
Introduction

Nuclear wastes arise as a result of the industrial activities
for the provision of nuclear energy [1-3]. One of the solu-
tion proposed to manage these hazardous materials is to dis-
pose them in a geological formation [2,4-6]. The concept is
based on multiple barriers system which will protect humans
and the nat u ral env i ronment from both ra d i o a c t ive and
chemically toxic contaminants of the waste. These barriers
will be the container, the waste form, the engineered barri-
ers and finally the host rock and the sediments overlying the
rock. The main host media considered are granite, salt and
clay formations [2,4-6].

The principal mechanism of migration of radionuclides
from the repository to the surface environment is by leach-
ing/dissolution and then transport by flowing groundwater
[4,6,7]. The return of radionuclides to the biosphere from the
repository is then strongly affected by the hydrogeology of
the site and by the chemical and geochemical reactions that
take place. The release and the transport of the radionuclides
may be slowed via ion exchange, sorption and precipitation
processes and the following variables are of importance: pH,
redox potential, temperature, lithostatic pressure and ground-
water composition [6]. More ove r, recent studies have
pointed out the effects of microbial activity in the ground-
water flow and in underground excavations on the mobility
of some nuclides [6,8]. It is therefore important to quantita-
tively and qualitatively predict the reactions that are likely

to occur between hazardous waste dissolved or suspended in
groundwater and the host rock to estimate the quantities of
waste that can be transported in the aqueous phase [9].

Among the different radionuclides of interest, selenium is
considered because of the presence in waste of 79Se coming
f rom fission; its half-life value is close to 7 × 1 04 ye a rs
[10,11]. The chemistry of selenium resembles to that of sul-
phur because of its proximity to it within group 16 of the
periodic table. Selenium, like sulfur, can exist in four dif-
ferent oxidation states: selenide (Se(-II)), elemental selenium
(Se(0)), selenite (Se(IV)) and selenate (Se(VI)). It can be
also present under the form of various organically bound
Se(-II) and these compounds are analogous to those of sul-
fur and include seleno-amino acids (e.g. selenocysteine and
selenomethionine) and methyl selenides (e. g. dimethy l s e-
lenide, dimethyldiselenide).

The general behaviour of this element being rather com-
plex, it seems essential to identify the predominating equi-
libria of the different Se species and the influence of para-
meters such as pH, redox potential, microbial activity and
the presence of complexing and precipitating agents on its
release during a long period. Therefore, the aim of this paper
is to review with the help of the literature the main biogeo-
chemical processes that could affect its migration. In a first
time, we have reported the reactions given for natural sys-
tems and then, we have tried to transpose them to the con-
ditions occurring in a geological repository of radioactive
waste.
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Abstract. In the scope of the studies carried out on the geological disposal of radioactive wastes, it is essential to assess the
migration behaviour of long lived radionuclides as a function of the physicochemical conditions (pH, redox potential, tempera-
ture, pressure, ...), the nature of the host rocks and the chemical composition of the underground waters. In this study, we have
considered the case of selenium which is an element of importance because of its long lived under its 79Se isotope .
A review is first performed on the behaviour of selenium from available studies in natural systems in considering particularly the
inorganic Se forms. Later on, these results are transposed to the physicochemical conditions occurring in the vicinity of a geo-
logical repository. The most stable forms in this context would be Se(-II), Se(0) and Se(IV). Several parameters can govern the
mobility of these Se species such as the pH, the potential of the water and the presence of solid phases containing iron, man-
ganese or aluminium (oxy)hydroxides on which Se(IV) can be sorbed. Selenide and selenite mobility can also be retarded by
precipitation reactions. This is particularly true for Se(-II) in presence of iron(II) and sulfides. The hypothetical presence of
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Biogeochemical processes affecting
Se mobility

As most of trace elements, selenium can react with solid
mineral phases, can be bound to organic or inorganic lig-
a n d s , can part i c i p ate to re d ox processes or can be tra n s-
fo rmed by micro o rganisms. Such microbial action seems
low in a geological repository due to the presence of condi-
tions inhibitory to their growth (lack of carbon and other
nu t rients sourc e s , l ow water activity and ox y ge n , a n d
extreme pH) [8,12]. However, several microorganisms can
survive under these conditions and some studies have shown
a microbial activity for depths reaching 500 m, even 2.8 km
and for temperatures as high as 110 °C [8,12,13].

Se oxidation-reduction reactions 

O x i d at i o n - reduction reactions are important processes that
can affect both the chemical speciation and the stability of
selenium in natural environment; these reactions are strongly
influenced by the potential and pH parameters. In aqueous
medium, a potential-pH diagram as the one reported figure
1 for a Se activity of 10−7 mol L−1 can provide information
on the chemical stability and the redox chemistry of this ele-
ment as a function of these parameters. The thermodynamic
data used to establish this diagram are listed in table I.

At high potential values, Se(VI) is predominant in a wide
pH range under the SeO4

2– form. In the moderate potential
values, Se(IV) is stable and according to the pH, can be pre-
sent as H2SeO3, HSeO3

– or SeO3
2–. In reducing environment,

elemental selenium can exist in a wide pH ra n ge. Under
more reducing conditions, Se(-II) is predominant with HSe−

as major Se species in solution. However, these observations
based on thermodynamic considerations are often mislead-
ing when applied to natural waters particularly at trace lev-
els [14,15]. An accurate interp re t ation of the selenium
behaviour requires in situ speciation determinations [16-18].
In soils or sediments, several studies evaluated the Se redox
changes involved by a simultaneous variation of the poten-
tial and pH parameters by means of speciation techniques.
Masscheleyn et al. submitted water suspensions of selenif-
erous sediments to the following potential-pH combinations:
−200 mV to 450 mV for 6.5 < pH < 9 [19-21]. Under
strongly reducing conditions, only the Se(0,-II) fraction is
detectable and represents 80 to 100% of the total selenium
content. Oxidation of this fraction into Se(IV) occurs at 
0 mV and, above 200 mV, selenites are oxidised in Se(VI).
Under oxidising conditions (450 mV), selenates are the pre-
dominant species (75% for pH close to the neutrality and
95% at pH ranging from 8.5 to 9). These works show that
the Se(IV) oxidation into Se(VI) is fast at alkaline pH and
slow at acid pH. More recently, Jayaweera et al. obtained
similar results from a seleniferous soil during a sequence of
ox i c - a n ox i c - oxic transition [22]. The reduction of Se(VI)
into Se(IV) is ch a ra c t e rised by a fi rs t - o rder rate constant
equivalent to 5.5 × 10−2 h−1. Authors concluded that the reox-
idation of the system is a slow process because the Se(VI)
amount at the end of the last transformation does not reach
the initial concentration [22]. In these studies, no analytical
difference was done between selenide and elemental sele-
nium in the reduced fraction. With the help of diffe rent 
X-ray spectroscopic techniques, other works showed that the
predominant reduced Se form is elemental Se [23-25].

The physicochemical environment of a geological repos-
i t o ry of ra d i o a c t ive wastes should impose non-oxidizing 
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Table I. Standard thermodynamic data used to establish the poten-
tial-pH diagram.

Redox reactions Standard potential (V)

Se(0)/Se(–II)
Se(s) + 2H+ + 2e– ⇔ H2Se(aq) – 0.115
Se(s) + H+ + 2e– ⇔ HSe– – 0.227
Se(s) + 2e– ⇔ Se2– – 0.641

Se(IV)/Se(0)
H2SeO3(aq) + 4H+ + 4e– ⇔ Se(s) + 3H2O 0.740
HSeO3

– + 5H+ + 4e– ⇔ Se(s) + 3H2O 0.780
SeO3

2– + 6H+ + 4e– ⇔ Se(s) + 3H2O 0.903

Se(VI)/Se(IV)
HSeO4

– + 3H+ + 2e– ⇔ H2SeO3(aq) + H2O 1.090
HSeO4

– + 2H+ + 2e– ⇔ HSeO3
– + H2O 1.008

HSeO4
– + H+ + 2e– ⇔ SeO3

2– + H2O 0.760
SeO4

2– + 4H+ + 2e– ⇔ H2SeO3(aq) + H2O 1.139
SeO4

2– + 3H+ + 2e– ⇔ HSeO3
– + H2O 1.060

SeO4
2– + 2H+ + 2e– ⇔ SeO3

2– + H2O 0.811

Acid-base reactions pKa

Se(–II)
H2Se + H2O ⇔ HSe– + H3O+ 3.8
HSe– + H2O ⇔ Se2– + H3O+ 14

Se(IV)
H2SeO3 + H2O ⇔ HSeO3

– + H3O+ 2.68
HSeO3

– + H2O ⇔ SeO3
2– + H3O+ 8.4

Se(VI)
H2SeO4 + H2O ⇔ HSeO4

– + H3O+ – 2.01
HSeO4

– + H2O ⇔ SeO4
2– + H3O+ 1.73

Fig. 1. Se potential-pH diagram at 25 °C and 1 bar pressure for a
dissolved Se activity of 10–7 mol L–1.



conditions [2,4]. Hence, f rom therm o dynamic considera-
tions, the more stable Se forms would be Se(IV), Se(0) and 
Se(-II) but the presence of Se(VI) is to be considere d
because of the low kinetic of its reduction.

Most of the ox i d at i o n - reduction reactions discussed
before seem very often mediated by the presence of microor-
ganisms [24,26,27]. Micro o rganisms cannot promote the
thermodynamically unfavourable reactions and they act only
as kinetic mediators [8,12]. In soils or sediments submitted
to anaerobic conditions, some bacteria are able to reduce
Se(VI) into red and amorphous elemental Se with Se(IV) as
intermediate species [27-31]. For example, the X-ray exam-
ination of Wollinella succinogenes or Bacillus subtilis cul-
tures adapted to grow in the presence of Se(VI) or Se(IV)
s h owed the presence of gra nules in the cytoplasm wh i ch
consist of elemental selenium [32,33]. It is generally thought
that Se(VI) acts as a terminal electron acceptor to support
growth of some organisms. Se(IV) reduction does not fol-
low this mechanism and is more likely to be a detoxifica-
tion process [34]. The reduction of Se(0) into Se(-II) was
also rep o rted from Thiobacillus fe rroxidans [34] or
M i c rococcus lactilyticus [29] cultures. For instance, t h i s
reaction is not very known but seems conceivable in strongly
reducing conditions, the final compound would be volatile
hydrogen selenide [29].

The reduced Se fractions have been for a long time con-
sidered as unavailable but recent studies showed a reoxida-
tion of these species mediated by microorganisms if the sys-
tem is in presence of ox y gen [26-29,31]. In soils,
Zawislanski et al. and Tokunaga et al. have found that 50 to
60% of the refractory Se can be oxidised into soluble Se in
a few days [27,31].

Biomethylation reactions

B i o m e t hy l ation of selenium is a we l l - k n own process ge n e r-
ating vo l atile compounds from all the nat u ral systems and
f rom all the Se species [35-38]. Biomethy l ation is more effi-
cient from Se organic compounds and Se oxidised fo rm s
(Se(IV) and Se(VI)) [35,38]. This process is based on micro-
bial tra n s fo rm ations (aerobic and anaerobic bacteri a , f u n gi , . . .
[38,39]) and the detected gaseous Se species include mainly
d i m e t hylselenide (DMSe) and dimethyldiselenide (DMDSe),
the fi rst compound being predominant [35,36,38,40].
A ddition of carbon sourc e s , alkaline pH values (8-9) and
oxidising to moderat e ly reducing conditions we re found to
s t i mu l ate biomethy l ation of Se [19,20,41]. From these
re s u l t s , this process seems unlike ly in the ge o l ogical storage
conditions because of the low aerat i o n , n e c e s s a ry to the bio-
m e t hy l ation of selenium.

Se sorption/desorption reactions

In oxidised to moderat e ly reduced env i ro n m e n t , the sele-
nium distribution between solid and aqueous phases depends
mainly on sorption/desorption reactions, particularly at trace
levels [42-44]. These reactions can occur on different solid
surfaces such as inorganic solids and organic matter [45].
According to the nature of the solid subtract, the immobili-
sation processes seem different [46-48], they will be treated
in two separate parts.

Sorption reactions on mineral surfaces

On these surfaces, Se adsorption behaviour depends on its
oxidation state: selenate sorption is generally much lower
than selenite sorption [49-52]. A recent study allowed to
show that Se organic compounds such as selenomethionine
or selenourea can be also immobilised on iron oxyhydrox-
ide; the mechanism seems however diffe rent from that
involving inorganic forms [48].

For Se(IV), different studies have shown a strong affinity
for materials rich in metallic oxides or/and hydroxides (iron,
manganese, aluminium, ...) [44,47,48,50,52-56]. The sorp-
tion mechanism of this Se form was thoroughly studied and
involve very often a ligand exchange reaction [47,50,51,55-
57] with fo rm ation of an inners p h e re surface complex
[42,52,54]. By means of isotopic exchange experiments on
amorphous (hydr)oxide, it was shown both the presence of
surface bounding and a partial immobilisation of HSeO3

2– in
the deeper layers of the solid [55].

Kinetics of the Se(IV) adsorption reactions are not yet
well understood but the sorbed Se(IV) amounts as a func-
tion of time curves show a two steps behaviour: the first part
of the curve indicate a fast and linear retention wh i ch
becomes slower with time [44,50,53,58]. On clays, the ini-
tial reaction was assigned to adsorption while the second
p rocess would correspond to an occlusion [44]. In other
works, it was assumed that adsorption rate is controlled by
an intraparticular mass transfer in the solid [54,58].

Studies carried out on cl ays (montmorillonite [44], k a o l i-
nite [44], goethite [50,52]), m a n ganese oxide [52,56] or iro n
ox y hy d roxide [48,55] showed that Se(IV) adsorption is a
s t ro n g ly pH dependent process. A d s o rption is ge n e ra l ly max-
i mum in acid medium and decreases with increasing pH.
From initial Se(IV) concentrations at trace levels (µm o l L−1) ,
q u a n t i t at ive sorption re c ove ries we re found in the 4 − 6 pH
ra n ge for alluvial soils [42], i ron ox y hy d roxide [48] or man-
ganese dioxide [52]; they are neg l i gi ble at pH ra n ging fro m
10 to 12. At low pH, s eve ral authors have tried to ex p l a i n
this behaviour by the higher affinity of HSeO3

– c o m p a red to
S e O3

2 – with the surface sites and/or by the increase of the pos-
i t ive ch a rges at the surface [42,44].

Several anions can be in competition with Se(IV) sorp-
tion and the following sequences were reported. On goethite:
phosphate > silicate ≥ citrate > molybdate > bicarbonate/car-
bonate > oxalate > fluoride > sulphate [50], on manganese
dioxide: fluoride >> phosphate [47] and on andosols: molyb-
date > phosphate > citrate >> oxalate > fluoride > sulphate
= acetate [52]. According to the solid phase, sequences are
d i ffe rent but phosphate and moly b d ate ap p e a rs to be the
most competing species.

The weaker sorption of Se(VI) compared to Se(IV) was
observed on different solid surfaces [21,26,44,50] and could
be explain by the formation of an outersphere complex at
the solid surface [52,59]. A d s o rption of Se(VI) is also
s t ro n g ly affected by the pH with a similar behaviour to
Se(IV) [44,49,52,60].

The main ge o l ogical host media considered to store
ra d i o a c t ive waste are gra n i t e, salt and cl ay fo rm at i o n s
[2,5,6]. For some clays, such as kaolinite and montmoril-
lonite, the Se sorption behaviour was described previously
in this study but additional works seem necessary to assess

195

Review



the Se sorption on smectite or illite. On salt, at our knowl-
e d ge, no wo rk on the retention of selenium has been 
performed but recent studies are available for granite for-
m ations. This ro ck mat e rial can immobilise Se(IV) and,
Se(VI) in a lesser extent [10,11,30,61-63]. These observa-
tions were made for both oxidised and reduced conditions
[61,63]. The selenite adsorption is often quantitative [11,62]
and is influenced by the pH in the same way than described
before [10,11]. For selenate ions, a sorption recovery close
to 40% was observed [11,62,63]. Sorption of these two Se
forms are located on the fractures filling material [11,61-63].
The Se(IV) retention occurs mainly on clays and hematite
minerals [10,11,61]. To explain the sorption of selenate ions
on gra n i t e, s eve ral solid mat e rials we re studied such as
kaolinite, calcite, pyrite and pyrrhotite. Iron sulfides were
found to be the most efficient materials to immobilise Se(VI)
and a Synch ro t ron-based X-ray ab s o rption spectro s c o py
examination has demonstrated a partial reduction of Se(VI)
into more reduced Se forms at the mineral surface [63].

Sorption reactions on organic matter

Interactions between selenium and organic matter such as
humic substances were reported for Se(IV) [46-48,64]. From
i ron ox y hy d roxide coated with sodium humat e, it wa s
observed a more important immobilisation of Se(IV) com-
pared to the mineral alone [48].

A specific sorption of selenite on the amino groups of
some amino acids contained in humic substances was shown
[65]. In order to clarify the association between selenite and
humic substances, some authors have assigned the retention
of Se(IV) to a microbial reductive incorporation on soils and
aquatic systems and this reaction would occur mainly in the
low molecular-weight-fraction of the humic substances (ful-
vic acids) [64]. The mechanism of selenite sorption on
organic matter is not yet well understood and incorporation
or adsorption reactions could occur alone or in a simultane-
ous way.

Se precipitation-dissolution reactions

Selenium can react with inorganic cations to give solid
phases that can be responsible of its immobilisation. In soils,
equilibrium thermodynamic calculations were carried out to
provide a qualitative information on Se solubility from 83
minerals [66,67]. The authors concluded that metal-selenate
minerals are too soluble to persist in aerated soils. Among
the different metal-selenite precipitates, only MnSeO3(s) can
be formed in strongly acid soils. By means of similar cal-
culations in groundwater at pH = 7, it was shown that Se(IV)
and Se(VI) concentrations are not limited by solubility con-
s t raints under oxidised conditions [26]. Conve rs e ly, u n d e r
s t ro n g ly reduced conditions, metal-selenide minerals we re
found to limit the Se solubility [66,67]. The most stable min-
e rals are Cu2Se(s) in acid soils and PbSe(s) and SnSe(s)
under neutral to alkaline conditions [66,67]. In groundwater
with a potential value lower than 0 mV, FeSe(s), ZnSe(s) and
MnSe(s) can exist [26].

From these different works, it seems that the precipita-
tion/dissolution reactions govern selenium solubility only in
reduced conditions with formation of solid elemental sele-
nium and metal-selenide [19,21,66-68]. In this environment,
it seems that the chemistry of selenium is closely related to

those of iron sulfides [68,69]. Equilibrium thermodynamic
c a l c u l ations have shown that elemental Se, Fe S e ( s )
(achavalite) or FeSe2(s) (ferroselite) can control Se solubil-
ity [68,69]. Elemental Se has a wide stability field under
acid conditions and formation of achavalite is favoured for
neutral to alkaline conditions. A mixed solid solution phase
can also be formed with selenide substituting for sulfide and
precipitated FeS will contain FeSe.

In presence of a high selenide concentration and by anal-
ogy to the Fe-S system, FeSe2 can coexist with Se(0) but
this last Se fo rm is therm o dy n a m i c a l ly favo u re d. Fe S e2

becomes stable only at lower potentials.

Se complexation reactions

In aqueous phase, selenium can exist under the form of com-
plexes in association with inorganic cations, mainly as ion
pairs [26,66,70]. A low number of works has experimentally
shown the presence of these Se compounds. Only a study
on Se speciation in gro u n dwater samples has shown the
occurrence of MgSeO4(aq) by using the specific adsorption
properties of the divalent Se(IV) and Se(VI) species on CuO
solid particles [70].

Equilibrium thermodynamic calculations for a groundwa-
ter at pH = 7 containing a total Se concentration of 
300 µg L−1 h ave shown that under oxidising conditions 
(E > 400 mV), SeO4

2– and CaSeO4(aq) are the predominant
species in aqueous solution. For potentials ranging from 0
to 400 mV, the most stable species are CaSeO3(aq) and
SeO3

2– and, under more reducing conditions (E < 0 mV), only
HSe− is present in solution [26]. A similar study was carried
out in soil solutions and none of the 27 complexes studied
were found to contribute significantly to the total soluble Se
concentration. Only the SeO4

2–, HSeO3
– , SeO3

2– , H2Se and
HSe− dissolved forms predominate according to the pH and
potential conditions [66].

Conclusion

This study has allowed to describe qualitat ive ly the pre-
dominating processes that can affect the mobility of sele-
nium in natural systems. From these results, we have tried
to evaluate the behaviour of this radionuclide in the vicinity
of a geological repository of radioactive wastes. In such an
environment, the biogeochemical cycle of selenium of the
figure 2 summarises the different processes that could be
considered.

The Se species of interest would be mainly inorganic and
taking into account the low redox potentials occurring in a
ge o l ogical rep o s i t o ry, the most stable fo rms would be
Se(IV), Se(0) and Se(-II). Between these different oxidation
states, oxidation/reduction reactions are possible, especially
if a microbiological activity exists. However, the kinetics of
these reactions are slow leading to the eventual presence of
selenate which is very mobile. In moderately reduced envi-
ro n m e n t , Se(IV) are the predominant Se fo rms and their
mobility is mainly gove rned by sorp t i o n / d e s o rp t i o n
processes on different solid surfaces such as metallic oxides
or hydroxides, clays, granite or organic matter. Water insol-
uble elemental selenium can exist in a wide pH range in
reducing medium. In strongly reduced conditions, Se(-II) is
the major species and would mainly exist under the form of
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insoluble precipitates in presence of metallic cations. A low
number of experimental works has been performed to under-
stand the behaviour of selenium for these conditions bu t
nu m e rous studies stressed the fact that the behaviour of
selenide is cl o s e ly re l ated to those of iron sulfi d e s
[21,68,69]. A microbial activity could also generate the for-
mation of volatile species such as H2Se(g) in reducing con-
ditions. Se biomethy l ation seems however not favo u re d
because this reaction needs an aerated medium.

Due to the difficulties involved in maintaining the physic-
ochemical conditions of samples from the geological depth
to the surface, only studies based on equilibrium thermody-
namic calculations are available to describe Se behaviour in
the relevant conditions. Such a description can be mislead-
ing when applied to natural systems and particularly at trace
levels. Indeed, the Se radioactive concentrations in the waste
would be close to 10– 7 m o l L– 1 and could re a ch ~10– 1 0

mol L–1 after dilution when selenium will return to the bios-
p h e re. So, it would be interesting to compare re s u l t s
obtained using therm o dynamic calculations from Se tra c e
concentrations with a speciation analysis performed in this
concentration range to obtain a better interpretation of the
behaviour of this element.
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