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Abstract The quantification of the soil-to-plant transfer by means of transfer
factor or concentration ratios values presents high range of variation, about 4–5
orders of magnitude for radiocesium. This range can be partially explained by the
different association of radionuclides to soil particles, which can be assessed by
speciation procedures. The fact that there are a lot of speciation procedures in the
literature may, in some occasions, make its interpretation difficult. The source of
radionuclides is a major factor influencing the speciation. The anthropogenic ra-
dionuclides associated with fuel particles present usually low mobility, although
they can be weathered with time. Regarding the radionuclides released in the
global fallout, the 90Sr is the most bioavailable. Plutonium is usually associated
with organic matter. The mobility and bioavailability of radiocesium depends on
the soil clay content, and is also time dependent. The naturally occurring radio-
nuclides in soil are mainly associated with fractions strongly fixed, because they
mainly occur in minerals forming part of soil particles. The speciation of soil can
also be modified by agricultural procedures, such as the addition of fertilizers or
phosphogypsum. The fertilization can be used to reduce the soil-to-plant transfer
of radiocesium and radiostrontium by supplying stable elements, potassium, and
calcium, respectively, so that their content in soil solution decreased. The phos-
phate-based fertilizers have also naturally occurring radionuclides, which can be
transferred to plants. Phosphogypsum, which can contain high levels of radium, is
used as soil amendment. However, its radium content is mainly associated with
immobile fractions, and its transfer to plants is of the same order of magnitude than
without phosphogypsum amendment.

Keywords Transfer � Speciation �Bioavailability �Anthropogenic radionuclides �
Naturally occurring radionuclides

J. Guillén (&) � A. Baeza � A. Salas � J. G. Muñoz-Muñoz � A. Muñoz-Serrano
LARUEX, Environmental Radioactivity Laboratory, Department of Applied Physics,
Faculty of Veterinary, University of Extremadura, Avda. Universidad, s/n,
10003 Caceres, Spain
e-mail: fguillen@unex.es

D. K. Gupta and C. Walther (eds.), Radionuclide Contamination
and Remediation Through Plants, DOI: 10.1007/978-3-319-07665-2_5,
� Springer International Publishing Switzerland 2014

107



Contents

1 Introduction........................................................................................................................ 108
2 Quantification of Radionuclide Transfer to Plants .......................................................... 109
3 Speciation Schemes of Radionuclides in Soil.................................................................. 110
4 Factors Affecting the Speciation of Radionuclides in Soil ............................................. 114
5 Bioavailability of Radionuclides....................................................................................... 116
6 Modification of the Speciation of Radionuclides in Soil ................................................ 117
7 Conclusion ......................................................................................................................... 119
References................................................................................................................................ 120

1 Introduction

As consequence of the atom bomb blasts during World War II, anthropogenic
radionuclides were first released into the environment. Later, during the 1950s and
1960s, there were a great number of atmospheric nuclear weapons tests, which
released huge amounts of radionuclides into the atmosphere. Due to atmospheric
circulation, they became distributed worldwide and were ultimately deposited onto
the soil (UNSCEAR 2000). Once they were on the surface of soil, they began to
interact with the different soil components by different processes, and also to
migrate downwards as consequence of weathering and percolation. These pro-
cesses depended on the chemical properties of the radionuclide, the physico-
chemical properties of the soil on which they were deposited, climate, latitude,
among others. As result, the radionuclides were associated with different degrees
to soil particles, and partially able to be transferred to plants, and from them to
animals and humans.

Naturally occurring radionuclides are also present in the environment, mainly
associated with different minerals, and forming part of soil particles. Uranium,
thorium, their descendants in the natural decay series, and 40K are such radio-
nuclides. As they are present in the soil, they also are susceptible to be transferred
to plants and enter the food chain. The concentration of these naturally occurring
radionuclides in the soil depends mainly on geological reasons. There are minerals
with high content of these radionuclides, which serve as raw materials for
industrial processes. These industries are usually denominated naturally occurring
radioactive material (NORM) industries. The production of fertilizers from
phosphate rock, coal-fired power plants, and oil and gas extractions are some
examples of NORM industries (IAEA 2003). There are other naturally occurring
radionuclides of cosmogenic origin, such as 7Be, and 22Na, but their transfer to
plants is more limited.
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2 Quantification of Radionuclide Transfer to Plants

The first approach to quantify the transfer of radionuclides to plants is based on the
so-called transfer factors, TF, transfer coefficients, TC, or concentration ratios, CR,
which are usually defined as the ratio between the radionuclide content in plant
and the radionuclide content in soil (see Eq. 1). Other way of quantification, the
aggregated transfer factors, TFagg, has also been used when a nuclear accident
occurred. The TFagg can be defined as the ratio between the radionuclide content in
plant and the radionuclide deposition on soil (see Eq. 2).

TC, TF, CR ¼ Bq kg�1 f:w: in plant

Bq kg�1 d:w: in soil
ð1Þ

TFagg ¼
Bq kg�1 f:w: in plant

Bq/m2 in soil
ð2Þ

Radiocesium is the long-lived anthropogenic radionuclide most widely studied,
because its release was the highest due to global fallout and other nuclear accidents
(UNSCEAR 2000). Table 1 shows the range of TF values reported in the literature
for radiocesium to different plant groups worldwide. These values varied within
five orders of magnitude, which suggested that it is affected by many variables,
such as the type of soil in which they were grown (Nisbet and Shaw 1994; IAEA
2010) and the kind of plant considered (Nisbet and Shaw 1994; Korobova et al.
1998; IAEA 2010). It can also be observed that the radiocesium transfer to dif-
ferent biological compartments presented variations. The maximum value of
transfer to stems and shoots was higher than to grain for cereals. It also occurred
for root crops, in which the transfer to root was higher than to leaves. The

Table 1 Range of soil-to-plant transfer factors for radiocesium for different types of plants

Plant group Plant compartment Range TF

Cereals Grain 2.0 9 10-4–0.90
Stems and shoots 2.8 9 10-3–3.7

Leafy vegetables Leaves 3.0 9 10-4–0.98
Non-leafy vegetables Fruits, heads, berries, buds 7.0 9 10-4–0.98
Leguminous vegetables Seeds and pods 1.0 9 10-3–0.71
Root crops Roots 1.0 9 10-3–0.88

Leaves 6.0 9 10-3–0.45
Tubers Tubers 3.7 9 10-3–0.60
Grass Stem and shoots 4.8 9 10-3–0.99
Leguminous fodder Stem and shoots 0.01–1.8
Pasture Stem and shoots 0.001–5.0
Herbs Stems and leaves 4.8 9 10-3–2.8
Other crops All 3.6 9 10-2–2.2

Data from (Nisbet and Shaw 1994; Wang et al. 1998; Tsukada and Nakamura 1999; Copplestone
et al. 2001; IAEA 2010; Barnett et al. 2013)
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radiocesium transfer also depended on the nutrients available in the soil and the
nutritional requirements of each plant. The TFagg values varied within the range
0.0006–0.47 m2 kg-1 (Drissner et al. 1998; Strandberg 1994; Bunzl et al. 1999;
Fesenko et al. 2001), which showed a variation of about four orders of magnitude.

However, there are other anthropogenic and naturally occurring radionuclides
that are in the environment and able to be up taken by plants. Table 2 shows their
range of variation for grass, as an example of reference animal and plant (RAP)
(ICRP 2009). The different chemical properties of radionuclides also influenced
their transfer from soil to plant, depending on the nutritional requirements. The
soil-to-plant transfer to plant decreased in the following order:

Sr; U; Ra; Pb [ Cs [ Th [ Am � Pu

The quantification of the process of radionuclide transfer from soil to plant
using these transfer factors has some limitations. This approach assumes that the
transfer process is steady, without any changes with time, which can be assumed
for boreal ecosystems. However, in Mediterranean ecosystems, in which dry and
wet seasons alternate, the transfer of radionuclides showed a seasonal dependence
reflecting the availability of nutrients (Baeza et al. 2001; Schuller et al. 2005).
Another problem with these definitions is the concept of the radionuclide content
of soil. It is not well specified, and it can raise some doubts about the depth to be
considered: surface soil (0–5 cm), the layer of soil in which roots are located, etc.

In these definitions, the total fraction of radionuclides in soil is usually con-
sidered. But, once the radionuclides were deposited on soil, they began to react
with soil particles and a process of immobilization occurred, depending on the
physicochemical properties of radionuclides and soil, and the chemical form in
which they were released into the environment. Therefore, not all radionuclides,
but a fraction of them, would be able to be transferred to plant.

3 Speciation Schemes of Radionuclides in Soil

The association of radionuclides to soil particles is usually assessed by the use of
speciation schemes or sequential extraction procedures. They can be classified as
either methods based on a sequential extraction of soil with selective reagents or

Table 2 Range of soil-to-plant transfer for different anthropogenic and naturally occurring
radionuclides for grass as an example of RAP

Radionuclide Range TF Radionuclide Range TF

Am 4.2 9 10-4–0.26 Ra 3.6 9 10-4–1.6
Cs 4.8 9 10-3–0.99 Pb 0.11–1.0
Sr 0.25–2.8 Th 7.4 9 10-4–0.65
Pu 5.0 9 10-5–2.7 9 10-4 U 2.0 9 10-4–5.5

Data from (IAEA 2010; Barnett et al. 2013)
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those in which the soil is sequentially treated with chemical solutions of increasing
replacement/dissolving power (Alexakhin and Krouglov 2001). One of the major
disadvantages of this technique is that there is no unified procedure to carry out. In
the literature, there are a great variety of procedures, many of them with similar
reagents and/or concentrations, but used in different order. Table 3 shows the
reagents and steps used in different speciation schemes reported in the literature.
Most of them are based on that proposed by Tessier et al. (1979) for metal
speciation. As it can be observed in Table 3, there is a great variation on the
number of steps and reagents involved in each speciation scheme.

The use of speciation schemes gives extremely useful information about the
association of radionuclides to the different components of the soil. However, one
of its major problems is the interpretation of the data obtained. Although the
reagents are usually designed to attack a single geochemical phase, they are not
completely specific (Schultz et al. 1998). The use of denominations for some
fractions can sometime be confusing or misleading. This can lead to the fact that
the application of different speciation schemes in soils gave different results
(Blanco et al. 2004).

The soil solution is one of the easiest fractions to extract in speciation schemes.
It consists of water present within pores between soil particles, which contain a
great variety of chemical compounds, colloids, and suspended particles. Therefore,
it is considered to be an important medium for the transfer of radionuclides and
nutrients from soil to plants. The extraction of soil solution from the soil can be
carried out by different techniques: using porous ceramic cup samplers (Nisbet
et al. 1993a), by addition of distilled water and subsequent centrifugation
(Agapkina and Tikhomirov 1994; Agapkina et al. 1995; Amano et al. 1999), or by
use of a disk impregnated with a specific resin in direct contact with the soil (Jouve
et al. 1999). As one method for its extraction is the water addition, the soil solution
can be expected to be similar to the water-soluble fraction defined in some
sequential speciation procedures. The association of radionuclides to different
compounds detected in soil solution has also been reported. Size and charge
fractionation techniques are used to separate the chemical species present
according to their nominal molecular mass. High-molecular weight (HMW)
fraction (MW [ 10 kDa) consist of nanoparticles, colloids, polymers, pseudo-
colloids, etc., which are assumed to be mobile in water due to mutual repulsion and
Brownian movement. Low-molecular weight (LMW) fraction (MW \ 10 kDa,
and Ø \ 1 nm) consist of single compounds, inorganic and organic ions, com-
plexes, molecules, etc. The LMW species are considered to be mobile and
potentially bioavailable depending on their charge properties and lipophilic
characteristics. Radiostrontium and radiocesium were mainly associated with the
LMW fraction, although in different ranges, 90Sr in the fraction about 400 Da and
137Cs in the 800–1,100 Da (Nisbet et al. 1993a; Agapkina and Tikhomirov 1994;
Agapkina et al. 1995; Amano et al. 1999). Plutonium and americium were present
mainly in the HMW fraction (Agapkina et al. 1995). The content of each radio-
nuclide in the soil solution was not the same, and decreased in the following order:
90Sr [ 137Cs [ 239,240Pu C 241Am (Agapkina et al. 1995).
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In some schemes, the water-soluble fraction can be omitted because it may be
considered that the following fraction, usually exchangeable, is also able to extract
the radionuclides associated with the water-soluble fraction. The radionuclide
content of the exchangeable fraction is associated with ionic exchange sites in soil,
which are supposed to the readily available. The extractants frequently used for
this fraction are NH4AcO, MgCl2, CaCl2, EDTA, DTPA, NH4NO3, KCl, or
NaNO3 (Kennedy et al. 1997; Komosa 2002; Rigol et al. 2002). The K+ and NH4

+

ions are considered to be competitive with Cs+ in soils, and therefore able to
desorb them effectively. The NH4OAc 1 M at pH 7 is considered to be a robust
extractant for acidic or neutral soils but unsuitable for alkaline soils (Kennedy
et al. 1997). However, it can be buffered into the soil pH to extend the range of pH
in which it can be used. In aquatic sediments, it has the drawback that may also
attack the carbonates present. MgCl2 1 M at pH 7 was found to extract less
carbonates than NH4AcO (Kennedy et al. 1997). Divalent ions are also able to
desorb Cs+ from nonspecific sites, but are considered to be less effective in
desorbing Cs+ from clay interlayers (Rigol et al. 2002).

In the Tessier scheme (Tessier et al. 1979), there are also other fractions con-
sidered. The carbonated fraction can be extracted with sodium acetate in acetic
acid (Tessier et al. 1979). The reducible fraction, also named in some procedures
bound to Fe and Mn oxides, are obtained by the application of a reducing
extractant, generally NH2OH�HCl (Tessier et al. 1979; Riise et al. 1990; Schultz
et al. 1998; Komosa 2002).

The association of radionuclides with organic matter present in the soil can be
assessed by using different reagents. The oxidable organic matter is usually
extracted with H2SO4, H2O2, and NaClO (Tessier et al. 1979; Riise et al. 1990;
Fawaris and Johanson 1995). The hydrolysis with H2SO4 can break down the
cellulose and hemicellulose complexes present in the soil. The NaClO was able to
extract more radiocesium than H2O2, and it was also observed that the soil min-
erals were less destructed (Vinichuk et al. 2005). On the other hand, the organic
acids present in soil, mainly humic and fulvic acids, can be extracted using
Na4P2O7 and NaOH (Kononova 1982; Lee and Lee 2000). These reagents are able
to precipitate or form soluble complexes with Ca, Fe, Al, and other polyvalent
cations to which humic substances are bound (Kononova 1982). Humic and fulvic
acids are extracted together, and they can be separated by adjusting the solution pH
to 2. Humic acids precipitate while fulvic acids remain soluble (Lee et al. 2000).
Organic extractants can also be used to extract radionuclides from humic and
fulvic acids present in soils, such as trimethylchlorosilane and triethylchlorosilane
in the presence of dimethylformamide (Szabo et al. 1991). It was based on the
modification of the solubility of humic substances by the silylation of the car-
boxylic, phenolic, alcoholic, and amino moieties of humic and fulvic acids (Szabo
et al. 1991).

Some speciation schemes use inorganic acids in advanced steps. The use of
dilute inorganic acids, as HCl 1 M, can remove cations from exchange complexes
in the soil, and also dissolve oxides, hydroxides, carbonates, and some alkaline
earth compounds. This fraction can be considered as potentially available, whereas
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the use of concentrated mineral acids (HCl 6 M, HNO3 7 M or 8 M) are able to
extract cations from interlayer or structural positions not readily accessed by
exchange reactions (Krouglov et al. 1998). Finally, the residual fraction represents
the radionuclides strongly attached to soil particles, which have the lowest prob-
ability to be available.

4 Factors Affecting the Speciation of Radionuclides in Soil

The speciation of radionuclides in soil can be influenced by different factors, such
as the chemical form and time elapsed since the deposition occurred, the physi-
cochemical properties of soil, its clay and organic matter content, the climate, etc.
The chemical form in which the radionuclides were deposited is of crucial
importance for their speciation. If the anthropogenic radionuclides released were
associated with refractory particles of fuel, its presence in more mobile and bio-
available fractions is expected to be limited. As a way of example, in Fig. 1 shows
the speciation of 239+240Pu in the fractions exchangeable, extracted with MgCl2,
associated with organic matter, extracted with NaClO, and residual in two

Fig. 1 Speciation of 239+240Pu in two ecosystems affected by different contamination events:
global fallout and Palomares accident. The fractions considered were exchangeable, extracted
with MgCl2, associated with organic matter, extracted with NaClO, and residual. Data from
Baeza et al. (2004)
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ecosystems affected by different fallout: global fallout and Palomares accident in
1966. The 239+240Pu in Palomares ecosystem was almost exclusively associated
with the residual fraction; while in the ecosystem affected by global fallout it was
mainly associated with the organic matter fraction followed by residual and
exchangeable (Baeza et al. 2004). The association of plutonium with organic
matter has also been reported by other authors using other reagents, Na4P2O7 and
oxalic acid/ammonium oxalate, and H2O2 (Cook et al. 1984; Komosa 2002). The
humic substances in soils, mainly composed of organic acids, were also able to
bound plutonium and americium efficiently (Amano et al. 1999; Lee and Lee
2000). The plutonium associated with humic acids was greater than that associated
with fulvic acids (Lee and Lee 2000).

Figure 2 shows the speciation of anthropogenic (137Cs, 90Sr, 239+240Pu, 241Am)
and naturally occurring radionuclides (40K, 238U, 226Ra, 210Po, 232Th) in an eco-
system whose source term was mainly global fallout. The scheme used was a
modification of that of Pavlotskaya (1974). The fractions considered was
exchangeable (extracted with NH4AcO), diluted acid (extracted with HCl 1 M),
concentrated acid (extracted with HCl 6 M), and residual. The distribution pattern
for anthropogenic and naturally occurring radionuclides was different. The latter
were mainly associated with the residual fraction, as consequence of forming part
of minerals in soil particles. Only 210Po, presented values higher than 20 % in the
diluted-acid and concentrated-acid fractions. The distribution pattern of anthro-
pogenic radionuclides depended on which one was considered. The 90Sr was
mainly associated with the exchangeable fraction followed by diluted- and con-
centrated-acid fractions and residual. The association of radiostrontium with
exchangeable fraction, which is usually considered as mobile and able to be
transferred to plants, can explain its greater downward migration in soils than other
anthropogenic radionuclides (Kagan and Kadatsky 1996; Forsberg et al. 2000). In
areas close to Chernobyl Nuclear Power Plant (NPP), 90Sr was observed to be
associated with fuel particles, thus being associated with acid-digestible and
residual fractions (Krouglov et al. 1998). However, the weathering of the fuel
particles released 90Sr into the environment, depending on the soil acidity, and was
observed an increase of the exchangeable fraction (Krouglov et al. 1998).

The 137Cs was mainly associated with concentrated-acid and residual fractions,
being the exchangeable fraction lower than that of 90Sr. This distribution pattern was
also observed in other ecosystems (Riise et al. 1990; Forsberg et al. 2001). The
radiocesium associated with exchangeable fraction (extracted with NH4OAc) in
soils was found to be within the range 1.8–29 % of the total content of soil (Riise
et al. 1990; Bunzl et al. 1997; Lee and Lee 2000; Forsberg et al. 2001; Vinichuk et al.
2005). The exchangeable fraction was observed to decrease while increasing the
lapsus of time since the deposition of radiocesium occurred (Cheshire and Shand
1991; Krouglov et al. 1998; Baeza et al. 1999; Forsberg et al. 2001). This is usually
known as aging effect, and is associated with the irreversible sorption of cesium in
clay at frayed edge sites (FES). The selective adsorption of FES can be attributed to
the small hydratation energy of cesium ions. The energy for desorption was found
to be so large that desorption was energetically unfavorable (Stauton et al. 2002).
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The FES selectiveness for monovalent cations decrease in the order: Cs+ [ NH4
+ [

Rb+ [ K+ [ Na+ [ Li+ (Rigol et al. 2002; Stauton et al. 2002). The K+ content in
soil can cause the collapse of the expanded interlayers, tapping the cesium binded
inside (Rigol et al. 2002).

The distribution pattern of plutonium and americium in this soil (Fig. 2) was
similar. They were mainly associated with the concentrated-acid fraction, followed
by diluted-acid, residual and exchangeable fractions.

5 Bioavailability of Radionuclides

The data obtained from the speciation schemes can be used to analyze the soil-to-
plant transfer of radionuclides. The bioavailable fraction of radionuclides in soil
may be defined as the fraction of them able to be transferred to plants. Positive
correlations between the transfer factor and bioavailable fraction have been
observed for radiocesium (Fesenko et al. 2001). The water soluble and
exchangeable fractions are usually considered to be very mobile in soil and,
therefore, readily available to be transferred. Other approach is to consider that

Fig. 2 Speciation of anthropogenic (137Cs, 90Sr, 239+240Pu, 241Am) and naturally occurring
radionuclides (40K, 238U, 226Ra, 210Po, 232Th) in an ecosystem mainly influences by global
fallout. Data from Baeza et al. (2005), Baeza and Guillén (2006a), Baeza et al. (2006b), Guillén
et al. (2009)
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only the fractions not strongly attached to soil particles would be able to be
transferred. The diluted-acid fraction would be included in the latter, as it is
considered potentially available or mobile (Fesenko et al. 2001; Baeza et al. 2006).
The diluted-acid fraction (HCl 1 M) is able to dissolve oxides, hydroxides, car-
bonates, and some alkaline earth compounds present in the soil. The carbonated
fraction in the Tessier procedure, (Tessier et al. 1979), extracted with sodium
acetate in acetic acid, may also be considered similar to diluted-acid fraction, and
potentially available (Baeza et al. 2014). The bioavailable fractions, either readily
or potentially available, for the anthropogenic and naturally occurring radionuc-
lides in an ecosystem affected mainly by global fallout (see Fig. 2) are usually as
follows:

• Readily available:
90Sr � 137Cs, 226Ra, 239+240Pu [ 238U, 241Am [ 40K [ 210Pb [ 232Th

• Potentially available:
90Sr �241Am [ 210Pb, 239+240Pu [ 226Ra [ 137Cs [ 238U [ 40K [ 232Th

6 Modification of the Speciation of Radionuclides in Soil

The speciation of radionuclides in soil is not constant with time, due to weathering
and the interaction with different soil components (Cheshire and Shand 1991;
Krouglov et al. 1998; Baeza et al. 1999; Forsberg et al. 2001). It can also be
modified by the addition of soil amendments and/or fertilizers, which can contain
high content of naturally occurring radionuclides and other stable elements that
can modify the soil equilibrium. In fact, fertilizers have been used as agricultural
countermeasures to inhibit or at least decrease the transfer of anthropogenic ra-
dionuclides into produces. Their use is based on the saturation of the soil solution
with the additional supply of nutrients chemically analogous to the released ra-
dionuclides from the fertilizers (Nisbet et al. 1993b); i.e., potassium for radioce-
sium and calcium for radiostrontium.

The application of potassium-based fertilizers decreases the 137Cs:K ratio in the
soil solution (Nisbet et al. 1993b; Zhu and Shaw 2000). At lower concentrations of
potassium in soil solution (\10-2–10-1 lM), the root uptake mechanism is unable
to distinguish between Cs+, Rb+, and K+ (Nisbet et al. 1993b; Shaw 1993; Zhu
et al. 2000). However, at higher concentrations a critical threshold was observed,
above which the root uptakes K+ preferentially to Cs+, 20 lM for wheat (Shaw
et al. 1993). The application of these fertilizers reduced the soil-to-plant transfer of
radiocesium about 40–60 % (Jacob et al. 2009; Rosén et al. 2011), and it was also
observed during long periods of time, 10–34 year after fertilization (Kaunisto et al.
2002; Robison et al. 2009; Rosén et al. 2011). The addition of fertilizers that
supply NH4

+ can also modify the content of 137Cs in the soil solution, increasing it
by a factor of 3–4 (Nisbet et al. 1993b). The application of NH4

+ and manure can
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also reduce the uptake of 137Cs, due probably to the release of potassium and other
ions from the manure when NH4

+ is applied (Fuhrmann et al. 2003). The addition
of phosphate stimulates root growth and may also increase the cesium uptake
(Shaw 1993). The application of calcium to soils in order to reduce the radio-
strontium transfer is usually by liming. Although the reduction is more limited
than that of radiocesium, about 20 % of 90Sr (Lembrechts 1993), because in some
occasions the application of 1.6–15.6 ton Ca ha-1 was not able to modify sig-
nificantly the calcium content in the soil solution (Vidal et al. 2001; Camps et al.
2004). The highest reductions were obtained in soils with low-calcium content
(Shaw 1993).

Fertilizers, in particular those based on phosphate, can also have high contents
of naturally occurring radionuclides, due to the initial content of phosphate rock
and the industrial processes carried out in their production. Their worldwide range
in NPK fertilizers are within (66–1,710) Bq kg-1 for 238U, (1.5–451) Bq kg-1 for
226Ra, (78–741) Bq kg-1 for 210Pb, (28–307) Bq kg-1 for 232Th, and (25–4,100)
Bq kg-1 for 40K (Mustonen 1985; Barišić et al. 1992; Righi et al. 2005; Saueia
et al. 2005; Chandrajith et al. 2010; Chauhan et al. 2013). After the fertilizer
application, interactions between it and the different soil components occur. There
are many methods for analyzing the association of nutrients to fertilizers (CEE
1997), which can also be used to analyze the naturally occurring radionuclides in
those fractions. The one used for extraction of water-soluble phosphorus in fer-
tilizers consists in adding 5 g dw of fertilizer to 450 mL of distilled water at room
temperature (20–25 �C), and stirred for 30 min (CEE 1977). The water-soluble
fraction of a NPK fertilizer (NPK S (MgS) 6–10–18 S(3–36) with potassium from
sulfates) showed that content of 238U in that fraction was the highest, about 10 %,
followed by 210Po (8 %), and 226Ra (1.6 %), being the 232Th below detection limit
(Baeza et al. 2011). However, this fraction can be leached by runoff water into
surface and groundwater resources. Other chemical species, such as phosphates,
nitrates, and sulfates, also showed increased levels in water bodies contaminated
by use of fertilizers, leading to the eutrophication of water bodies (Zielinski et al.
1997; Badruzzaman et al. 2012). Although the application of phosphate-based
fertilizers for long periods of time can increase the naturally occurring radionu-
clide content in soil, the uranium, radium, and thorium content in corn, leaves,
grain, and wheat grown in lands using NPK fertilizer for years have been reported
similar to those grown in non-fertilized (IAEA 2003).

Other by-products of the phosphate fertilizers industry (NORM), such as
phosphogypsum, are also used as soil amendment. The content of radium, 210Po,
and 210Pb in phosphogypsum is enriched due to the industrial processes usually
carried out (Rutherford et al. 1994). They are usually accumulated in stacks, where
are subject to weathering. The stack fluids might be considered as the fraction
which has more similar to water-soluble fraction. The 226Ra content in those fluids
was lower than other naturally occurring radionuclides, such as uranium and 210Pb
(Burnett et al. 1996). The leaching of 226Ra by rainwater has also been found to be
a slow process (Haridasan et al. 2002). The 226Ra was mainly associated with fine
grains of phosphogypsum and very immobile (Rutherford et al. 1994; Hull and
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Burnett 1996; Hull and Burnett 1996). The TF values of 226Ra from soil amended
with phosphogypsum to rice was of the same order of magnitude that the TF
without phosphogypsum (Papastefanou et al. 2006).

7 Conclusion

The quantification of the soil-to-plant transfer of radionuclides, either anthropo-
genic or naturally occurring, by means of transfer factors or concentration ratios
has some limitations. This is especially important to the ratios between what is in
the plant and the soil consider the total content of radionuclides. Thus, their range
of variation is about four orders of magnitude for the same plant groups. Soil
dependence on the TF values has also been reported, which is correlated with the
association of radionuclides to soil particles, and therefore their availability to be
transferred.

The assessment of this association is usually carried out by speciation proce-
dures, in which the soil is sequentially attacked by reagents with more replacement
power. Water-soluble fraction and exchangeable fractions are usually the first
fractions to be considered. The reagents used in later fractions depend on the
characteristics of the study to be carried out. There a lot speciation schemes, some
of them variations of the Tessier method (Tessier et al. 1979), which can make
difficult the interpretation of the data. The results obtained by these procedures
depend also on the radionuclide source, i.e., on the chemical form in which they
were deposited. When they are attached to refractory particles, they are strongly
attached to them, but this situation can vary with time. In the case of global fallout
origin, the 90Sr is the radionuclide which content is highest in the majority of the
soil. The radiocesium is usually attached to clay minerals, which govern its bio-
availability, lower than that of 90Sr. Plutonium is frequently associated with
organic matter in the soil. Naturally occurring radionuclides are mainly associated
with fractions strongly fixed to the soil matrix, because they are found in minerals
forming part of soil particles.

The use of fertilizers and soil amendments in agricultural practices can also
modify the speciation of radionuclides in soil. This has been used in remediation
actions by supplying stable elements chemically analogous to anthropogenic
radionuclides, i.e., potassium to reduce the radiocesium transfer and calcium to
reduce that of radiostrontium. Fertilizers, especially those produced from phos-
phate rock, can contain significant levels of naturally occurring radionuclides,
which can also be transferred to plants. The radionuclides associated with the
water-soluble fraction of the fertilizers can be leached out by runoff water and into
water bodies. Phosphogypsum, a by-product of the phosphate fertilizer industry,
can also be used as soil amendment, and usually presents a high level of radium.
Its use did not increase the transfer of radium to plants.
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