ISSN 1062-3590, Biology Bulletin, 2019, Vol. 46, No. 12, pp. 1671—1678. © Pleiades Publishing, Inc., 2019.
Russian Text © The Author(s), 2019, published in Radiatsionnaya Biologiya. Radioekologiya, 2019, Vol. 59, No. 4, pp. 410—418.

RADIONUCLIDES

Comparison of Methods for Assessment of Radionuclide
Speciation in Soils

D. V. Manakhov* *, A. M. Emelyanov?, M. M. Karpukhin“, D. N. Lipatov*,
G. 1. Agapkina®, and S. V. Mamikhin“

“Department of Soil Science, Moscow State University, Moscow, 119991 Russia

bVernadsky Institute of Geochemistry and Analytical Chemistry, Russian Academy of Sciences, Moscow, 119991 Russia

*e-mail: dman@soil. msu.ru
Received April 2, 2018

Abstract—A comparison of sequential extraction methods proposed by F.I. Pavlotskaya [1, 2] and A. Tessier
[3] for fractionation of technogenic ('¥’Cs and ?°Sr) and natural (**Ra, 23?Th, and ?**U) radionuclides from
soils was performed. It is shown that both methods provide comparable results in the extraction of various
forms of occurrence of technogenic radionuclides. Furthermore, both methods indicate a significantly higher
availability of °°Sr to plants and its greater ability to migrate with downward soil solution flows in comparison
with 7Cs. However, when used for the assessment of the occurrence forms of natural heavy radionuclides,
the two methods provide inconsistent results. The Tessier sequential extraction method indicates higher con-
tents of compounds available to plants and mobile compounds in comparison with the Pavlotskaya method.
A possible reason behind this may be the soil chemistry complexity of radionuclides such as 222Th and 28U
that feature polyvalence and a strong tendency for hydrolysis and complex formation; in addition, their
behavior may be affected by various carriers. These elements form a broad range of compounds that change
one into another with changes in the chemical conditions; this complicates accurate comparison of the com-

position of their forms extracted by reagents used in the above methods.
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INTRODUCTION

The presence of various forms of occurrence of
radionuclides in soils differing by their mobility, bio-
logical availability, and fixation mechanisms requires
detailed study. The extraction methods used for radio-
nuclide speciation assessments significantly affect the
results of such studies.

Currently, there are plenty of methods used for
fractional separation of soil radionuclides; a compara-
tive analysis of these techniques is required to be able
to compare data obtained by different methods.

The extraction methods involve sequential treat-
ment of soil specimens with a series of chemical agents
selectively dissolving groups of radionuclide com-
pounds with different properties. Each successive
agent must either be stronger (i.e., more aggressive)
than the previous one or have a different nature. The
methods are pretty conventional because it is difficult
to select in laboratory conditions a series of reagents
selectively extracting radionuclide compounds from
soil with various soil components or grouped by spe-
cific properties. Most methods sequentially extract
groups of radionuclide compounds with the same sol-
ubility; such groups are conditionally considered

groups of soil radionuclide forms with similar proper-
ties [2, 4, 5]. The strength and nature of bonds between
aradionuclide and the soil adsorption complex is often
considered the most important property of various
groups directly affecting radionuclide mobility in soil.

Despite the existing difficulties, sequential
extraction methods are broadly used in geochemistry,
soil science, and radioecology because their results
make it possible to get a better understanding of the
behavior of chemical elements, including radionu-
clides, in the environment.

The literature includes plenty of studies involving
the application of various sequential heavy metal
extraction methods on same specimens [6—11],
reviews dedicated to this issue [4, 5], etc. The number
of studies comparing sequential extraction methods
used in radionuclide studies is significantly fewer.

For instance, P. Blanco et al. [12] have compared
the methods proposed by A. Tessier [3] and
M.K. Schultz [13] using a natural soil specimen with
high activities of 22Ra, 23U, and 2*°Th as an example.
It was shown that these two procedures provide differ-
ent results and should be interpreted independently of
one another for each radionuclide.
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Table 1. Chemical and physical properties and specific
activities of radionuclides in the studied soil specimen

Parameter Value
pH H,0 5.0
pH KClI 3.8
Corg content 0.25%
H,, (hydrolytic (total poten- 5.25 mmol (+)/100 g
tial) acidity)
Exchangeable Ca”" content 1.37 mmol (+)/100 g
Exchangeable Mg?" content 0.74 mmol (+)/100 g
V (bases saturation degree) 29%
Granulometric composition, %
0.25—1 mm 49.4
0.05—0.25 mm 45.8
0.01-0.05 mm 1.7
0.005—0.01 mm 0.9
0.001—0.005 mm 1.7
<0.001 mm 0.5
Gross content of chemical elements, mg/kg
Fe 2120
Mn 264
Sr 36
Pb 26
Ni 7
Co 0.30
Specific activities of radionuclides, Bq/kg
37Cs 26500
03¢ 1080
226R4 43.3
B2Th 10.2
238y 28.9

T.A. Goryachenkova et al. [2] have compared sev-
eral techniques used for extraction of plutonium forms
of occurrence (the Pavlotskaya [1], Miller [14], Tessier
[3], and Smith [15] methods) using as an example a
bottom sediment specimen collected in a water body
located within the territory of the Mayak Production
Association. In that case, the experiment has shown a
satisfactory consistency of the data on plutonium con-
tents in the following forms obtained using the meth-
ods compared: exchangeable, highly soluble, bonded
with organic matter, and bonded with iron and man-
ganese oxides.

The purpose of this study was to compare two
methods used for sequential extraction of forms of
radionuclide ('¥Cs, %°Sr, 2?Ra, 2?Th, and 2*U)
occurrence: the Pavlotskaya method traditional for
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Russian radioecology [1, 2] and the Tessier method,
which is most popular in the foreign literature [3].

MATERIALS AND METHODS

The research subject was a soil specimen collected
in 2001 in the podzolic horizon of a sod—low-podzolic
sandy soil formed under a broad-leaved—coniferous
forest (Krasnogorsk district, Bryansk oblast). In 1986,
the soil contamination density with '¥’Cs in the study
area was 2.26 MBq/m?. The main dose contributors in
this area were two components of the Chernobyl fallout:
134Cs and Cs; the share of °°Sr in the total contamina-
tion had not exceeded several percentage points [16].

The studied specimen features a very acidic reac-
tion, low organic carbon content, and low bases satu-
ration degree of the soil adsorption complex (Table 1).
By its granulometric composition, the specimen is
unconsolidated sand. The shares of physical clay
(<0.01 mm) and physical silt (<0.001 mm) constitute
3.1 and 0.5%, respectively. The specimen mostly con-
sists of coarse, medium, and fine sand.

The studied soil specimen features high specific
activities of ¥’Cs and ?°Sr (Table 1). The activities of
natural radionuclides are consistent with the levels
typical for soils of European Russia [17].

For our comparative study, we have chosen the
method for sequential extraction of radionuclide
occurrence forms proposed by F.I. Pavlotskaya and
further developed in studies by a large group of radio-
ecologists [1, 2, 18—20] and other researchers. The
method involves the extraction of five radionuclide
fractions having bonds of various strength and origin
with the solid phase of the soil and extraction of radio-
nuclides from amorphous compounds by applying
Tamm’s reagent to a separate quantity of soil (Table 2).

The second technique selected for the comparative
study was the Tessier method [3]. It also includes the
extraction of five radionuclide fractions from various
soil components (Table 3).

An average sample was prepared for the experi-
ment; 100-g quantities were used for the fractionation.

Radiochemical separation of radionuclides was
performed in the obtained extracts. First of all,
organic matter was destroyed in all extracts by boiling
with H,0, under acidic conditions; then the '¥’Cs spe-
cific activity was measured by a Multirad gamma spec-
trometer (Russia) with a Nal(T1) scintillation detector
63 x 63 mm in size. The concentrations of 232Th, 233U,
and heavy metals were measured in the same extract
by an Agilent ICP-MS 7500a inductively coupled
mass spectrometer (United States).

Then the extract was divided into two halves. In the
first half, °°Sr was separated from other radionuclides
using the oxalate method [21]. The specific activity of
9Sr was measured by a Multirad beta spectrometer
(Russia) with a plastic scintillation detector 70 mm in
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Table 2. Sequential extraction procedure according to the Pavlotskaya method [2]

Form Reagent

Experimental conditions

‘Water-soluble H,O0

Exchangeable, highly soluble

Mobile 1 mol/dm? HCI
Acid-soluble 6 mol/dm> HCl
Residuum Sintering with Na,CO;

In amorphous compounds
H,C,0,

Residuum Sintering with Na,CO;

First quantity

1 mol/dm?* CH;COONH,, pH 4.8

Second quantity
0.2 mol/dm? (NH,),C,0, in 0.1 mol/dm?

Solid-to-liquid ratio =1 : 5, = 5 min, 20°C

Solid-to-liquid ratio=1: 10, =1 h, 20°C

Solid-to-liquid ratio=1: 10, =1 h, 20°C

Solid-to-liquid ratio=1:10, =1 h, 20°C
850°C

Solid-to-liquid ratio=1: 20, #= 1 h, 20°C,
twofold treatment

850°C

Table 3. Sequential extraction procedure according to the Tessier method [3]

Form Reagent

Experimental conditions

Exchangeable 1 mol/dm> MgCl,, pH 7

Carbonate (specifically sorbed)
Fe/Mn oxides

in 25% CH;COOH, pH 1
Organic compounds 30% H,0, (5 parts) mixed

30% H,0,, pH 2

Residuum Sintering with Na,COj5

1 mol/dm3 CH;COONa, pH 5
0.4 mol/dm* NH,OH - HCI

with 0.02 mol/dm? HNO; (3 parts)

0.8 mol/dm? CH;COONH, in 5% HNO;

Solid-to-liquid ratio=1:8, r=1h, 20°C
Solid-to-liquid ratio=1:8, r=1h, 20°C
Solid-to-liquid ratio=1:20, =1 h, 20°C

Solid-to-liquid ratio=1:8,7=2h, 85°C
Solid-to-liquid ratio=1: 3, r=3 h, 85°C

Solid-to-liquid ratio = 1 : 20, = 30 min, 20°C
850°C

diameter after retrieving the balance between *°Sr and
its daughter product, °Y.

Radium isotopes were extracted from the second
half through cosedimentation with BaSO, after the
preceding concentration of other radionuclides on
FeOH, [22]. The **Ra activity was determined by
threefold measurements of the total alpha activity of
the radium preparations by a Multirad alpha spec-
trometer (Russia) with a ZnS(Ag) scintillation detector
70 mm in diameter 1—2, 9—10, and 28—30 days after
BaSO, sedimentation. The activity of 2*Ra was calcu-
lated taking into account the 22°Ra, 22’Ra and 2*Ra decay
and accumulation of their decay products [23].

The content of each radionuclide in soil fractions
was calculated in percentage points of its total content
in the quantity of the soil.

RESULTS

The fractionation of soil components in the studied
specimen using the Pavlotskaya method 15 years after
the Chernobyl accident has shown that '’Cs is mostly
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concentrated in the residuum remaining after the
series of extractions (Table 4). This fraction contains
85.6% of the radionuclide situated in the interwrapper
space of crystalline lattices of secondary clay minerals
(mostly illite-structured ones) [24]. Up to 10.2% of
the total '¥’Cs activity in the soil is attributed to the
acid-soluble fraction that includes, according to [4],
amorphous (partially) and crystalline Fe and Al oxides
and products of interactions between humic sub-
stances on the one hand and stable sesquioxides and
clay minerals on the other hand. The sum of mobile
fractions is 4.2%. The exchangeable highly soluble
fraction (2.2%) predominates among them; it includes
both exchangeable proper and specifically sorbed
forms. The mobile fraction (1.5%) takes second place;
it contains the radionuclide associated with Mn
oxides, readily oxidizable organic compounds, and
partially with amorphous Fe and Al oxides [18]. Only
0.5% of the total ¥’Cs activity in the soil is attributed
to the most mobile water-soluble fraction. Tamm’s
reagent extracts 3.6% of the total ’Cs content with
amorphous compounds.
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Table 4. Speciation of radionuclides and heavy metals, % of the total content (Pavlotskaya method)

Form 137Cg 90g, 26RA 232Th 2381 Mn Fe
First quantity
Water-soluble 0.5 3.9 1.4 2.8 0.6 0.8 0.8
Exchangeable, highly soluble 2.2 63.2 1.9 4.8 3.5 30.0 0.3
Mobile 1.5 15.4 2.5 5.1 3.2 30.0 14.6
Acid-soluble 10.2 15.5 61.3 6.8 12.7 18.0 13.5
Residuum 85.7 1.9 32.9 80.5 80.0 21.2 70.9
Second quantity

In amorphous compounds 3.6 25.2 13.6 16.0 23.4 90.1 23.2
Residuum 96.4 74.8 86.4 84.0 76.6 9.9 76.8

After fractionation performed using the Tessier
method, 91.0% of the total activity remains in the
residuum fraction combining compounds bonded
with crystalline Fe and Al oxides and '¥’Cs contained
in secondary minerals. Here, 5.5% of '¥’Cs is bonded
with organic matter. The sum of the most mobile
radionuclide fractions amounts to 3.5%; out of that
amount, 2.7% is bonded with amorphous Fe oxides
and Mn oxides, while the exchangeable and carbonate
fractions constitute 0.2 and 0.6% of the total '¥Cs
activity, respectively.

The distribution of *°Sr activities by fractions dif-
fers significantly from the '’Cs distribution. If the
fractionation is performed using the Pavlotskaya
method, the maximum activity share (63.3%) is
attributed to the exchangeable fraction. A significantly
lesser share (15.4%) is attributed to the mobile frac-
tion, while water-soluble compounds contain 3.9% of
the total activity. The sum of mobile ?°Sr fractions is
82.6%. The acid-soluble fraction (15.5%) predomi-
nates among the difficult-to-extract ones, while the
residuum constitutes 1.9%. Tamm’s reagent extracts
25.2% of the total °°Sr activity.

If the fractionation is performed using the Tessier
method, the maximum ?°Sr activity is attributed to the
exchangeable (35.5%) and carbonate (30.4%) frac-
tions. It is necessary to note that radionuclides bonded
with Fe and Mn oxides partially pass into this fraction
in acidic soils [3, 4]. In addition, 7.1% of the total *°Sr
activity is associated with Fe and Mn oxides, 19.0%
with organic matter, and 8.0% with crystalline Fe and
Al oxides and crystalline lattices of minerals.

Despite the similarity of their chemical properties,
the distribution of 22°Ra by fractions differs signifi-
cantly from the °°Sr distribution. If the fractionation is
performed using the Pavlotskaya method, the sum of
mobile fractions is 5.8%, and ??°Ra is roughly equally
distributed between the water-soluble (1.4%),
exchangeable (1.9%), and mobile proper (2.5%) frac-
tions. The maximum amount of ?2°Ra is bonded with
Fe and Al oxides and stable organic compounds

(61.3%). The residuum constitutes 32.9%. The share
of 22Ra bonded with amorphous Fe and Al com-
pounds extracted by Tamm’s reagent is 13.6%.

If fractionation is performed using the Tessier
method, the maximum amount of 2°Ra (73.3%) is
bonded with crystalline Fe and Al oxides and crystal-
line lattices of minerals. The rest of the total 22°Ra
activity is roughly equally distributed between other
fractions: exchangeable (6.5%), carbonate (5.6%),
bonded with Fe and Mn oxides (7.7%), and bonded
with organic matter (6.9%).

The distributions of 22Th and 238U by fractions are
substantially similar to each other. If the fractionation
is performed according to the Pavlotskaya method, the
residuum contains the maximum amount of ’Th
(80.5%), while the sum of mobile fractions is 12.7%.
Speaking of 28U, the residuum contains 80.0%, while
the sum of mobile fractions is slightly lower than that
for 22Th: 7.3%. The differences are caused by a higher
share of acid-soluble 22U compounds in comparison
with 22Th. Tamm’s reagent also extracts larger
amounts of U (23.4%) in comparison with 23*Th
(16.0%).

If fractionation is performed using the Tessier
method, the residuum contains 76.6% of 2>2Th and
77.3% of 23U. The shares of exchangeable and car-
bonate fractions differ insignificantly. The maximum
differences are observed in relation to the fraction
bonded with Fe and Mn oxides (1.2% of #?Th and
6.4% of 2*U) and the one bonded with organic matter
(8.5% of 2Th and 2.5% of 28U).

DISCUSSION
Cesium-137

The data obtained indicate (Tables 4, 5) that the
share of the exchangeable fraction extracted using the
Tessier method is significantly lower than the sum of
the exchangeable and water-soluble fractions
extracted using the Pavlotskaya method. These differ-
ences likely originate from the preferential synthesis of
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Table 5. Speciation of radionuclides and heavy metals, % of the total content (Tessier method)

Form 137Cg 90g, 26R4 22T 2385 Mn Fe
Exchangeable 0.2 35.5 6.5 5.8 7.6 25.9 0.4
Carbonate 0.6 30.4 5.6 7.9 6.2 9.7 0.6
Fe/Mn oxides 2.7 7.1 7.7 1.2 6.4 40.6 15.0
Organic compounds 5.5 19.0 6.9 8.5 2.5 6.4 5.7
Residuum 91.0 8.0 73.3 76.6 77.4 17.4 78.3

exchangeable radiocesium forms on selective sorption
spots located on frayed edge sites of layered clay min-
erals [24—27]. Such sorption spots also feature high
selectivity to NH*" ions, which determines their
higher displacing power in comparison with Mg?*
ions. Apparently, the carbonate fraction extracted
using the Tessier method contains, in addition to spe-
cifically sorbed ions, a portion of exchangeable ions
that have not passed into the exchangeable fraction; in
acidic soils, it also contains a portion of cesium
bonded with amorphous iron and manganese oxides
[3, 4]. The sums of mobile fractions extracted using
the Pavlotskaya method (the water-soluble fraction,
exchangeable fraction, and mobile proper fraction)
and according to the Tessier method (the exchange-
able fractions, carbonate fractions, and the fractions
bonded with Fe and Mn oxides) are comparable with
each other: 4.2 and 3.5% respectively. The sum of
mobile fractions extracted using the Pavlotskaya
method is somewhat higher because the mobile proper
fraction includes a portion of cesium bonded with
organic matter. The share of '¥’Cs bonded with amor-
phous iron compounds, including water-soluble com-
pounds and a portion of exchangeable ions, extracted
from a separate soil quantity using the Pavlotskaya
method is comparable with the sum of mobile frac-
tions extracted using the Tessier method: 3.6 and
3.5%, respectively. Apparently, this is due to the high
displacing power of NH** ions contained in Tamm’s
reagent with respect to monovalent '¥’Cs ions that are
completely displaced from the soil adsorption com-
plex. The share of the acid-soluble fraction extracted
using the Pavlotskaya method is higher than the share
of the fraction bonded with organic matter extracted
using the Tessier method because the acid-soluble
fraction includes ’Cs bonded with iron and alumi-
num oxides and hydroxides.

Strontium-90

The share of the exchangeable fraction extracted
using the Tessier method is almost one-half as high as
the sum of the exchangeable and water-soluble frac-
tions extracted using the Pavlotskaya method. Appar-
ently, this is because the exchangeable fraction
extracted using the Pavlotskaya method includes, in
addition to exchangeable ions, all specifically sorbed
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20Sr jons (i.e., the most weakly bound ions contained
in outer- and inner-sphere complexes fixed on defects
in crystalline lattices) [5]. A comparison of the sum of
the exchangeable and water-soluble fractions
extracted using the Pavlotskaya method and the sum
of the exchangeable and carbonate fractions extracted
using the Tessier method gives pretty close values: 67.2
and 65.9%, respectively. A comparison of the sums of
mobile fractions extracted using the Pavlotskaya and
Tessier methods also gives consistent results: 82.6 and
73.0%, respectively. The sum of mobile fractions
extracted using the Pavlotskaya method is somewhat
higher because the mobile fraction includes a portion
of ?°Sr bonded with organic matter. The share of the
acid-soluble fraction extracted using the Pavlotskaya
methods is roughly consistent with the share of the
fraction bonded with organic matter extracted using
the Tessier method. This is likely because °°Sr is
absorbed more intensely by moderately oxidizable
compounds and those resistant to oxidation, not by
those resistant to deoxidization.

It is important to note that both the Pavlotskaya
and Tessier methods indicate a significantly larger
amount of °°Sr in the sum of mobile compounds in
comparison with '¥’Cs. In other words, both methods
indicate a significantly higher availability of °°Sr to
plants and its greater ability to migrate with downward
soil solution flows in comparison with ¥’Cs.

Therefore, a comparison of the Pavlotskaya and
Tessier sequential extraction methods in relation to the
fractionation of technogenic radionuclides ('*’Cs and
9Sr) gives pretty consistent results (provided that
acid-soluble °°Sr forms in the soil extracted using the
Pavlotskaya methods are equivalent, at least partially,
to its forms bonded with organic matter extracted by
the Tessier method).

Radium-226

The share of the exchangeable fraction extracted
using the Tessier method is significantly higher than
the sum of the exchangeable and water-soluble frac-
tions extracted according to the Pavlotskaya method.
In this case, the higher displacing power of divalent

Mg?* jons (in comparison with monovalent NHI
ions) plays the key role in the extraction of divalent
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226Ra jons from the soil adsorption complex. The sum
of mobile fractions extracted using the Pavlotskaya
method is almost 3.5 times lower than the sum of
mobile fractions extracted according to the Tessier
method. Concurrently, the share of 22°Ra bonded with
amorphous iron compounds, including water-soluble
compounds and a portion of exchangeable ions,
extracted from a separate soil quantity using the Pav-
lotskaya method is more comparable with the sum of
mobile fractions extracted using the Tessier method:
13.6 and 19.8%, respectively. The share of the acid-
soluble fraction extracted using the Pavlotskaya
method is significantly higher than the share of the
fraction bonded with organic matter extracted using
the Tessier method because the acid-soluble fraction
includes ?°Ra bonded with Fe and Al oxides and
hydroxides; apparently, they absorb 22°Ra more
intensely than organic compounds [28].

Overall, the 22°Ra distribution by fractions differs
significantly from the °°Sr distribution; this is probably
because they enter soil from different sources. ?°Sr has
entered it with the aerial—technogenic fallout; accord-
ingly, it is not bonded with crystalline lattices of min-
erals. 2°Ra was released from parent rocks in the
course of natural weathering processes and addition-
ally accumulated from degraded minerals in poorly
soluble iron and aluminum oxides [28]. Furthermore,
the behavior of ?°Sr in soil is mainly controlled by its
isotopic carrier, stable strontium, while the behavior of
226Ra having no stable isotopic carrier may be signifi-
cantly affected by typomorphic soil elements (iron,
aluminum, and calcium).

Thorium-232

The sum of the exchangeable and specifically
sorbed fractions extracted using the Tessier method is
significantly higher than the sum of the water-soluble
and exchangeable fractions extracted using the Pav-
lotskaya method. This may be caused by the fuller
extraction of 23?Th ions by divalent Mg?* ions in com-

parison with monovalent NH, ions. A comparison of
the sums of mobile fractions extracted using the Pav-
lotskaya and Tessier methods gives somewhat consis-
tent results: 12.7 and 14.9%, respectively. The share of
the fraction bonded with organic matter extracted
using the Tessier method is somewhat higher than the
share of the acid-soluble fraction extracted according
to the Pavlotskaya method. This is because, in the
scheme proposed by Pavlotskaya, a portion of 2?Th
bonded with organic matter was displaced in the pre-
ceding fractions. In addition, 2*’Th is weakly bonded
with iron and aluminum compounds moderately
deoxidizable and resistant to deoxidization [28].

Unlike 22°Ra, the share of 2Th bonded with amor-
phous iron compounds extracted from a separate soil
quantity using the Pavlotskaya method is slightly
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higher than the sum of mobile fractions extracted
using the Tessier method: 16.0 and 14.9%, respec-
tively.

Uranium-238

The sum of the exchangeable and specifically
sorbed fractions extracted using the Tessier method is
significantly greater than the sum of the water-soluble
and exchangeable fractions extracted according to the
Pavlotskaya method; this may be caused by the same
reasons as in the case of 2?Th.

Similarly to 22°Ra, the sum of 223U mobile fractions
extracted using the Pavlotskaya method (7.3%) is sig-
nificantly less than the sum of mobile fractions
extracted according to the Tessier method (20.2%).
Concurrently, the share of U bonded with amor-
phous iron compounds extracted using the Pavlots-
kaya method (23.4%) is close to the sum of mobile
fractions extracted according to the Tessier method
(20.2%).

By contrast, the share of the 23U acid-soluble frac-
tion extracted using the Pavlotskaya method is signifi-
cantly higher than the share of the fraction bonded
with organic matter extracted according to the Tessier
method. Apparently, this is because the acid-soluble
fraction extracted using the Pavlotskaya method con-
tains 2*U bonded with iron and aluminum com-
pounds moderately deoxidizable and resistant to
deoxidization.

A comparison of the Pavlotskaya and Tessier
sequential extraction methods in relation to the frac-
tionation of natural radionuclides (**°Ra, 2*2Th, and
28) gives poorly consistent results. The Tessier
method indicates higher contents of compounds avail-
able to plants (the exchangeable and carbonate frac-
tion) in comparison with the Pavlotskaya method (the
water-soluble and exchangeable fractions): by 1.8, 3.4,
and 3.7 times for 2>2Th, 28U, and 22°Ra, respectively.
In a similar way, the Tessier method indicates higher
contents of mobile compounds in comparison with
the Pavlotskaya method: by 1.2, 2.8, and 3.4 times for
232Th, 238U, and 2%°Ra, respectively. The biggest differ-
ences in the mobility and availability to plants shown
by the two methods were noted for 22°Ra.

A possible reason behind this is the higher displac-
ing power of divalent Mg?* ions (MgCl, in the Tessier
method) in relation to multivalent ions in comparison

with monovalent NHj ions (CH;COONH, in the
Pavlotskaya method). In addition, soluble and poorly
soluble 28U and 2*2Th forms may be represented by
complex compounds [17, 28] the stability of which is
higher in the neutral magnesium chloride solution in
comparison with the dilute acidic ammonium acetate
solution. Furthermore, the Tessier method uses
hydrochloric hydroxylamine under acidic conditions
for extraction of the fraction bonded with Fe and Mn
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oxides; this results in the fuller extraction of radionu-
clides bonded with Mn oxides in comparison with the
hydrochloric acid treatment used to extract the mobile
fraction in the Pavlotskaya method. The higher share
of Mn in the fraction bonded with Fe and Mn oxides
extracted using the Tessier method (Table 5) in com-
parison with the mobile fraction extracted according
to the Pavlotskaya method (Table 4) confirms this:
40.6 versus 30.0% of the sum, respectively.

CONCLUSIONS

A comparison of the Pavlotskaya and Tessier
sequential extraction methods in relation to the frac-
tionation of various forms of occurrence of techno-
genic radionuclides (**’Cs and ?°Sr) gives substantially
consistent results. The sum of the water-soluble and
exchangeable (highly soluble) fractions extracted
using the Pavlotskaya method and the sum of the
exchangeable and carbonate fractions extracted
according to the Tessier method should be used for the
assessment of the availability of radionuclides to
plants. The sums of the mobile fractions extracted
using the Pavlotskaya method (the water-soluble,
exchangeable (highly soluble), and mobile proper
fractions) and the sum of the exchangeable fraction,
carbonate fraction, and the fraction bonded with Fe
and Mn oxides extracted according to the Tessier
method should be used for the assessment of the geo-
chemical mobility of radionuclides.

The application of the above methods for the spe-
ciation assessment of natural radionuclides (**°Ra,
22Th, and 2¥U) gives poorly consistent results. The
Tessier method indicates higher contents of com-
pounds available to plants and mobile compounds in
comparison with the Pavlotskaya method. The main
reason behind this may be the complexity of the soil
chemistry of radionuclides such as 22Th and 233U that
feature polyvalence and a strong tendency for hydroly-
sis and complex formation; in addition, their behavior
may be affected by various carriers. Therefore, these
elements form a broad range of compounds that
change one into another with changes in the chemical
conditions; this complicates accurate comparison of
the composition of their forms extracted by the
reagents used in the above methods.

An advantage of the Tessier method is the selective
extraction of radionuclides bonded with organic mat-
ter, while in the Pavlotskaya method, radionuclides
bonded with organic matter constitute parts of the
mobile and acid-soluble fractions. On the other hand,
the Tessier method does not include the extraction of
water-soluble compounds constituting the most avail-
able and mobile portion of the soil radionuclide pool.
In addition, the Tessier method does not include the
extraction of compounds bonded with crystalline iron
and aluminum oxides, which makes comprehensive
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assessment of the behavior of natural radionuclides
(**Ra, 2*?Th, and ?**U) impossible.
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