uptake into plants pro bably because these 
soils already contain high quanti t ies o f gypsum. 
However, additions of calcium sulfate and barium chlo­
ride have been shown to markedly reduce the uptake o f 
selenium in alfalfa in ul e U nited States (90-100%) 
probably due to the formation of B,ISe04, which is 
ll<lrely so luble . The practicaLities of this type o f sele­
nium remediati on m ethod are rather limitcd (Jacobs, 
1(89). 

It is more common to counteract selenium toxicity 
with veterinarv and m edical interventions. Sodium 
sulfate and high protein intakes have been shown to 
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reduce the toxicity of selenate to rats but not of selen­
ite or selenomethionine in wheat. Arsenic, silver, 
mercury, copper, and cadmium have all been shown to 
decrease the toxicity of selenium to laboratory animals 
and they have been used to alleviate selenium poison­
ing in dogs, pigs, chicks, and cattle CVloxon, 1938; 
Levander, 1986; \tVHO, 1 ()87). The protective effect of 
arsenic is thought to be a consequence of increased 
biliary sclenium excretion. Laboratory evidence sug­
gests that mercury, copper, and cadmium exert a bene­
fici al eHect due to reactions with sdenium in the 
intestinal tract to form insoluble selenium compounds. 
However, consideration must be given to the toxic 
effects of these elements before they are 'lpplied as sele­
nium prophylaxis. Linseed meal has also been found to 
counter selenium toxicity in animals by the formation 
of selenocyanates, which are excreted (\t\'HO, 1987). 

In terms of human diets, diet<lI), diversification can 
also help reduce se lenium toxicity. In Chin,), high­
selenium cereal crops are banned from local consump­
tion and exportcd out of the seleniferous regions whcre 
they are mixed with gr<lins from elsewhere before they 
are so ld in selenium-deficient P<lrts of the country. 

VI. CASE HISTORIES 

A. Selenium Toxicity in Animals­
Kesterson Reservoir, United States 

One of the best known and most studied incidenccs 
of selenium toxicity in animals has becn recorded ,It 

Kesterson Rcservoir, California, in the Gnited St<ltes . 
The information summarized here is taken from Jacobs 
(1989), Wu et al. (2000), \tVu (1994), and Tokun,lga 
et al. (1996). These publications should be referred to 

for furth er details. 
Due to a scarcity of wetlands in California, wildlife 

resource managers tried using irrigation runoff from 
subsurface agricultural drains to create and maintain 
wetland habit:lts at the Kesterson Reservoir. The reser­
voir comprises 12 shallow ponds acting as evaporation 
and storage basins for agricultural drain waters from the 
San Joaquin V'lllcy. During part of the year, the wilter 
fwm the reservoir was to bc discharged via the San Luis 
drain back into the Sacramento-SanJo,lquin River delta 
when river flows were high enough to dilute the con­
taminants prcsent in the agricultural w,lter. However, 
construction of the San Luis drain was halted in 197 5 
due to increased environmental concerns ahollt thc 

impact of the drain water on the river delta. During the 
1970s surface water flow into the reservoir predomi­
nated , but into the 1980s <llmost all the flow was shallow 
subsurfacc agricultuHl drainage water. Selenium con­
centr<)tions in agricultural drainage water entering the 
Kesterson Reservoir area between 1983 and 1985 were 
300mgL-1 as a result of contact with seleniferous soils 
in the catchment area. In this arid <lLkaline environment, 
98 % of the selenium was in the most readily bioavail­
,lble selenate form \yith only 2% present as selenite. The 
effects of this water on plants and animals were rela­
tively unknown prior to studies carried out between 
1983 and 1985 by the U. S. \Vildlife Service comparing 
Kesterson to the adjacent Volta \Vildlife area,which was 
supplied Witll clean irrigation water with normal con­
centrations of selenium. T he mortality of embJ)'os, 
young and adult birds, survival of chicks, and embry­
onic deformities were compared between the two sites. 
The selenium content of the livers of sl1<lkes and frogs 
from the two areas were also examined in addition to 

tissues from 332 mammals of 10 species, primarily 
moles. Results of some of the comparisons between 
biota from the two sites are shown jn Tlble XIX. In all 
cases, tlle levels of selenium in biological materials at 
Kesterson Reservoir exceeded tll0SC of the Volta 
\Vildlife area several-fold. Concentrations of seleniulll 

TABLE XIX . Comparison of Selenium Toxicity Effects 
in Biota from the Seleniferous Kesterson Reservoir 
and the Selenium-Normal Volta Wildlife Area, California, 
United States 

Kesterson 
Sample type mgkg- I Volta mgkg- I 

Algae and rooted aquatic 18-390 0.17-0.87 
plants 

Emergent aquatic plants leaves 17-160 <2.0 
Terrestrial plants leaves 0.5-27 <4.7 
Plankton (geomean) 85.4 2.03 
Aquatic insects 58.9-102 1.1-2.1 
Mosquito fish 149-380 1.1-1.4 
Reptiles (frogs, snakes) liver 11.1-45 2.05-6.22 
Birds (coot, duck, stilt. grebe) 19.9-43.1 4.41-8.82 

liver 

Voles liver (geomean) 119 0.228 
No. of dead or deformed 22% 1% 

chick/embryo 

From Jacobs (1989). 
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In \I ater were compared to those in biota collected from 
the same site and hioaccul11ulation factors of more than 
1000 for animals Ivere found at I(esterson. Although 110 

OI'c rt adverse health effects were noted in reptile or 
f1l ~Hll111al species such as voles and raccoons in the area, 
the levels of selenium present were of concern in terms 
of bioaccuJDulation in the food ch'lill. In contrast, the 
olert health effects on birds were very marked with 
=~ '1() of eggs containing dead or deformed em bryos as 
a result of selenium toxicity. The developmental defor ­
mities included missing or abnormal eyes, beaks, wings, 
. egs and feet, and hydroceph'l ly, ,md were fatal. It is 
t:~ti ll1,lted that at least 1000 adult and juvenile birds died 
Jt Kesterson from 1983 to 1985 as a result o f consum­
:'lg plants and fish with 12- 120 times the normal 
:lD1ount of selenium (Jacobs, 1989). 

Following these revelations, Kesterson Reservo ir was 
d osed and a series of remedial measures ~were tested by 
a team of scientists who were able to provide a more 
~horough understanding of processes leading to se le­
niulll transport ,uId biologic exposure in this environ­

en t. Some of the schemes proposed included the 
dC\'elopment of an ill situ chemical treatment to immo­
hili ze soluble ~elenium in drained evaporation pond 
'f'd iment~ by amendment with ferrous iron, \vhich 

eludes selenate ,mel selenite in ferric oxyhydroxid e 
r eOOH). Phytoremedi,ltion techniqu es were also 

:t:stcd. These included tbe growing of barley (H01'dmm 
:II /g(l/'C L.) and addition of straw to the soil, which con­
• ,lined 0.68 mg kg- I soluble selenium and 6.15 mg kg- I 
.o tal selenium. Four treatments were evaluated: soil 
n ly', soil + straw, soil + barley, and soil + straw + barley. 
t the end of the experiments, seJenium in barl ey rep­

rese nted 0.1-0.7% of the total selenium in the system , 
lI1d volatilized selenium accounted for 0.2- 0.5% of 
t{' ral se lenium. In contrast, straw amendments were 
,'nunel to greatly reduce the amount of selenium in soil 
o luti on by 92-97% of the initial soluble selenium and 

- ~presented a possi ble remediation strategy for the 
.. _servo ir. T he planting of canola (Bm.L\·;ca Ilapus) \-vas 
. .150 evalwlted but accumulated 50mgkg-1 (dry weight), 

hich accounted for less than 10% of total selenium lost 
:.11 the soil solution during the post-harvest period . 

Biorel11ediation through the microbial reduction of 
~u.\.ic oxyanions selenite and selenate into insolubl e SeQ 
Jr methylation of these species to dimethylselenide W<lS 

'oposed as a potential bioremediation cleanup strategy. 
Fiel d trials demonstnlted t11at microorg<lnisms, particu­

rly Hntel'ob(fcter dO(l((/!', were very active in the reduc­
'Clll of selenium oxyanioll s in irrigation drainage 
l-a te r, into insoluble Sen a;)d, by monitoring various 
_'11.i ronmental conditions and the addition of organic 

amendments, the process could be stimulated many 
times. Based upon the promising results of these studies, 
a biotechnol ogy prototype was developed for the 
cleanup of polluted sediments and water at Kesterson. 

A soil excavation plan had been proposed to remove 
selenium-contaminated material fro111 the site; how­
ever, extensive monitoring of porewater in the vadose 
zone demonstrated that this plan would be ineffective 
in reducing the elevated se leniulll concentration 
in ephemeral pools present during the winter at 
Kesterson. Furthermore, extensive biological monito r­
ing demonstnlted that selenium concentra tions in the 
dominant species of upland vegetation at Kesterson 
\-vere near or equal to "safe" levels. 

On the basis of these studies, a cost-effective reme­
diation strategy was devised. First, the groundwater 
under Kesterson was protected from se lenium contam­
ination by naturally occurring biogeochemical immobi­
li zation. Secondly the contaminated soil and sediment 
was left in place but low-lying areas were in filled to 

prevent the formation of the ephemeral pools that 
attracted wildlife. The area was then planted over with 
upland grassland species. Monitoring studies ca rried 
out on soil and vegetation between 1989 ,l nd 1999 
showed that selenium losses from soil via volatilization 
were approximately 1.1 % per year. Soil selenium con­
centrations in the fresh soil fill sites increased in the top 
15 em, \vhich indicated that the plants were able to 
effectively take up soluble soil selenium from the lower 
soil profile and deposit it at the land surface thus reduc­
ing the rate of leaching of soil selenium. In general pi<Jnt 
tissue c()nceno'ations reflected the amollnt of soi l water­
soluble seleniulll present, which was low. I I I 1999 plant 
tissue concentrations averaged 10 mg kg-I (dly weight) 
and soi l water-soluble selenium contents 110mgkg-1 

giving an es timated bioaccumulation value for the 
upland grassland of less than 10% of the previous 
wetland hahitat. It was concluded that the new 
Kesterson grassland did not pose <l risk to the environ­
ment (Wu et aI., 2000) . 

B. Selenium Toxicity and Drinking 
Water-Reggio, Italy 

Examples of hi gh selenium exposure related to intakes 
in water are very scarce. An exception is reported by 
Vinceti et al. (1998) and occurred in the town of Reggio, 
Ital y, between 1972 and 1988 where the population in 
the Rivalta neighborhood was inadvertently exposed to 

wells containing 3-1311g L -I selenium as selenate and 
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resulta nt tap water containing 7- 911g L - 1 compared to 
selenium contents in the drinking water of adjacent 
neighborhoods of<ll1gL- I. The wells were closed off 
in 1989 and the population was no longer exposed to 
water from this source. Apart fro m the selenium 
conten t, water quality between Rivalta and the other 
neighborhoods was the same. Using residency and 
w,Her suppl y records, 2065 people (l021 m en and 1044 
wome n) were iden tified as having been ex posed for at 
least 11 years to the eleva ted selenium content in the 
water between 1975 and 1988. This cohort was com­
pared to a control population o f non-exposed indilridu­
als from the Sa me town. To exa mine the effects of this 
exposure on cancer incidence in the local population, all 
cases of pathologically confirmed primary invasive 
melanoma occurring during 1996 were collated for the 
entire town of Reggio as well as records Oil age, sex, 
educational level , ,md occupation. T he exposed and 
non-exposed populatio ns had s im ilar educatio nal and 
occupatio nal profil es and o nce the data were corrected 
fo r age and sex, a higher prevalence o f skin cancer was 
no ted in the exposed population. On the basis o f 
melanoma ratcs in the unexposed population, 2.06 cases 
would be expected in the exposed population whereas 8 
cases were reported. Although other confounding 
facto rs could not he taken into account in this study, 
there is some evidence to suggest tila t the skin is a target 
organ ism in chronic selenium toxicity and that in­
orga nic se lenium can act as a pro-oxidant and mutagen 
and ce ll apoptosis suppressant, which may account fo r 
the hi gher prevalence of cancer in the exposed group . 
It should he noted that selen ium is ineffective against 
m e lanoma although beneficial for other forms of cancer 
(Clark e t aI., 19(6). 

C. Selenium Deficiency in H umans­
Zhangjiakou Distl;ct, Hebei Province, China 

Zhangjiakou District, Hebci Province, in C hina li es 
between Inner " Iiongolia to the no rth and Beijing to the 
south and is o ne of t he remotest regio ns of China lyi ng 
within the northeast-so utillvest KD belt (Figm e 8). The 
area is underlain by Archaen metamorphic and] urassic 
volcanic rocks, which are overlain by Quatern,lry loess 
,1nd alluvial deposits, ,111 of which contain low amounts 
of se le nium. \:\'ithin Zhangjiakou District, the KD belt 
follows the mountaino us watershed between til e two 
rock type, which refl ects the fact that villages in the 
remotest locations where popula tions are most depend­
ent on locall y grown foodstuffs are most a t risk fro m the 

disease. However, within the K D belt, prevalence rates 
show marked variability between villages ranging fro m 
o to 10.8% between 1992 and 1 Y96. In a sUldy to 

exa mine \vhy this variation lllay occur and to pinpoint 
tile relationships between environmental selenium and 
d ise,lse, J o hnson et a l. (2000) examined soil, staple crop 
(wheat and oats), water, and human hair selenium levels 
in 15 villages in tile region classified according to 
disease prevalence into tllree g roups: (1) no KD 0% 
prevalence; (2) moderate lill, 0-3 % prevalence; and 
high Till, >3% prevalence. Results showed that hair, 
grain , and water selenium concentrations showed an 
inverse relatio nship witll disease p revalence as expected; 
the highest selenium contents were reported in villages 
with lo wes t preval ence of the disease. However, con­
tra ry to expecta tions, soil total selenium contents 
showed the opposite rela tionship and were hig-hest in 
the viU ages with g reatest d isease prevalence (Figure 12). 
Indeed compariso ns between the data collected from 
high prevalence vi llages fo r the study and selenium defi­
ciency thresholds proposed by Tan (l9R9) indicated th;Jt 
the selenium contents of all sample typ were very low, 
whereas ha lr (geometric m ean 177 ng g- I, threshold 200 
ng g- I) and grain (geometri c mean 7.8 ng g- I, threshold 
25 ngg- I) contents would be classed as deficient, soil 
total selenium contents would not (geometric mean 171 
ngg- I, threshold 125 ngg- I). T here \vas a strong COITe­
lation between the seleni um content of gra in and the 
selenium sta tus of the loca l populatio n determined by 
hair sampling, but relationships with loca l so il s were less 
d ear. Further examinatio ns into the soil geochemistry 
demo nstrated that soils in the high KD prevalence vil­
l<lgcs were black or dark brown with a high o rganic 
matte r content and lower pH tllan o ther soils in the 
region. Although these soils contained high total se le­
nium contents, it was not in a readi ly bioavailable form 
as it was held in tile organic matter in tile soil. D espite 
the highe r total selenium conten ts, water-soluble sele­
ni um ill the high prevalence villages W ,1S in fac t lower 
th an deficiency threshold va lues (geometric mean 0.06 

Ingg- , threshold 3 ngg- I). T his study concluded that 
when environmental concentrations of se lenium are 
low, any factor that is responsible for reducing the 
mobility of selenium may have a critical effect and 
emphas izes the impo rtance of determining the bio­
ava ilability of se lenium ra ther tllan the total se lenium 
content when assessing impacts on human health. O n 
the basis of til is study, conditioning u"ea tments to raise 
the so il pH thus increasiJlg the bioavai lability of sele­
niulll in the orga nic-r ich soils or foliar appli cation of 
se lenium fertilizer to crops to avoid selenium adsorp­
tio n in the soils were recommended as remediation 
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F I GURE 12 Box and whisker plots of the 10th, 25th , 50th, 75th, and 90th pel·centiles of selenium concentrations in soil , grain, 

: rtn king water. and human hair samples from Zhangjiakou District, Hebei Province, China where the selenium-deficiency related con­

: :!on KD is prevalent in the local population. Samples were collected from three village groups classified into no KD (0% prevalence). 

~derate KD (0- 3% prevalence), ar1d high KD (>3% prevalence). Deficiency thresholds from Tan (1989) are shown as dashed lines on 

:.-e plots for soi,1 total selenium, grain selenium, and human hair selenium contents. (Reproduced with pe rmission from the British 

~eological Survey, Keyworth, Nottingham.) 

trategies to increase the levels of selenium in local human health it is Enshi District, Hubei Province, in 
.ets. T he study also demonstrates the importance of China, which lies approximate ly 100 km south of tbe 
'1derstallding the biogeochemical environment in the Yangtze River G orges and 450 km west-southwest of the 
ere rmination of sel enium-defici ent regions and appro­ provincial capital \VUh3ll (Figure 8). In E nshi D istri ct, 
';ate remediation techniques . However, here as wi th se lenium-d eficiency related diseases (Keshan (usease) 

_ ~e \\ · h e re in Chin;] , no incidences of K D have been and selenium toxicity (selenosis) occur within 20 km of 
_p()rted in the area since 1996 as economic and CO Il1- each other; their incidence is contro lled by geology. 
lI nic ltion improvements diversify the diet ~ll1d The area is very mountainous with little connectivity 

. .,h'1I1ce the health of the popul ation. 	 between villages; some of which can only be reached on 
foot, hence, populatiolls are very dependent on the local 
environment for their food supply. 

Jurassic s,l ndstones, which conta in low concentra­
D. 	The Geological Impact of Selenium on tions of trace elements incl uding seleniLUll , underli e the 
Iuman Health-Deficiency and Toxicity, northwest part of Enshi District and KD is presen t in 
·.nsill District, Hubei Province, China this area. Selenium toxicity, on the other hand, is asso ­

ciated wi th high environmental selenium derived from 
- there is one place on Ea rth that demonstrates the Permian age coal-bea ring strata in the center and east 

p!! rta nce of geologica l controls on selenium and of tlle Enshi District. Soils developed over Jurassic 
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s,1I1dstones comprise red-purple sands whereas light­
brown silts and clays containing many carbonaceous 
fragments are typical in areas underlain by the Permian 
strata. 

Studies into the selenium balance of local populations 
were carried out during the 1960s and 1970s by the 
Enshi Public Health Department in respons ' to out­
breaks of selenium-related diseases in the area. Between 
1923 and 1988, 477 cases of human selenosis were 
reported. Of these cases, 338 resulted in hair and nail 
loss and disorders of the nen'ous system. They occurred 
between 1959 and 1903 in Shadi, Xin lang and Shuang 
He cOllllllunities. In Yu '[1I1g Ba village, Shuang He 
community, the population was evacuated after 82 % (19 
out of 23 people) suffered nail and hair loss and all live­
stock died from selenium poisoning. During the same 
period, 281 selenosis cases were reported in five villages 
in the Shadi area. Cases of selenosis in pigs reached peak 
prevalence between 1070 and 1987 when 280 out of 
2238 animals were affected in Shatou, which resulted in 
122 deaths. No human cases of selenium toxicity have 
been reported in recent years but anjmals commonly 
suffer hoof and hair loss as a result of the high envi­
ronmental selenium. 

During the late 1960s and 1970s, an area of selenium 
deficiency in Lid1Uan County to the northwest of Enshi 
District was also identified and lies within the KD belt 
across China. In total, 312 people have suffered KD in 
the county, an average incidence rate of 103 per 
100,000. Among the 312 cases, 136 recovered, 163 died, 
and 13 persons still suffer from the disease. The village 
of Chang Ping was the worst affected with a total of 259 
cases out of a population of 20,308 and 117 of those 
affected died . Children between the ages of 3 and 8 
accounted for 83.4% of the total cases and 80% of the 
children affected by the disease died. Following peak 
prevalence in 1969 (l06 cases), the number of cases has 
fallen dramatically and current prevalence rates are 
unknown as no medical investigations have been carried 
out in recent years. 

Yang et al. (1983) were the first to compare levels of 
selenium in soil, crops, drinking water, human urine, 
blood, nail, and hair samples from the Ensbi area with 
other regions of China and demonstrate that the 
endemic selenium intoxication of humans in Enshi was 
related to the occurrence of Permian se lenium-enriched 
shaley coal, which contains up to 64 7 1111g kg-I selenium. 
There is some evidence to suggest that selenium in 
these rocks is in the form of micro particles of elemen­
tal selenium in association with organic carbon and that 
the carbon content of the rock controls the selenjum 

TABLE X X . Estimated Daily Dietary Intake of 
Selenium in Three Areas of Enshi District, China. 
Compared to Recommended Intakes Elsewhere 

Source Daily dietary intake of 
selenium (flg) 

Enshi low Se and KD 62-70 
Enshi high Se and no selenosis 194-198 
Enshi high Se and selenosis 1238-1438 
U.S. National Research Council 50-200 RDA 
UK Ministry of Agriculture 60-200 RDA 
China 40-600 RDA 

RDA = Recommended Daily Allowance. 

From Yang et al. (1983); Tan (1989); WHO (1996); and MAFF (1997), 


content. However, some selen ium is also found in the 
lattice of pyrite minerals. Selenium concentrations in 
soil, food, and human samples from areas underlajn by 
carbonaceous strata were up to 1000 times higher than 
in samples from selenium-deficient areas where KD 
was prevalent and dietary intakes of se lenium greatly 
exceed the U. S. l\TRC and C llinese recommended stan­
dards (Ta ble X){). It was estimated that locally grown 
crops constituted 00% of the diet in the Enshi 
area and cereal crops (rice and maize) accounted for 
65-85% of the selenium intake, which indicated the 
importance o f the local environment to selenium in th.e 
food chain. In addition to exposure via soils and food­
stuffs, villagers in the selenosis region also mine thc car­
bonaceous shale for fuel and use burnt coal residues as 
a soil conditioner. Altl1(lUgh the epidemiologic,ll inves­
tigations revealed that selenosis occurred in areas of 
high environmental selenium associated with the car­
bonaceolIs strata, not all villages underlain by this strata 
were affected. 

Further studies carried out by Fordyce et ,11. (2 000b) 
into three groups of villages: one suffering KD, one 
with higb environmental selenium but no selenosis, and 
one with high environmental selenium and selenosis. In 
villages with high selenium, concentrations jn soils and 
foodstuffs could markedly vary from low to toxic within 
the same village, with these variations dependent on the 
outcrop of the coal-bearing strata. The wide range in 
geochemjcal conditions could in part explain wby 
some villages suffered selenosis and others did not. 
Villagers were therefore advised to avoid cultivating 
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TA B L E X X I. Selenium in Soil, Grain, and Hair from Enshi District, China. Compared to Selenium Deficiency 
and Toxicity Threshold Values 

Threshold Soil total Se (mgkg- I) Soil water soluble Se (ngg- I) Grain Se (mgkg- I) Hair Se (mgkg- I) 

Deficient 0.125 3 0.025 0.2 
Toxic 3 20 3 

Enshi area village Geometric mean Se Concentration ranges (n = 15) 

Low Se 0.069-0.199 0.21-0.44 0.001-0.003 0.252-0.345 

High Se 2.07-19.54 2-61 0.041-2.902 0.692-29.21 


From Tan (1989) and Fordyce et al. (2002b) 

fields underl~in by the coal and were counseled against 
using' coal-derived products, such as ash, to condition 
the soiJ. L1 the KD affected villages of Lichuan County, 
selenium concentrations in staple food crops (rice and 
maize), drinking w,lter, and d1e human populations 
\measured in hair samples) were very low and soils in 
his area had lower pH contents th~n soils in the high­

selenium villages, which would further inhihit the 
uptake of selenium into plants. Conditioning the soil 
\\ith lime to increase the pH making selenium more 
mobile was suggested as a remcdi,ltioll strategy. 

Although all the villages in the low-selenium area had 
'ol ll1<1rginally deficient seleniul1l statns and the majority 
of vill<lges in the high-selenium area had excessive 
Jmounts of selenium i11 the environment and human 
popul<lcion using the thresholds defined by T~ll1 (1989) 
.-rilble jC'Xl) , no new incidents of either KD or overt 
,e lenium poisoning have occurred in recent years. This 
-uggests that the local population may have adapted to 

[he high and Inw selenium intakes present in the dif­
fe rent environments and that the historiCil (lCCUITellces 
of clinical effects related to selenium imbahlllces were 
caused by other factors. The outbreaks of human 
"clenosis in Enshi during the late 1950s and early 1960s 
.,:o incided with a drought and the failure of the rice crop. 
T he crop failure had seriolls implic<ltions for the diet:llY 
intake and health of the local population ~'ith less food 
.1nilable, reduced protein intake, and higher depend­
e.nce on veget:lhles and maize and nahlral plants. These 
factors may have le,lu to the severe outbreaks of seleno­
, is in the Enshi area and demonstrate that in geologi­
L-all ~ ' controlled high- or low-selenium environments 

additional stresses can le,ld to serious health outcomes 
in the local population. 

E. The Geological Impact of Selenium 
on Animal Health-Deficiency and 
Toxicity, Queensland, Australia 

Another example of the effect~ of geology on selenium 
and health has been reported in Queensland, Australia . 
Here seleniferous limestones and shales of the TImbo 
Formation cause selenium toxicity symptoms in live­
stock grazing plants in this area, whereas less than 100 
kl11 to the south selenium deficiency and \VMD in 
grning animals is a problem over Terti,llY volcanic 
soils. Grain grown over the seleniferous limestone 
rocks contains >0.2 mg kg- I selenium whereas over the 
s~lUthern selenium-deficient region concentr<lbOnS 
rarely exceed O- O.OSmgkg- ' in grain (Oldfield, 1999). 
This is another example of how geologically controlled 
geochernical variation c<ln inAuence selenium stahlS 
and health over relatively short distances. 

F. Selenium Status in Western Countries­
Is Environment Still Important? 

\.Vith the exception ofItaly, the human case studies pre­
sented iJl this chapter refer to developing countries 
where populations ,Ire very dependent on the local envi­
ronment to provide the correct mineral balance. Under 

http:0.692-29.21
http:2.07-19.54
http:0.21-0.44
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these circumstances it is easy to see why considerations 
of selenium status may be important. But what of the 
western world where people generally move around 
more during their lifetimes, products are derived from 
all around the world, and people buy food in large 
supermarkets rather than growing it in their own back 
yard? Under these conditions, the links between envi­
ronment ;ll1d health are less direct. Nonetheless, the 
impact of the selenium status of the environment on 
animals and humans is still evident. It has already been 
pointed out in this chapter thatl\"ew Zealand is a gen­
erally selenium-deficient country compared to other 
areas of the world; indeed cereal grains grown in New 
Zealand contain 10 times less selenium than grain from 
Canada and the United States. In years when the crops 
in New Zealand ,Ire poor, wheat is imported from 
Australia and a corresponding notable increase in blood 
selenium levels is seen in the population . Studies have 
also shown that the ,lVerage total body contents of sele­
nium are only 3-6.1 mg kg-I in New Zealand compared 
to 14.6I11gkg-1 in the United States, and studies into 
individual tissues of the body show that in New 
Zealand, concentrations are half that of the United 
States. A marked lowering of blood selenium levels has 
been noted in populations moving from selenium­
adequate areas of the United States to New Zealand; 
however, the ,lctual resulta11t values also depend on 
factors such as physiological status (\VHO, 1987). 
There is clear evidence therefore of the influence of the 
geochemical environment on food ,1I1e1 human selenium 
status when either food or people move from one area 
to another. But Vv·hat about v;Hiation within a country? 
Perhaps the most compelling evidence that environ­
mental clifferences ,Ire important even within western 
countries comes from the nited States where, despite 
one of the most diverse and mobile food supply ch,ljns 
in the world, selenium concentrations in animals and 
humans reflect the surrounding environment. Studies 
have shown that despite the " 'idespread use of agricul­
tur,ll management pnlctices including selenium supple­
mentation, the selenium content of skeletal Illuscle in 
cattle shows marked geographic variation concordant 
with selenium Contents ill soils and grasses and perhaps 
even more surprisingly, human blood selenium levels 
are higher in the seleniferous western United States 
than in selenium-poor areas. For ex,lIllple, serum sele­
nium contents average 0.161~gL- 1 in Ohio compared 
to 0.265 pgL- ' in South Dakota (WHO, 1987). Hence, 
even in populations who now live one step removed 
from their natural environment, the cycling of selenium 
from nature illto humans is still of fundamental impor­
tance to health . 

VII. FUTURE CONSIDERATIONS 

This chapter has demonstrated that human exposure to 
the biologically important element selenium is largely 
dependent 011 dietary intakes in food and water, which 
are significantly controlled by variations in the geology 
of the Earth's surface. Although much work has been 
done over the past 30 years to enhance our under­
standing of elwironmental selenium, over large areas of 
the globe infonn,ltion is still missing because until 
recentlv selenium was a difficult element to analyze. 
Nlore ~ork is required to underst,lI1d not just the tot~ll 
amOllllts of selenium present but also the bio,wailability 
of the element and cycling through the environment. 
For example, it is only recently that the importance of 
the oceans in the cycling of selenium has been recog­
nized. The selenium status of the hUI1lan and animal 
populations around the globe closely reflect eI1\riron­
mental levels and although overt clinical symptoIlJs of 
selenium toxicity and deficiency are rarely reported, the 
possible subclinic;ll effects and implications of selenium 
status are poorly unclerstood and should not be under­
estimated as medical science continues to uncover new 
essential hlI1ctions for the element. In the hlture, closer 
collaboration between medical and environmental sci­
entists will be required to evaluate the real environ­
mental health impact of this remarkable element in 
diseases such as cancer, AlDS, and heart disease. 

SEE ALSO THE FOLLOWING CHAPTERS 

Chapter 2 (Natural Distribution and bundance ofEle­
ments) . Chapter 6 (Biological Functions of the Ele­
ments) . Chapter 14 (Bioavailability of Elements in Soil) 
. Chapter 16 (Soils and Iodine Deficiency) Chapter 
20 (Animals and Medical Geology) . Chapter 23 (En­
vironmental Pathology) Chapter 31 (iVlodeling 
Groundwater Flow and Quality) 
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