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1 Introduction

Closing of the nuclear facilities worldwide is a regulated process which includes
their decommissioning or dismantling, followed by appropriate remedial actions to
enable that remedial areas can be newly used for the different purposes with the safe
levels of the residual radioactivity. Complexity of nuclear site remediation activities
involves following steps: problem formulation, investigation before remediation,
planning of remediation, actions of remediation, close out and post remedial control
of the site. One of the main remediation goals at many nuclear sites is preventing
uncontrolled dispersion and transport of radionuclides through the environment.
Remediation projects in countries with significant legacy clean-up challenges
usually considered an approach of remediation which is based on the risk and
considered two main issues: sustainability and costs. International Atomic Energy
Agency (IAEA) in International Basic Safety Standards set up a string of require-
ments to which attention must be paid in the time of the performance of remediation
actions (IAEA 1996, 2011). The United States Environmental Protection Agency
(US EPA) published technical guidance documents with the purpose to improve the
effectiveness of decontamination technologies. In the document ‘Technology Ref-
erence Guide for Radioactively Contaminated Media’ different technologies suitable
for treatment of radioactive contamination in different media, liquid (groundwater,
surface and/or waste water) or solid (soil, sediment and/ or solid waste) are summa-
rized (USEPA 2007). This Guide provides information on 21 technologies that could
be evaluated and mutually compared for site-specific applications. Some additional
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information regarding the technologies which are not included in the EPA
documents (ITRC 2008) could be found in the literature ‘Decontamination and
Decommissioning of Radiologically Contaminated Facilities’.

Radioactivity of naturally occurring radionuclides arises mostly from uranium
and thorium decays. It is generally low-level and is not considered as contamination.
In the area with industrial facilities, e.g. coal fired power plant, there is an increased
probability for environmental media to become enriched with natural radionuclides
(Dai et al. 2007; Charro et al. 2013; Lu et al. 2012; Ćujić et al. 2015). On the other
side, anthropogenic levels of radioactivity in the environment originating from
testing of nuclear weapons, nuclear disasters (e.g. Fukushima and Chernobyl) and
routine authorised releases to the environment, are contamination, but it is either
not under the control of the nuclear facilities operator or authorised by the
national regulatory body. Major deposition on surface soils of anthropogenic radio-
nuclide 137Cs throughout Europe arises from nuclear accident in Chernobyl (Raffery
et al. 2000; Petrović et al. 2013, 2016a, b; Dragović et al. 2015). Common radionu-
clides in radioactive wastes are: 137Cs (physical half-life 30.5 year), 90Sr (physical
half-life 28.8 year),3H (physical half-life 12.3 year), 14C (physical half-life
5730 year), 60Co (physical half-life 5.3 year), 99Tc (physical half-life 2.1 � 105

year), 129I (physical half-life 1.6 � 107 year), 226Ra (physical half-life 1601 year),
uranium nuclides (physical half-life 2.5� 105 year for 234U, 4.7� 109 year for 238U)
and transuranic nuclides (longest physical half-life 2.4 � 104 year for 239Pu). Some
elements, such as C, Sr, Tc and I, show high mobility in the environment, and
because of that they are of long-term environmental concern and their varying
biogeochemical behaviour makes their co-treatment by traditional remediation tech-
nique challenging. Monitoring of remediated nuclear sites is an important issue as
sometimes contamination from the sites is being spread beyond controlled areas and
could potentially affect groundwater users. The selection of appropriate remediation
technique is of special importance and it depends on several factors, e.g. existing
problems, selection of the contaminants for removing, the soil type, the geology on
the local level and goals which want to be reached. It sometimes happens that outside
pressure and participation of stakeholders and regulators bring to the wrong finding.
This was the case at the Hanford Site where a pump-and-treat system was installed
and operated to remediate a 90Sr plume adjacent into the Columbia River. In spite of
scientists’ warnings to regulators that the system would not be enough effective, it
was operated almost 8 years and only less than 1% (67 GBq) of 90Sr was removed.
During the same period the activity of 11,840 GBq was removed by radioactive
decay. At the end, the costly remedial system was replaced with the permeable
reactive barrier to decrease flux to the river and the 90Sr has been left to natural
attenuation. Monitored natural attenuation could be an option of clean-up and IAEA
recommended its applicability to media contaminated with different radionuclides
(IAEA 2006a). The migration velocity of radionuclides which are not attenuated
easily ought to significantly reduced and appropriate techniques for that purpose
should be developed. In situ waste treatment can be an option as it avoids problems
originating from ‘dilute and disperse’ or the ‘redistribution’ of exposures to settlers
in the area surrounding the disposal site (Nisbet and Woodman 2000; Nisbet 2002;
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Oughton 2013). The groundwater clean-up systems which are widely used are
expensive and need to be applied in practice during long time period. One of the
key roles in controlling the speciation and mobility of uranium and other redox
sensitive radionuclides (e.g. Tc, Np, Pu) occurred via biogeochemical interactions
through direct metabolic processes such as microbial respiration, or indirectly by
changing ambient redox/pH conditions, producing ligands or new bio minerals, or
altering mineral surfaces. Control of radionuclide mobility via natural attenuation
can be stimulated by biogeochemical processes to accelerate clean-up of contami-
nated environments through bioremediation. Instead of using traditional methods in
remediation of contaminated groundwater or surface water, could be used more
efficient and cost-effective biological treatment methods. In the recent years, the
remediation research is focused on development of new clean-up systems and
improvement of the efficiency of the existing ones.

2 Remediation of Water: Case Studies

2.1 Pump and Treat System at Hanford Site (USA)

The US Department of Energy’s Hanford Site is located in south-eastern
Washington State along the Columbia River. At Hanford, the groundwater pump
and treat system is projected to grab and treat contaminated groundwater plume
emanating from a plutonium separations plant. It was estimated that approximately
180 billion kilolitres of contaminated water was discharged from the Site to the soil
and that some of the contaminants have migrated to groundwater under the site.
Contaminated groundwater with the radioactivity levels above groundwater protec-
tion standards spread over area of 207 km2. The major constituents of concern
(COC) for the Site are carbon tetrachloride and 99Tc. The other COCs are total
chromium, nitrate, trichloroethylene (TCE), 129I, 3H. With the desire to rich clean-up
levels contaminants in 125 years, components are projected and applied in practice
in combination with monitored natural attenuation. Concentrations of carbon tetra-
chloride in the groundwater over 100 mg L�1 roughly corresponds to 95% of the
mass of carbon tetrachloride currently exists in the aquifer. To decrease the mass of
carbon tetrachloride by 95%, the estimated pumping rate for this purpose should be
9500 L min�1 in the expected timeframe. After extraction, the COCs in groundwater
is treated to reach the clean-up grade and returned to the aquifer out of injection
wells. Natural attenuation processes are utilized and relied on to decrease concen-
trations to below the clean-up grade and parts of these processes include abiotic
degradation, dispersion, sorption and, radioactive decay for tritium. Flow-path
control is reached after the treated groundwater was syringed into the aquifer of
the groundwater contamination.

The construction of the treatment facility included six process buildings: two
extraction transfer buildings, two injection transfer buildings and the radiological
and biological buildings. In the treatment system for the groundwater both
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radioactive ion exchange system and a biological system in airless conditions to
remove the non-radioactive contamination from the groundwater were implemented.
Groundwater from extraction wells that feed extraction transfer building contained
concentrations of 99Tc higher than 33 Bq L�1 and in the radiological building using
ion exchange resins the concentrations of radionuclides were reduced. Cartridge
filters removed fine particulate matter from incoming groundwater. The ion
exchange effluent flow through bag filters which serve as a resin trap, and for a
next treatment it was directed to the biological building. When the ion exchange
resin reached its loading limit, it was removed from the vessel and was treated for
clean-up and returned to plant. After treatment the stripping water was pumped to the
biological building for treatment. The resin was sluiced with finished water and
placed in a container to allow drainage and the dewatered resin to be transported to
the landfill for disposal (US DOE 2010; US DOE, US EPA, Ecology 2009).

2.2 In situ Permeable Treatment Wall System at West Valley
(USA)

In West Valley (in western New York, USA) at a former commercial nuclear fuel
recycling and vitrification test site in situ permeable treatment wall (PTW) was
implemented with the aim to remove 90Sr from groundwater. The potential of
exploiting a permeable barrier was evaluated and found to be reproducible and a
pump-and-treat system that was not satisfactory treating 90Sr was replaced. Moor
et al. (2000) provided a general overview of the pilot PTW project at the West
Valley. Rabideau et al. (2005) reported the results of laboratory and numerical
analysis carried out to characterize the potential performance of the West Valley
Demonstration Project treatment wall. In the groundwater at the site a plume of 90Sr
with radioactivity in the range 37–3700 Bq kg�1 was detected. Groundwater flows to
the north and east and appears at depths in the range from 3 m below ground level up
to the near ground surface. The main remedial actions objectives were to reduce or
eliminate presence of 90Sr in groundwater leakage, leaving activity concentrations
on the site at the minimum level as practically achievable; minimise the possibilities
for expansion of the 90Sr plume beyond its current limits in the future; ensure that a
selected technology does not excludes any plans for addressing the plume during site
decommissioning. Based on ion exchange reaction 90Sr was removed in situ from
progressing plume in groundwater. For that purpose thick zone of zeolite (granular
formation made of approximately 85% of the mineral clinoptilolite) dimensions
260 m length by 1 m thick was constructed. In wastewater treatment systems zeolite
materials have been used extensively as ion exchange media. Robinson et al. (1991)
demonstrated that certain natural zeolites possessed a strong selectivity for the
caesium radioisotopes and 90Sr. Modelling approach in correlation with the treat-
ment media assessment showed that a 1 m zeolite thickness could satisfactory the
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desired design-life of 20 years. As the best installation solution for the 1 m thick
PTW, single-pass trenching was applied. This technique includes a trencher moving
along the alignment and bringing trench spoils to the surface using a chain-saw like
cutting boom at the rear of the trencher. The trench was sustained and instantly
backfilled behind the cutting boom using a delivery system. Some of the gains
compared to other familiar methods are increased efficiency of installation, simply
for construction and cost effectiveness.

The PTW performance monitoring system was installed on the PTW platform.
Estimated hydraulic performance and 90Sr removal from groundwater was in com-
pliance with experimental results, according to obtained monitoring data. Activity
concentrations of analysed 90Sr within the PTW were mainly below 3.7 Bq L�1 and
often below detectable level. It should be stated that activity concentrations of analysed
90Sr immediately after installation of the PTW were higher than 370 Bq L�1.

2.3 Monitored Natural Attenuation at the Monticello Mill
Tailing Site (USA)

The Monticello Mill produced uranium and vanadium for military purposes in the
period 1942–1960. Mill tailings placed of in piles along a small stream which flows
through the site Montezuma Creek were the main source of contamination. Leaching
of uranium from the tailings led to groundwater uranium plume within the underly-
ing alluvial aquifer. Approximately 1.5 km down gradient of the former mill site
reached the groundwater plume area where maximum contaminant levels were
exceeded (US DOE 2009).

After the removal of mill tailings and an additional time of rating, an assessment
of plume stability was carried out. The assessment covered the flow directions
characterization of groundwater and analysis of contaminant concentrations in
groundwater and aquifer solids (US DOE 2004). The removal of tailings piles has
led to a significant decreasing of uranium concentration in groundwater of the
investigated area. Applying model based on an equilibrium partitioning process
between groundwater and aquifer materials, uranium attenuation was simulated
and predicted activity concentrations of uranium were likened to observed trends
at selected site locations to assess consistency. The solute transport model, with
the lower Kd value of 2.8 kg L�1 foresee remediation by monitored natural
attenuation and results pointed out uranium groundwater concentrations below
maximum contaminant level values for approximately 42 years. Davis et al.
(2004) reported that Kd values for uranium can vary several orders of magnitude
over the pH range 6–9.
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2.4 Enhanced Attenuation Technologies at Savannah River
Site (USA)

Nuclear processing facilities operating in the period 1955–1988 produced seven
billion litres of acidic aqueous waste storage in the F-Area Seepage Basins in Savannah
River site. At the beginning it was assumed that under the basin head on connection
between radionuclides and soil particles would be occurred. This assumption
was correct for many disposed radionuclides, e.g. plutonium isotopes and 137Cs, but for
90Sr, 129I, 99Tc, 3H, uranium isotopes migration into the groundwater in the direction of
stream in its nearby has occurred. Heterogeneous geology exists at the site and the
aquifer sediments underlying the basins were under the acidic solutions influence more
than 40 years period, which contributed to modification in mineralogy of the sediments.
The uppermost mechanism of attenuation for all radionuclide contaminants, excluding
tritium, is adsorption, and attenuation at particular locations occurred due to dilution.

To measure radionuclide concentrations in the site, monitoring of wells was
implemented. Radionuclide activity concentrations in groundwater from
neighbouring wells and downgradient of the constrained basins indicated a major
flux of radionuclides in the direction from the vadose zone below the basins to the
saturated zone. Because of this, monitored natural attenuation was not a solution of
the problem. One of the recommended solutions for contamination problem, the
pump-and-treat system, was not acceptable because of relatively long period to meet
regulatory goals for stream concentrations (several decades) and potentially radio-
active solid waste in large quantities will be produced during that time. Because of
that decision was made to apply in situ treatment technologies that would lead to the
lowpH anduranium, 90Sr and 129I plumes. Intensive researchwhich included laboratory
column studies followed by a field study, pointed out that relieved stabilisation will
occurred after application of alkaline solutions with high buffering capacity. Implemen-
tation of the enhancement technology involves the assembly of a modified funnel-and-
gate system. Monitoring downgradient of the treatment zone showed that adsorption of
uranium and 90Sr has occurred. This system showed satisfactory results regarding
stabilization of both 90Sr and uranium. The barrier wall was decreasing 3H concentra-
tions in the stream, while 129I remained untreated. One of proposed solution for 129I
treatment in this site was interaction with silver chloride particles. Therefore, as 129I in
the groundwater interacts with these particles silver iodide is formed as precipitate,
reacting with the silver chloride and releasing chloride ion. This access will lead to
stabilization of the 129I for a long-term period (PNNL 2009).

3 Microbial Bioreduction as the Potential Co-treatment
of the Groundwater Radionuclide Contaminants

The biostimulation of anaerobic microbial communities was investigated as a
method for removal of redox-sensitive radionuclides such as U(VI) from contami-
nated groundwater at nuclear sites. Stimulated uranium bioreduction has been
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achieved by adding an electron donor to promote enzymatic reduction of aqueous U
(VI) to insoluble U(IV). This has been demonstrated in laboratory experiments
(Wilkins et al. 2007; Begg et al. 2011; Law et al. 2011) and in situ (Istok et al.
2004; Wu et al. 2007; Williams et al. 2011). The direct enzymatic reduction under
ambient environmental conditions is the dominant mechanism which mediates the
reduction of U(VI) (Williams et al. 2012; Bargar et al. 2013). Biosorption is the
passive uptake of contaminants (e.g. radionuclides) to the surface of microbial cells.
Suzuki and Banfield (1999) reported that microbial biosorption capacity of uranium
uptake in bacteria ranged from 45 to 615 mg g�1 cell dry weight. It has been shown
that prokaryotes could enzymatically reduce U(VI) (Williams et al. 2012). U
(VI) reduction occurred in the sulfate-reducers Desulfovibrio desulfuricans and
Desulfovibrio vulgaris. These species produced the U(IV) mineral uraninite using
c-type cytochrome activity (Lovley and Phillips 1992a, b). Enzymatically induced
bioreduction of U(VI) involved a wide spectrum of the sulfate-reducer species:
Anaeromyxobacter species (Sanford et al. 2007), C. ferrireducens (Khijniak et al.
2005), Clostridium species (Francis et al. 1994; Suzuki et al. 2003; Madden et al.
2007), Cellulomonas species (Sivaswamy et al. 2011), Desulfosporosinus (Suzuki
et al. 2003), Paenibacillus (Ahmed et al. 2012). The bioreduction mechanisms of U
(VI) were not fully explained. Renshaw et al. (2005) used Geobacter sulfurreducens
and concluded that U(VI) was decreased to the unstable intermediate U(V), which
became disproportionate to the end product U(IV). Gram-positive bacteria may use
cytochromes to reduce Fe(III) which could be correlated to U(VI) and radionuclide
reduction (Carlson et al. 2012).

Thorpe et al. (2014) investigated potential of microbial enrichment cultures
obtained from Sellafield UK representative sediments to reductively precipitate an
Fe(II)-bearing biomineral assemblage at both neutral and alkaline pH. This approach
was used to investigate effects of microbially-mediated Fe(III) cutting down on the
mobility of 99Tc and Sr (stabile Sr2+ and radioactive 90Sr2+). In alkaline conditions
occurs microbially-mediated Fe(III) reduction which leads to 99Tc reduction and as a
result appear less mobile Tc(IV) phases, and 90Sr via increased sorption and/or
precipitation formed at higher pH values. The mobility of redox active 99Tc can be
attenuated by reduction from soluble Tc(VII) to poorly soluble Tc(IV) (Lloyd et al.
2000; Burke et al. 2005). The mobility of the 90Sr2+ ion is mostly controlled by
sorption and mineral precipitation reactions (Langley et al. 2009; Thorpe et al. 2012;
Wallace et al. 2012, 2013). It is known that species of the Clostridiales could reduce
Fe(III) in freshwater and marine environments over a wide pH range either via
dissimilatory Fe(III) reduction (Dobbin et al. 1999). It was demonstrated that during
fermentation process reduction will appear if Fe(III) acts as a minor electron acceptor
(Lovley and Phillips 1988; Lehours et al. 2010). It was demonstrated that TcO�

4

added at 1.6 � 10�6 M was eliminated (more than80%) from solution concurrent
with Fe(III) reduction in enrichment culture experiments at pH 7 and pH 9. Reduc-
tion of Tc(VII) to Tc(IV) was confirmed by X-ray absorption spectroscopy of
the reduced bio minerals. Microbial active systems demonstrated enhanced removal
of 90Sr at pH 7 in ultra-trace experiments, compared to the sterile control because of
sorption of 90Sr2+ to the Fe(II)-bearing bio minerals that generated in situ. Similar
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removal of 90Sr to the microbial active experiment shown at pH 9 in sterile control
and was ascribed to Sr-sorption to mineral phases in the case of chemically precip-
itated in sterile controls, and also for the biologically precipitated in the microbial
active systems. Throughout the different systems, the amount of the added 90Sr was
removed approximately 60–70% in bioreduction experiments. Different treatment
approaches involving bioreduction and the promotion of Fe(III)-reducing conditions
to remediate Tc(IV) are not coincide with treatment of groundwater 90Sr contami-
nation (Thorpe et al. 2014). The results obtained by Thorpe et al. (2014) pointed out
the potential for removal of trace levels of 99Tc and 90Sr2+ from groundwater during
stimulated bioreduction and pointed out that if there exists stable Sr2+, than optimal
removal for technetium and strontium is likely to occur under mildly alkaline,
reducing conditions. Much greater quantities of Tc(VII) were removed by
Geobacter, Anaeromyxobacter and Shewanella in the presence of ferrihydrite com-
pared to experiments with just cells, indicate the importance of biogenic Fe(II) in Tc
(VII) bioreduction (Plymale et al. 2011).

Experiments with enrichment cultures from the Oak Ridge site Nyman et al.
(2007) found that the inhibition co-efficient for U(VI) was around 100 μM and at this
concentration the effective yield and growth rate were reduced by 50%. Spain and
Krumholz (2011) reported concentrations of U(VI) up to 11 μM in groundwater
close to the S3 ponds at the Oak Ridge site, while Cho et al. (2012) reported value of
250 μM in well FW113–47.

The Old Rifle processing site was permitted to DOE for custody and long-term
care and managed by the Office of Legacy Management. The site is under DOE
jurisdiction from 1998 and requires routine inspection and maintenance, records-
related activities and stakeholder support (USDOE 1999). Groundwater at this
former uranium ore processing facility are contaminated with low levels of uranium,
which leached from mill tailings into the unconfined aquifer, which is an alluvial
deposit of the nearby Colorado River. Groundwater uranium concentrations inside of
the test area ranged from 0.4 to 1.4 μM and were above the maximum contaminant
limit of 0.18 μM (Anderson et al. 2003). It was also demonstrated that there is
potential for in situ effective removing of uranium present in contaminated ground-
water, by stimulating the activity of Geobacter species in the subsurface. When
acetate was added to enhance the growth of Geobacter species, U(VI) was actively
removed (Anderson et al. 2003). Zachara et al. (2013) pointed out that vertical
migration of uranium-contaminated groundwater is limited by the Wasatch forma-
tion and that release of contaminant U(IV) from naturally reduced zones by oxida-
tion, together with migration of up-gradient groundwater naturally high in U(VI), are
responsible for the persistence of elevated concentrations of uranium in groundwa-
ter. Williams et al. (2011) carried out research at the Rifle site and concluded that
concentrations of U decreased from 1–1.5 μM to 0.05–0.1 μM when acetate was
supplied as an electron donor and U(VI) was in a complex uranyl-calcium-carbon-
ate. These low concentrations were achieved by ensuring the concentration of acetate
remained greater than the 10 mM present sulfate. Stable isotope probing and gene
expression analysis confirmed Geobacter were active and oxidising acetate, even
during sulfate reduction, and so are likely to be responsible for U(VI) reduction and
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maintaining low concentrations of U(VI) in groundwater. Bopp et al. (2010) reported
that uranium isotope ratios, 238U/235U, in groundwater decreased significantly dur-
ing in situ bioreduction.

Areas where research should continue include determination of dominant mech-
anisms in bacterial electron transport, in both natural environment and bio stimula-
tion trials. Newsome et al. (2014) pointed out in their review paper that further work
in this area should be directed towards: determination of the exact mechanism(s) of
electron transfer to U(VI) in circum neutral aquifer sediments; the reduction of U
(VI) at alkaline pH, especially the role played by Gram-positive bacteria and
determining the longevity of bioreduced U(IV).

4 Remediation of Soil: Excavation and Disposal

Common clean-up method of radioactive contaminated soil involves excavation/
removal, transportation and disposal of contaminated soil on site or off site (Envi-
ronment Agency 2002; IAEA 1999, 2006b). During the radiological clean-up of
Enewetak atoll of the Marshall Islands in the Pacific Ocean, former United States
nuclear test site, conducted from 1972 to 1980, large amount of plutonium-
contaminated soil from different islands was removed by excision and collected
and transported to the Runit Island and deposited in the Cactus nuclear test crater
(DNA 1981). Contaminated soil was mixed with cement to form a slurry and placed
into the Cactus crater, formed in 1958 as a result of the nuclear explosion, and the
rest of the contaminated material was mixed with concrete and put above ground
over the crater in the shape of a dome, and finally the crater was sealed with concrete
cap (DNA 1981; Paajanen and Lehto 1992; Lehto 1994; Noshkin and Robison
1997). After the nuclear accidents at Chernobyl NPP in Ukraine (1986) and
Fukushima Daiichi NPP in Japan (2011) (Balonov 2007; Hardie and McKinley
2014) various environmental media (including soil) over large areas were contam-
inated with radionuclides and the different decontamination methods were used in
order to reduce radiation exposure from contaminated soil. Vovk et al. (1993) gave
an overview of mechanical and physical methods of decontamination of land after
Chernobyl NPP accident. The clean-up of the Chernobyl NPP site included removal
of highly radioactive soil surface layers (5–10 cm) and their transport to the solid
waste storage vault of the fifth unit and also removal of the less radioactive soil and
their transport to the disposal areas near to the site (IAEA 1989; Vovk et al. 1993;
Rudy and Vovk 1996). A number of waste disposal pits and trenches were dug at
different locations adjacent to the Chernobyl NPP (Vovk et al. 1993; Rudy and Vovk
1996). Removal of radioactive soil was commonly implemented as remediation
measure in contaminated areas following the accident at the Fukushima Daiichi
NPP (Wada et al. 2012; Hardie and McKinley 2014; EPA 2016). According to the
results presented in the MOE (2015) report, the very high decontamination rate of
surface contamination density (over 90%) was achieved after scraping topsoil by
5 cm from the playgrounds in a kindergarten facility and after scraping topsoil by
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5 cm and ploughing of rice fields. Soil and waste generated from decontamination
work can be stored in temporary storage site (no more than 3 years), interim storage
facilities (less than 30 years) until its final disposal (disposal out of Fukushima)
(MOE 2013, 2015; Hardie and McKinley 2014). Some temporary storage sites after
the accident were established in Koori town, Yugawa village, Kawamata town,
Ten-ei village, Miharu town, Tamakawa village etc. (MOE 2015). In 2012, during
the decontamination of sports field, grassed and forest areas around the Yamakiya
Elementary School, Kawamata town, located 40 km from the Fukushima Daiichi
nuclear power plant, top soil from the sports field and grassed areas was removed
and replaced with sand or fresh turf, and leaf litter from the forest areas was removed
to a distance of 20 m from the forest edge (Cresswell et al. 2016). In 2014, test
decontamination measure carried out at the lower part of the Kami-Oguni River, a
tributary of the Abukuma River in Fukushima, located 55 km from the Fukushima
Daiichi NPP, reduced the air dose rate by a factor of approximately two (Nishikiori
and Suzuki 2017). During the decontamination test process all plants were removed
from the flood channel and taken to a waste incineration plant, the upper 5 cm of soil
was removed from the dike slopes using excavator and turf was put on the
decontaminated slope, and sediments up to 15–35 cm in depth from the flood
channel were removed. The removed soil and sediments were packed into flexible
container bags, and transport to a temporary storage site for decontaminated soil
(Nishikiori and Suzuki 2017). Before decontamination, the air dose rates at 1 and
100 cm above ground were 0.78 and 0.66 μSv h�1, respectively, while after
completion of decontamination air dose rates at 1 and 100 cm above ground were
0.34 μSv h�1 (Nishikiori and Suzuki 2017). Smaller nuclear accident in 1987 in
Goiania, Brazil, compared to the accident at Chernobyl and Fukushima, resulted in
the contamination of the environment and various remedial actions were undertaken
(such as decontamination of property, collection of contaminated clothing, removal
of contaminated soil etc.) in order to clean up the contamination (IAEA 1988).
Topsoil was removed (about 60% of caesium total activity was retained in the top
1.5 cm of soil after the accident) and the surfaces were covered either with
uncontaminated (clean) soil or concrete (Amaral et al. 1991). Radioactive waste
generated during the decontamination was packed and over 200 lorry loads of waste
were transported to the temporary disposal site (IAEA 1988). Contaminated waste
arising from the clean-up of Salt Lake City, USA, processing site (from 1984 to
1989) in Port Hope, Canada (from 1976 to 1981) – has been transported over long
distances to disposal sites (IAEA 1992; Paajanen and Lehto 1992; Lehto 1994).
During the clean-up of – Salt Lake City processing site, large amount of contami-
nated waste (including tailings, contaminated soils and building debris) was
transported by trains to the disposal site near Clive, Utah, 140 km away (IAEA
1992; Paajanen and Lehto 1992; Lehto 1994; DOE 2016). From the city of Port
Hope more than 100,000 tons of radioactively contaminated soil was transported by
trucks to a storage site at the Chalk River Nuclear Laboratories, 350 km away (IAEA
1989, 1992; Paajanen and Lehto 1992; Lehto 1994; Screening Report – Port Hope
Project 2006).
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5 Remediation of Soil: In situ Treatment Technologies

In situ remediation’s technologies are used to treat contaminated soil on-site (IAEA
1999). Depending on whether in situ remediation technologies reduce mobility,
toxicity and/or volume through the treatment, they can be categorized into following
groups: (1) containment technologies; (2) stabilization technologies, and (3) treat-
ment technologies (IAEA 1999; EPA 2007). In situ treatment technologies are
source control technologies that apply various physical/chemical, biological or
thermal processes in order to reduce the toxicity and/or volume of the contaminated
soil by destroying or removing contaminants (IAEA 1999). According to EPA
(2006, 2007) and IAEA (2006b) different in situ technologies (such as: electroki-
netic remediation, in situ vitrification (ISV), phytoremediation etc.) are suitable for
treatment of radioactively contaminated soil.

5.1 Electrokinetic Remediation

Separation and extraction of radionuclides from saturated or unsaturated soils by
electrokinetic remediation process, requires the application of a direct electric
current of low intensity (DC) across electrodes (anode – positive electrode and
cathode – negative electrode) placed in the soil (EPA 1995, 2007; Cameselle et al.
2013a, b). Electromigration and electroosmosis are main mechanisms of contami-
nants’movement in an electric field involved in electrokinetic technology (Kim et al.
2010, 2016a; Cameselle et al. 2013a; Gill et al. 2014; Yang et al. 2014; Silva et al.
2017). Kim GN et al. (2008, 2010, 2011, 2012, 2015, 2016a); Kim SS et al. 2016,
were studying electrokinetic-flushing, electrokinetic-electrodialytic and electroki-
netic methods to decontaminate radioactive contaminated soil.

Laboratory-scale experiments of the removal of uranium from soil using electro-
kinetic method performed by Booher et al. (1997) demonstrated that this methods
can be used for removal of uranium, in uranyl form (UO2

2+), from unsaturated
contaminated soil. Original and improved electrokinetic equipment was
manufactured in order to remove uranium from soil (Kim et al. 2011). Original
pilot-scale electrokinetic equipment of a 50 L size consisted of a reagent reservoir, an
anode room (material for the anode electrode was titanium), an electrokinetic soil
cell, a cathode room (material for the cathode electrode was DSA-Dimensional
Stable Anode), an equipment support system, a power supply, pH controller. During
the experiment with this equipment, lots of metal oxides were generated and covered
the cathode plate. Therefore, original pilot-scale electrokinetic equipment was
improved by manufacturing immersion-washing device, metal oxide separator and
circulation system, and the remediation experiments were conducted again using
improved pilot-scale electrokinetic remediation equipment (Kim et al. 2011). Reme-
diation experiments show that when the initial uranium concentration of soil was
50, 75 and 100 Bq g�1 the electrokinetic remediation time required to remediate the
uranium concentration below clearance concentration of 1.0 Bq g�1 was about
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34, 42 and 49 days, respectively, and the created waste-solution was 3.8, 4.4 and
5.0 ml g�1, respectively (Kim et al. 2011). The 50 L size electrokinetic remediation
equipment (consisted of a electrokinetic soil cell, an anode/cathode rooms, a reagent
reservoir, an equipment support system, a pH controller, a power supply) appropriate
for the soil characteristics of a nuclear facility site in South Korea, was manufactured
in order to remove 60Co and 137Cs from soil (Kim et al. 2010). Remediation
experiments were carried out for soil contaminated with 0.01 M of Co2+ and Cs+

and radioactive soil from storage facility using manufactured electrokinetic remedi-
ation equipment. From contaminated soil the removal efficiencies of Co2+ was
98.4% and of Cs+ was 94.9%, after 15 days, and 3.4 ml g�1 of waste solution was
generated (Kim et al. 2010). Experiment results for radioactive soil show that reagent
type, soil radioactivity concentration, electric current in a soil cell and particle size of
soil have influence on the removal efficiencies of cobalt-60 and cesium-137 from
soil (Kim et al. 2010). Kim et al. (2010) found that electrokinetic remediation time
required to reduce soil radioactivity concentration below clearance concentration
level (100 Bq kg�1) depends on initial radioactivity concentrations in soils. After an
electrokinetic remediation experiment (conditions – remediation time: 55 days;
electric current: 15 mA cm�2) the total removal efficiency of cobalt-60 and
cesium-137 from the radioactive soil of 2 kBq kg�1 was 95.8% (Kim et al. 2010).
The study of the soil remediation using electrokinetic-flushing technology, show that
electrokinetic-flushing remediation enhances the removal efficiencies of Co2+ and
Cs+ from the contaminated soil when compared to the electrokinetic remediation
(Kim et al. 2008). Electrokineticmethodwas used to remove cesium from the artificially
contaminated Hanford sediment with nonradioactive 133Cs (0.01MCsNO3) (Jang et al.
2015). After an electrokinetic remediation experiment for 68 days, the removal effi-
ciency of Cs from the bulk sediment was 47% (312 mg kg�1), and the higher removal
efficiency of Cs was obtained from the silt-clay fraction (average 52%) than from the
sand fraction (20–55%) (Jang et al. 2015).

5.2 In situ Vitrification

In situ vitrification (ISV) is a thermal treatment process that uses extremely high
temperatures to melt and vitrify contaminated soil (Campbell and Koegler 1990;
Spalding et al. 1992; IAEA 1999, 2006b; EPA 2007). Two methods can be used for
producing heat for melting the contaminated soil, the older one uses electrodes and
electrical resistance (traditional and planar in situ vitrification) while the second one
uses plasma arc technology. In situ vitrification process is described in different studies
(Campbell and Koegler 1990; Spalding et al. 1992; IAEA 2006b; EPA 2007).

In the 1980s, in situ vitrification process was developed by Pacific Northwest
Laboratory (PNL) for the U.S. Department of Energy (DOE), primarily for treating
soil contaminated with transuranic radionuclides (Dragun 1991). In 1987, joint
ORNL (Oak Ridge National Laboratory) – PNL pilot-scale demonstration of in
situ vitrification technology for the stabilization of radioactively contaminated soil

12 M. Ćujić et al.



was completed after 110 h of operation and consumption of about 29 MWh of
power, which led to the formation of 25 � 103 kg vitrified soil approximately 4.9 m
long� 1.2 m thick� 2.1 m wide (Jacobs et al. 1988). A large-scale demonstration of
the in situ vitrification process, using existing DOE large-scale ISV equipment, was
performed on soils contaminated with mixed wastes on the116-B-6A crib at Hanford
(Luey et al. 1992; Luey 1993). Test began 11 April 1990 at 2:30 p.m. and ended
23 April 1990 at 2:55 p.m., after 288 h of operation and consumption of about
550 MWh of electrical energy, which resulted in 850 ton block of vitrified soil, the
retention of chromium, and lead and cesium-l37 in the vitrified block greater than
99.9% (Luey et al. 1992; Luey 1993). During the rehabilitation of the Maralinga,
former British nuclear test sites, in situ vitrification had been identified by Technical
Assessment Group – TAG (established by Australian Government to report on
options, and associated costs, for the decontamination and rehabilitation of the
former British nuclear test sites in Australia) as best options for stabilization a series
of 21 burial pits containing soil and debris primarily contaminated with plutonium
and uranium at Taranaki (MARTAC 2003). The GeoMelt-ISV project was devel-
oped through four phases – phase I testing and evaluation of Taranaki soils; phase II
engineering and intermediate-scale ISV tests; phase III manufacture and testing of
the full-scale ISV equipment; and phase IV operation of ISV on the Taranaki pits
(MARTAC 2003). Prior to ISV operations the concrete pit caps were removed, the
surface area and depth of pit was determined, and the refractory sand trenches and
associated instrumentation as well as soil berm were installed. ISV equipment at
Taranaki, 1999, is shown in Fig. 1 (MARTAC 2003). A total of 11 pits were treated

Fig. 1 ISV equipment at Taranaki, March 1999 (This figure has been obtained from the Com-
monwealth of Australia, Report titled “Rehabilitation of Former Nuclear Test Sites at Emu and
Maralinga (Australia)”, MARTAC 2003)

Review of Remediation Approaches Implemented in Radioactively Contaminated Areas 13



with the GeoMelt-ISV process until its suspension, the first melt was carried out on
pit no. 19 from 21 May 1998 to 25 May 1998 and the last melt was carried out on pit
no. 17 from 10 March 1999 to 21 March 1999 when the melt was terminated by the
explosion (MARTAC 2003). The ISV materials were removed from Taranaki pits
and disposed of either in ISV burial trench or debris burial trench (MARTAC 2003).

5.3 Phytoremediation

Phytoremediation is a bioremediation process that uses plants in order to extract,
degrade, contain, or immobilize contaminants that are present in soil (IAEA 2004a,
2006b; Khan et al. 2004; EPA 2007). Among different mechanisms of
phytoremediation, phytoextraction and phytostabilization can be used for remedia-
tion of radionuclides, since they cannot be biodegraded (EPA 2007). Phytoextraction
or phytoaccumulation is a process that involves the uptake/absorption of radionu-
clides from soil through the plant root system and translocation/accumulation of
radionuclides in the aboveground biomass, i.e. shoots and leaves (Dushenkov 2003;
IAEA 2004a; EPA 2007). Phytoextraction removes radionuclides without destruc-
tive impact on soil structure and with a limited impact on fertility and it is especially
suitable for treatment of large areas with a low level of radioactivity (Dushenkov
2003). Above-ground biomass of the plants loaded with radionuclides can be
harvested and disposed of (IAEA 2004a; Saleh 2016; Sheoran et al. 2016). Identi-
fication of hyperaccumulator of radionuclides is a key step in successful application
of phytoextraction. In 2009, the concentrations of U, Th, Ba, Ni, Sr and Pb in the
tailings and dominant plant parts (stalk, shoot, root) from the uranium mill tailings
repository in South China were determined (Li et al. 2011). Among studied plants,
only Cyperus iria (U concentration in the shoot, root and tailings was 36.4, 2.43 and
6.03 μg g�1, respectively) and Parthenocissus quinquefolia (Sr concentration in leaf,
stalk and tailings was 190, 72.2 and 154 μg g�1, respectively) satisfied the criteria for
a hyperaccumulator of uranium and strontium (Li et al. 2011). Similar study was
conducted in 2011, when the 226Ra activity were determined in the tailings and
dominant plant species (stalk, shoot, root) from the uranium mill tailings impound-
ment in South China (Hu et al. 2014). Among studied plants, only Pteris multifida
(activities of 226Ra and transfer factors (TFs) found in leaf, stalk and root were: 226Ra
– 150.6, 53.65 and 1.782 Bq g�1, respectively, and TF – 9.131, 3.251 and 0.108,
respectively), Pteridium aquilinum (activities of 226Ra and transfer factors (TFs)
found in leaf, stalk and root were: 226Ra – 122.2, 42.36 and 13.14 Bq g�1,
respectively, and TF – 7.409, 2.568 and 0.797, respectively), and Dryopteri sscottii
(activities of 226Ra and transfer factors (TFs) found in leaf, stalk and root were: 226Ra
– 105.7, 29.685 and 5.699 Bq g�1, respectively, and TF – 6.408, 1.800 and 0.346,
respectively) satisfied the criteria for a hyperaccumulator for 226Ra (Hu et al. 2014).
According to Hu et al. (2014) and Li et al. (2011) these plants could be the
candidates for phytoremediation of uranium, strontium and 226Ra contaminated
soils. Huang et al. (1998) found that citric acid was the most effective in enhancing
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uranium accumulation in Brassica juncea and Brassica chinensis. Soudek et al.
(2007) investigated the 226Ra activities in the leaves, flowers and seeds of three
woody species alder (Alnus glutinosa), birch (Betula pendula) and elder (Sambucus
nigra) growing at a mill tailing dump K1 at a previous uranium mill in Mydlovary,
South Bohemia. Plant samples were collected in period May–October during 3 years
and results showed that226Ra activities in the leaves generally increased during the
vegetation periods and the highest 226Ra accumulation occurred in the birch and
lowest in alder. Soudek et al. (2007) suggested that these pioneer woody species can
be used as remediation alternative to the use of herbs. By analysing plants grown in
uraniummining-impacted soils,�, Chen et al. (2005) reported that the root uptake of
238U, 226Ra and 232Th from the soil is plant-specific. The highest TF values for 238U,
226Ra and 232Th were found for lupine (Lupinus albus) shoot, white clover (Trifo-
lium pratense) shoot, and ryegrass (Lolium perenne) shoot, respectively (Chen et al.
2005). Tridax procumbens L., Azadirachta indica A. Juss. and Euphorbia hirta L.
were reported to be effective in phytoremediation of 90Sr contaminated sites, based
on the study conducted in the vicinity of Tummalapalle uranium mining site Kadapa
district, A.P. India (Ahammad et al. 2015). Dushenkov et al. (1999) found that
Amaranthus retroflexus cvs. L. cv. aureus and PT-95 (Table 1) shows highest total
removal of 137Cs from soil in the vicinity of Chernobyl NPP. Sugiura et al. (2016)

Table 1 Bioaccumulation coefficient and total 137Cs removal from soila

Species and cultivars
Bioaccumulation
coefficient Total removal (Bq m�2)

Amaranthus retroflexus L. cv. PT-95 1.50 3225

Amaranthus retroflexus L. cv. aureus 1.90 2440

Amaranthus retroflexus L. cv. belozernii 1.41 1392

Amaranthus cruentus L. 1.32 1251

Helianthus tuberosum L. x Helianthus
annuus L.

0.49 1221

Amaranthus caudatus L. 2.03 1144

Amaranthus cruentus L. cv. myronivka 1.07 1053

Helianthus tuberosus L. 0.30 846

Amaranthus hybridus L. 0.60 719

Amaranthus retroflexus L. cv. Antey 1.07 641

Amaranthus bicolor L. 0.59 417

Amaranthus cruentus L. cv. paniculatus 0.53 412

Zea mays L. 0.28 409

Helianthus annuus L. 0.24 319

Pisum sativum L. 0.48 44

Brassica juncea (L.) Czern. 0.47 194

Adopted from Dushenkov et al. (1999)
aPlants were grown at the experimental plot at the Northwest border of Chernobyl, Ukraine,
approximately 10 km south of the ChNPP fourth reactor that was damaged in 1986.
Bioaccumulation coefficient was calculated as a ratio of 137Cs specific activity in the plant versus
137Cs specific activity in the soil
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reported that Chengiopanax sciadophylloides has an ability to accumulate
radiocesium. The concentrations of 137Cs in leaves of Chengiopanax
sciadophylloides (28.1 kBq kg�1) were higher comparing to those in leaves of
Quercus serrata (4.13 Bq kg�1), Acer crataegifolium (9.67 Bq kg�1), Fraxinus
sieboldiana (3.34 Bq kg�1), and Ilex macropoda (2.55 Bq kg�1) growing at same
site near the town of Kawamata, Fukushima prefecture, located approximately
37 km northwest of F1 NPP.

6 Mathematical Modelling Approaches for Remediation
of Contaminated Environments

In order to obtain the most efficient remediation strategy environmental decision
aiding technologies are coupled with models for radionuclide transfer in different
environmental compartments, models for radiation risk assessment and information
on available regulatory and management strategies. A number of software based
models (ERICA Tool, RESRAD Family of Codes, NORMALYSA, SYMBIOSE,
CROM), internet based calculators (PRG, DCC) and excel based models
(UK RCLEA, NJRaSoRs) have been developed so far for radiological risk and
dose assessment (ANL 2001; US EPA 2002, 2004; Bureau of Environmental
Radiation, NJ 2003; UK DEFRA 2003; Brown et al. 2008; CIEMAT 2011; IAEA
2015; IRSN n.d.). Following Chernobyl accident, the development of a wide range
of programs has been started on the international level with the purpose to support
the methods and models for assessing environmental impacts of radionuclides and
other contaminants were designed, such as VAMP (Validation and Model Predic-
tors), BIOMOVS (BIOsphericMOdel Validation Study) and BIOMASS (BIOsphere
Modelling and ASSessments Methods). Within BIOMASS program the particular
emphasis is directed towards the improvement of modelling techniques and accuracy
of predicted results (IAEA 2004b). Among other important radioecological issues,
the program addressed environmental assessment modelling in remediation of
contaminated environment due to nuclear accidents, unlimited releases, even unsat-
isfactory management practices. To estimate the success of the remediation steps
environmental transfer models were tested within two scenarios based on the results
from the remediation program carried out on a radium extraction site in Olen,
Belgium. Olen scenario Type A was aimed at testing the accuracy of predictions
of different models used (CLRP, DOSDIM, OLENRAD-A, RISKOLEN and
TAMDYN) based on data when remedial actions are performed. It was related to
the influence of these actions on the 226Ra concentrations in food chain. Within Olen
scenario Type B the following remedial actions were evaluated: removal of the most
contaminated soil layer (1 m depth) and capped with a uncontaminated soil layer
(0.5 m depth), and their effectiveness assessed in terms of individual doses to an
adult farmer arise from external irradiation, inhalation of resuspended particles and
radon, consumption of soil particles, drinking water and food products. Six different
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models (CLRP-RAD, DOSDIM, OLENRAD-B, RESRAD-OFFSITE, RESRAD-
ONSITE and TAMDYN-UV) were tested within this type of Olen scenario. The
analysis of the model prediction results pointed out that the different interpretations
of the scenario contributed more to the differences among the model predictions than
the differences in modelling approaches (IAEA 2004b).

As rural environment can remain polluted for long time of period after nuclear
accident, the effective recovering strategies are highly needed to protect the popu-
lation. Within STRATEGY project the model was used to help decision makers in
recognising optimal agricultural countermeasure actions under user-defined require-
ments (Cox and Crout 2003). The application to the model to a hypothetical nuclear
power plant accident scenario in Cumbria (UK) showed the significance of relevant
information on local level useful for preparation of effective remediation (Cox et al.
2005). This model enabled decision makers to point out the optimal combination of
ploughing, administration of ammonium-ferric-cyano-ferrate, clean feeding and
food restrictions, taking into account local conditions and implementation costs.

After years of application of countermeasures in radioactively contaminated areas
it was recognized that they are not quite effective for ecosystems and society in
general. The effectiveness of remediation of radioactively contaminated areas varied
with implemented management options (Table 2).A reliable evaluation of cost-
benefit balance through predictive models was highly needed in optimization of
remediation strategies. Under the European Commission project MOIRA (A Model
based computerised system for management support to identify optimal remedial
strategies for restoring radionuclide contaminated aquatic ecosystems and drainage
areas) the software model was developed for the cost-benefit analysis of applied
countermeasures in affected areas and identification of optimal remediation strate-
gies in freshwater ecosystems and complex catchments (Appelgren et al. 1996).
Because of site-specific models in some cases could be costly and time consuming
there was the demand if predictive models have generic strictures, than can be used
for different environmental conditions. The model for assessing radionuclide trans-
port and countermeasure effects in complex catchments (MARTE) established on
summarized collective parameters was developed to predict sediment removal, water

Table 2 Summary of reduction factors for selected management options to decrease contamination
of agricultural products implemented after Kyshtym and Chernobyl accidents

Management option

Reduction factor

Kyshtym accident (crops) Chernobyl accident
90Sr 137Cs 90Sr

Normal ploughing 10–16 2.0–4.0 n.d.

Liming upto 3 1.5–3.0 1.5–2.6

Application of mineral fertilizers 1.1–1.4 1.5–3.0 1.0–2.0

Clean feeding 3.0–4.0 2.0–5.0 2.0–5.0

Administration of Cs binders to animals n.d. 3.0–5.0 n.d.

Administration of clay minerals to animals n.d. 2.0–3.0 n.d.

Adopted from IAEA (2012a)
Note: n.d. no data
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diversion from sub-catchments and cleaning up of sub-catchments (Monte 2001).
The model included sub-models for: (1) radionuclide migration, (2) the assessment
of the water balance and the water fluxes and (3) predicting the effects of counter-
measures. It was used to a variety of European water bodies in Sweden, Italy and
Ukraine contaminated by 137Cs and 90Sr and the obtained outcomes suggested the
effectiveness of some remediation strategies, e.g. the control of water from polluted
catchments, in complex catchments of radioactively contaminated areas (Monte
2001).

Taking into consideration temporal and spatial variations of radionuclide activ-
ities in areas of former Soviet Union affected by Chernobyl accident due to
hydrochemical conditions, an environmental decision support system (EDSS)
based on geographical information systems (GIS) which integrates all these factors
was developed in the frame of the RESTORE project to enable local authorities to
manage the remediation of contaminated land (Van der Perk et al. 1998). Data on
surface contamination (maps of soil contamination produced by geostatistical inter-
polation), soil type, land use, food production rates, the density and structure of
population were used as input for the EDSS. The EDSS integrated radioecological
data (data on transfer of radionuclides to agricultural and wild food products,
external doses etc.) with geographical database through dynamic modelling toolkit
which included geostatistical analysis, conditional simulation, and topological
modelling. The EDSS enabled an insight into radionuclide fluxes in the environ-
ment, particularly in the food chain, and also identification of areas vulnerable due to
the presence of population groups which received an increased radiation doses.

After the decade of remediation in affected areas in Belarus, Russia and Ukraine it
was noticed that due to a large variety of factors governing the radionuclide transfer
in the environment the identical countermeasures are not appropriate for each
contaminated area and that there is a need for integrated remediation strategies
adapted to site-specific conditions. In a due course an approach was developed
based on wide radioecological data collected from 70 representative contaminated
colonies in affected areas taking into account the distribution of different soil types
in these colonies (Jacob et al. 2001). For eight remedial actions for large-scale
application (radical improvement, Prussian blue, supply clean milk, unpolluted
feed for pigs, mineral fertilizer for potatoes, limit mushroom consumption, food
monitors and removal of soil), were consider basic data on reduction factors, time
periods of effectiveness and costs. Taking into account radioecological data for each
settlement (137Cs activity per unit area, transfer factors for foodstuffs) and data on
fraction of the foodstuffs produced locally and on their annual consumption in
affected areas, a dose model was established and representative remediation strate-
gies were derived. These data were used to evaluate remediation strategies for
different radioecological classes in which affected area was subdivided and results
were then generalised to the total affected population (Jacob et al. 2001).

The experiences in implementation of decision aiding technologies in areas
affected by Chernobyl accident pointed out that these technologies, to be effectively
used, have to be supported by models for radionuclide transfer in the environment,
radiation risk models and information on available management and decision
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making options (IAEA 2012b). Two decades after Chernobyl accident there were a
few hundreds of settlements in Belarus, Russia and Ukraine in which population
suffered annual effective doses due to ionizing radiation caused by accident which
exceeded 1 mSv. Therefore, the IAEA initiated the project Radiological support for
the rehabilitation of the areas affected by the Chernobyl nuclear power plant
accident. For the purpose of this project, a software tool ReSCA–Remediation
Strategies after the Chernobyl Accident has been established (Ulanovsky et al.
2011) to facilitate optimization of remediation strategies in the rural settlements of
the affected areas. The model used settlement-specific data on ground contamination
and activity contents in foodstuffs (Jacob et al. 2001). Only exposures due to 137Cs
as only relevant radionuclide after decades from the accident were considered in the
model. Based on radioecological data collected for rural settlements in which the
annual effective dose exceeds 1 mSv annual effective doses were calculated with
ReSCA and validated with data from whole body counter measurements (Jacob et al.
2009). The implementation of the model has shown that a substantial collective dose
can be averted by quite cost-effective remediation strategies (Jacob et al. 2009). The
FORESTLAND EDSS applied in Bryansk region of Russian Federation for justifi-
cation of remediation strategies of forests affected by Chernobyl accident. The results
indicated the ingestion of milk from cows grazing forest meadows as the main
pathway of contamination and that forest management options are the most effective
way to decrease the long term impact of radiocaesium contamination (IAEA 2012b).

With the aim to evaluate dose rates to marine biota after Fukushima accident
Vives i Batlle et al. (2016) report an inter-comparison of eight models designed to
predict the radiological exposure of radionuclides. In this work model predictions of
radionuclide uptake and turnover using kinetic calculations based on biological half-
life (Tb1/2) and/or more complex metabolic modelling approaches were used to
predict activity concentrations and dose rates of 90Sr, 131I and 137Cs to fish, crusta-
ceans, macroalgae and molluscs under circumstances where the water concentrations
are changing with time.

The modelling approaches were also successfully applied to resolve some impor-
tant issues in optimization of bioremediation strategies. It has been widely recog-
nized that dissimilatory metal reducing bacteria grown on acetate could be applied as
a technique for remediation purpose to immobilize hexavalent uranium [U(VI)] as
precipitated U(IV). However, Anderson et al. (2003) identified the inefficiency of U
(VI) removal from groundwater when acetate-oxidizing sulfate reducers became
dominant as an important consideration in the optimization of a bioremediation
strategy. The multicomponent reactive transport model based on acetate-oxidizing
iron- and sulfate reducing microbial populations was developed to picture the
bioreduction of a continuous influx of soluble U(VI) in groundwater to insoluble
and immobile U(IV). The model was applied for identification of the dominant
transport and biological processes controlling uranium mobility throughout acetate
biostimulation in the unconfined aquifer of the Old Rifle UMTRA field site in
western Colorado (Yabusaki et al. 2007). It was further developed to involve abiotic
reactions along with the biologically mediated reaction network in the
multicomponent biogeochemical reactive transport simulator (Fang et al. 2009).
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In planning, guiding and evaluating remediation, locally varying conditions such
as temporal variation of radionuclide activity concentrations in different environ-
mental compartments, need to be taken into account. The linking of radioecological
models with GIS enables optimization of remediation strategies according to local
variations of radionuclide activity concentrations. Following Chernobyl accident, a
number of EDSSs such as FORCON (Fesenko et al. 1996), SAVE (Howard and
Wright 1999), RESTORE (Van der Perk et al. 1998) and ReSCA (Ulanovsky et al.
2011; Fesenko et al. 2012), were developed to facilitate optimization of remediation
strategies in contaminated areas.

The understanding of physical, chemical and biological processes governing
behaviour of contaminants in aqueous environments is necessary for assessment of
efficiency of terrestrial environmental remediation strategies. Therefore, a number of
mechanistically-based reactive chemical transport models have been developed in
the decades after Chernobyl accident (Yeh and Tripathi 1990; Pruess 1991;
Zyvoloski et al. 1994; Fang et al. 2003; Zhang et al. 2007). Yeh et al. (2013)
reviewed the development of mechanistically-based numerical models and demon-
strated their flexibility and range of capabilities through the application to environ-
mental remediation problems such as waste disposals and uranium mill tailings.

Mathematical modelling methods were successfully used for solving complex
decision-making problems such as the selection of alternative remediation options.
Jimenez-Martin et al. (2016) proposed an approach based on multi-criteria and fuzzy
logic which takes into account environmental, radiological, social and economic
impact as the main criteria for the appropriate management of the site (Perez-
Sanchez et al. 2015). This approach was applied for evaluating different remediation
options for the Zapadnoe uranium mill tailings in Ukraine (Jimenez-Martin et al.
2016).

One of the most challenging issues in remediation of closed uranium mining sites
is the treatment of mine water. To ensure the sufficient removal of pollutants from
these waters it is necessary to understand underlying reaction processes which could
be interpreted by hydrogeochemical modelling. This approach was used at Wismut
mine sites to investigate reaction processes during the treatment of mine water,
i.e. for hydrogeochemical understanding of precipitation processes in a CO2 strip-
ping column with a focus on the influence of pH value and for characterization of
uranium speciation of mine water (Lietsch et al. 2015). The modelling derived the
prognosis of necessary pH values in order to prevent oversaturation inside the
stripping column. The model outputs were tested at mine water treatment plant
where lower pH values showed significant improvements. The application of
hydrogeochemical modelling for identification of typical uranium species and com-
plexes in mine water revealed the dominance of calcium uranyl carbonates in mine
water at alkaline and neutral conditions and uranyl sulfates in acidic conditions
(Lietsch et al. 2015). Authors emphasized the need for further investigation of
thermodynamic parameters of uranyl species.

The widespread contamination in subsurface environments makes the remedia-
tion process economically challenging and in such cases there is a need for alterna-
tive approaches. In the case of uranium contamination such an approach implies
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changes in physicochemical conditions of the environment to promote in situ
immobilization of uranium, for example by addition of phosphate amendments
(Wellman et al. 2008; Mehta et al. 2014). The understanding of processes governing
U(VI) transport under the influence of phosphate amendments, can result in identi-
fication of conditions for reduction of its mobility. Mehta et al. (2015) used a reactive
transport model to evaluate a transport of U(VI) through contaminated sediments.
The application of the model in batch and column experiments with sediments from
a Rifle site, Colorado, indicated that addition of phosphate could result in uranium
retention in sediments to some extent.

Up to now, much effort has been devoted to explore both new technologies and
new types of materials for remediation of contaminated wastewater. Modelling is
often used in characterization of capacity and mechanisms of sorption of radionu-
clides on materials proposed to be used for environmental remediation. Zhang et al.
(2015) investigated interaction between U(VI) and carbonaceous nanofibers by
applying double layer sorption model. They found out that when co-existing with
montmorillonite, carbonaceous nanofibers could extract the sorbed uranium onto
their surface by a pseudo-second order kinetic process. The modelling results
indicate carbonaceous nanofibers as a promising material for wastewater remedia-
tion. Different kinetic and equilibrium models are used to understand the mechanism
of uranium adsorption from contaminated water. Naeem et al. (2017) investigated
mechanism of uranium adsorption on green mung (Vigna radiata) by applying
Freundlich isotherm and pseudo-second order kinetic model and proved its effi-
ciency for uranium removal from aqueous solutions.

Within EMRAS (Environmental Modelling for Radiation Safety) Programme
several mathematical models (EXPURT, METRO-K, CPHR, RESRAD-RDD)
used for assessment related to the remediation of urban areas contaminated with
radionuclides were tested (IAEA 2012a). The EXPURT model calculates surface
activity densities and external gamma dose rates as a function of time in built
environments and can represent the implementation of countermeasures such as
decontamination and soil mixing. The EXPURT embedded within CONDO soft-
ware tool can assist decision makers by providing estimations of normal living
doses, doses from inhalation of resuspended radionuclides and waste activity con-
centrations (IAEA 2012a). The METRO-K model with a simple mathematical
structure gives concentrations of radioactive materials and associate exposure
doses as a function of time for different environments. Different countermeasures
such as cutting and removal of grass, removal of trees, leaves, soil and washing of
different surfaces could be considered within this model (IAEA 2012a). The com-
partment model CPHR is based on Ecolego tool1 and it is used to assess time
dependence of radioactive contamination and associated dose rates due to environ-
mental processes (IAEA 2012a). The RESRAD-RDD compartment model is used to
derive external exposure rates at receptor locations from different surfaces, radionu-
clide surface concentrations, annual and cumulative external doses for receptors

1http://www.facilia.se/products/ecolego.asp
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(IAEA 2012a). It also considers different countermeasures such as cutting and
removal of grass, removal of soil, washing and relocation. The models were tested
on three hypothetical scenarios (point source, area source and area source + river).
By comparing the model outputs a number of issues were derived where model
capabilities could be improved and uncertainties reduced (information on initial
distribution of contaminants and their transport in urban conditions, environmental
data and data on radionuclides other than 137Cs).

7 Conclusions

In the past few decades a much effort has been made to clean up the surrounding
environment after decommissioning of nuclear installations. It is important to point
out that there is no universal remediation plan how to remediate some media (water
or soil). Because of plenty of factors that influence the outcome of the media
rehabilitation process, it is important to made selection of optimal solution for
each considered case study. International organisations (e.g. IAEA, EPA) made a
lot of effort to provide guides and recommendation for different remediation
approach based on research studies and the practical experience. More mobile
radionuclides seek for more effective methods of remediation and that should be
an area for coordinated international research in the future. It is of major importance
in groundwater remediation strategy to develop new clean-up systems or to improve
the efficiency of the existing ones with the goal to minimise the generation of
secondary wastes. Monitored natural attenuation may be an alternative to clean-up
radiologically contaminated media. Regarding soil remediation, developing remedi-
ation techniques for land underneath operating facilities is of major interest. Instead
the most common conventional ex situ (soil removal, chemical extraction) remedi-
ation technique used for soil, in situ technologies (e.g. bioremediation,
phytoremediation) is becoming increasingly used. Different approaches based on
mathematical modelling methods have been proven to be successful in a case of
complex decision-making problems, e.g. the selection of alternative remediation
options.
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