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Abstract In calcareous soils from Yakutia only 0.1 % or

less 239Pu and 241Am exist in water-soluble form, i.e., the

mobility of these radionuclides is relatively low. In the top

humus-containing layer (0–4 cm) 239Pu and 241Am are

distributed uniformly between organic and inorganic soil

components. In the bottom soil layer (20–30 cm) the ra-

dionuclides are present mainly in inorganic soil compo-

nents. The estimation of the radionuclide mobility

demonstrates that 241Am is potentially a more mobile

element than 239Pu. In the considered calcareous soils

collected from the top layer 239Pu and 241Am exist both in

humic and fulvic acids (FA). 241Am is much stronger

bound to the group of mobile FA than 239Pu. In the bottom

soil layer 239Pu and 241Am have been found mainly in FA.
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Introduction

12 underground nuclear explosions (UNE) were performed

in Sakha (Yakutia) republic in 1974–1987 for intensifica-

tion of gas and oil influx, deep seismic sounding of the

earth crust and contruction of tailings dam for a mining

processing plant. Accidental Kraton-3 UNE (1978) resulted

in appearance of a lot of long-living radionuclides (such as
239,240Pu, 90Sr, 137Cs) in northern taiga landscapes of

Yakutia. Content of long-living radionuclides in soils

varies in a wide range depending on the depth and distance

from the point of Kraton-3 UNE and it exceeds the

worldwide background of these radionuclides in the soils of

Northern hemisphere by an order or two orders [1–3].

Radioecological monitoring of contaminated soils in

Yakutia demands the information about the content and

distribution of radionuclides in soils. However, long-term

forecast of radionuclide behavior in this region requires

knowledge and account of both the data concerning their

total content in the environment objects and their spe-

ciation, which determines the intensity and direction of

radionuclide migration in the environment along with the

natural factors. Nevertheless, there are very little data

concerning the speciation of radionuclides in soils affected

by Kraton-3 UNE in Yakutia.

This research aimed to study the speciation of 239,240Pu

and 241Am in soils collected in the zone, which has been

affected by Kraton-3 UNE.

Experimental

The objects of the research on speciation of radionuclides

were two soil samples collected from soil pit at the depth of

0–4 and 20–30 cm. The samples were collected in 2012 in

the zone affected by Kraton-3 accidental underground nu-

clear explosion in Sakha (Yakutia) Republic by researchers

from Institute for Biological Problems of Cryolithozone,

Siberian Branch of Russian Academy of Sciences. The

soils belong to soddy calcareous destructive type. Content

of 238-240Pu in the 0–4 and 20–30-cm-deep soil layers is
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194.0 and 1.7 Bq/kg respectively, content of 241Am is also

low and insufficient for the study of its speciation in the

native soil samples. For this reason we added 239Pu and
241Am isotopes to these soil samples in laboratory condi-

tions. For this purpose 0.2 mL portions of concentrated

solution of radionuclide nitrates were spiked into air-dry

soils samples (30 g) which were thoughtfully mixed after

that (at least during 60 days). Content of 239Pu and 241Am

in the soils was 90–110 and 80–90 Bq/g, respectively. The

experiment aiming to reveal the speciation of 239Pu and
241Am was carried out 11–14 months after the addition of

isotopes to the soils.

The study of speciation of radionuclides and chemical

elements is a difficult problem. Soil is a thermodynamically

open multiphase system involving various physicochemical,

chemical and biological processes. Soil has high absorption

capacity including mechanical, physical, physicochemical,

biological absorption etc. In addition, one should take into

account the conventional nature of the methods used for

studying the speciation of radionuclides, which are usually

based on selective dissolution of soil compounds during

chemical treatment, each step of which becomes more ag-

gressive. This situation is associated with the difficulty of

choosing the reagents for extraction of certain groups of

radionuclides from soils in laboratory conditions; a group is

considered as a entity of compounds with similar properties.

Usually the division of compounds and associated radionu-

clides into groups is based on the differences in their solu-

bility as well as their bonds with organic and inorganic soil

components. Despite certain problems, the methods for re-

vealing radionuclide speciation are widely used in radioe-

cology and the results allow understanding their pathways in

the environment [4–9].

We used several methods for studying the speciation of

radionuclides in soils from Yakutia. In all cases P.a. grade

chemicals were used.

(1) Distribution of radionuclides between organic and

inorganic soil components was studied by stepwise ex-

traction with the following reagents: distilled H2O (water-

soluble form), 0.5 M Ca(NO3)2�(pH 5.5) (exchangeable

form); 1 M CH3COONH4, pH 4.8 (easily soluble form);

0.1 M NaOH (pH 10) (organic matter-associated form);

0.18 M (NH4)2C2O4 ? 0.1 M H2C2O4 (pH 3.5) (the form

which was associated with amorphous oxides of Fe, Al and

Mn), residue (poorly soluble form). The duration of soil

incubation with the solution was 20–24 h, the ratio of solid

and liquid phases was 1:10.

(2) The bond between radionuclides and different

groups of soil organic matter (OM) was studied using the

method of Orlov [10], which was based on stepwise

treatment of the samples with acids and alkalines.

A group of substances composing OM usually implies

the entity of compounds which have similar structure and

properties. Soil OM includes the compounds of non-

specific (individual) nature, which belong to different

classes recognized by organic chemistry (cellulose, pro-

teins, amino acids, monosugars, proteins, carbohydrates,

waxes, resins, organic oxiacids and etc.) and specific humic

substances (HS). The latter are deep-colored organic sub-

stances found in humus. There are several different groups

of HS: (1) humic acids (HA), which are soluble only in

alkaline media; (2) fulvic acids (FA), which are soluble in

water, alkaline and acidic media. The latter include true FA

as defined by Forsyth [11], which are extracted from acid-

soluble fraction using activated carbon (BAU, activated

carbon from birch). The groups are divided into fractions.

Generally, fraction is any part of group, which differs from

the other parts of the same group in terms of the form of

bond with mineral soil components. For this reason, the

solubility and potential mobility of radionuclides depends

on the fraction they are associated with. In this study both

for HA and FA the mobility of radionuclides decreases in

the row F1a[F1[ F2[ F3.

Analysis scheme

Fraction 1 was extracted from a separate sample portion

treated with 0.1 M NaOH during a day. The suspension

was centrifuged at 6000 rpm and filtered through a Blue

ribbon filter. For separating HA and FA 6 M HCl was

added to alkaline solution to achieve pH 1–2, the solution

was then heated to 70–80 �C, the precipitate was allowed

to settle and then centrifuged. The precipitate of HA in the

centrifuge tube was dissolved using hot solution of 0.1 M

NaOH. The treatment was repeated until complete disso-

lution of the precipitate; FA and substances of non-specific

nature remained in the acidic solution.

HA and FA (free or bound predominantly with mobile

R2O3�nH2O (hydroxides of iron, manganese and alu-

minum)) and some substances of non-specific nature were

transferred into fraction 1.

Isolation of fraction 1a (decalcified fraction)

Decalcification followed by isolation of fractions of or-

ganic substances was performed in a single soil portion. To

perform decalcification, a weighed portion of the sample

was treated several times with 0.1 M HCl or 0.1 M H2SO4,

incubated and periodically stirred for 12–16 h, and the

supernatant was separated from the soil using a centrifuge

at 6000 rpm. The acidic treatment of the solid phase was

repeated until the reaction for Ca?2 in the filtrate became

negative (murexide indicator was used for this test). Low

molecular weight acids of nonspecific nature and a part of

FA (free or bound to mobile R2O3�nH2O) were transferred

into the decalcified fraction.
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The residue obtained after decalcifying was incubated

with 0.1 M solution of NaOH during 12–18 h in order to

isolate of the sum of fractions (1 ? 2). Deep-colored al-

kaline solution was centrifuged and the extraction of HS

was continued until poorly colored filtrate was obtained.

6 M HCl was added to alkaline deep-colored solution in

order to achieve pH 1–2. Free or bound to mobile R2O3

�nH2O and Ca?2 HA and FA were transferred into fraction

(1 ? 2). Acidic solution appearing after separation of HA

was actually FA with admixture of low molecular organic

substances of non-specific nature. The latter were separated

using BAU carbon.

In order to obtain fraction 3, the soil residue after iso-

lation of fraction (1 ? 2) was treated with 0.02 M NaOH

(the ratio of solid and liquid phases was 1:10) during 6-h

heating using a water bath. After settling the suspension

was centrifuged and filtered. HA and FA in the filtrate were

separated as described above. HA and FA, which were

strongly bound to hydroxides and mineral particles of the

sample, were transferred into fraction 3.

The residue of the soil was ignited in a muffle at 500�
and boiled with 7.5 M HNO3. The residue contained humic

acids, which were strongly bound to hydroxides of che-

mical elements, mineral particles of soils, humines and

various mineral compounds.

Non-specific low molecular organic compounds, the

majority of which are found in FA1a and to less extent in

FA (1 ? 2), are an important group in soil organic matter.

This group includes organic products generated by de-

composing plant or animal material, root exudates, and the

substances produced by numerous soil microorganisms.

Non-specific compounds have the most rapid reaction to-

wards the change of environment conditions, are easily

digested and decomposed by microorganisns and therefore

are the active component of soil humus.

In order to study the bond between radionuclides and the

components of FA fractions (non-specific low molecular

compounds of individual nature and FA), we separated

them using BAU active carbon [12, 13]. BAU carbon was

ground and sieved (pore size 1 and 0.5 mm) and granules

0.5–1 mm in size was collected. Carbon was twice heated

with concentrated HF using a water bath to reduce ash

content and each time the acid was evaporated to dryness,

then it was twice treated with concentrated HCl which was

then evaporated to wet residue and then carbon was washed

with distilled water until the reaction for Cl- became

negative.

Chromatographic columns (height 150 mm, diameter

10 mm) were filled with purified BAU carbon (the weight

of air-dry carbon portion was 1.2 g). Acid solution of FA

was passed through the columns with BAU carbon at the

flow rate of 1–1.5 mL/min. The columns were flushed

stepwise with 0.1 M solution (fraction A), 10 % solution of

H2O in acetone followed by desoption with H2O and

combined with acetone desorbate (fractions B ? C) and

final desorption with 0.1 M NaOH (fraction D). Fraction A

included carbonic, oxicarbonic acids, aminoacids, purine

bases, fraction B ? C contained phenols, polyphenols,

mono- and polysaccharides; fraction D desorbed FA, which

were purified from low-molecular organic compounds of

individual nature.
239Pu and 241Am were determined in alkaline and acidic

soil extracts, using 0.5–1 mL aliquots of each of the re-

sultant fractions. For radionuclide determination the ali-

quots were treated with concentrated HNO3 and H2O2 in

order to remove the OM. 239Pu and 241Am isotopes were

recovered by their coprecipitation with LaF3 in weakly

acidic medium onto a track membrane (pore size 0.1 lm)

followed by target measurement using an ANALIST

spectrometer. The chemical yield was controlled using the

spiked 242Pu and 244Cm labels. The error of radionuclide

registration did not exceed 10–15 %. After the extraction

of radionuclide-containing forms the soil residues were

boiled with 7.5 M HNO3. VP-1AP anionite was used for

preconcentration and radiochemical purification of 239Pu;

after its separation 241Am was absorbed using polyarse-

nazo-n. Permanganate oxidation was used for the deter-

mination of organic carbon (Corg) in acidic extracts and

humic acids, and bichromate method was used for the same

purpose in case of soils [14, 15]. Total content of chemical

elements in soils was determined using X-ray fluorescence.

Results and discussion

Homogenization of the considered samples is very impor-

tant for revealing the speciation of radionuclides. The main

difficulty of sample homogenization arises from the pos-

sible presence of highly active ‘hot’ particles, consisting of

mixed uranium oxides, constructional materials, plutoni-

um, and fission products [16]. For this reason, in the be-

ginning we made a detailed c-spectroscopy study of the

samples using quartering procedure and found no’hot’

particles.

Tables 1 and 2 show the composition of the samples of

soddy calcareous destructive soil, which were collected at

the depth of 0–4 and 20–30 cm from a soil pit for the

studying the speciation of 239Pu and 241Am.

The soil samples collected from the top and bottom

horizons had significantly different physical and chemical

properties. The top (0–4 cm) layer contained more total Si,

Al, Fe and Mn, the bottom one (20–30 cm) had more alkali

earth elements CaO, MgO and CO2 carbonate. Due to the

very high content of the latter in the bottom layer treating

the soil with acid led to intensive gas emission. Unlike the

bottom horizon, the top horizon contained nearly six times
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more humus and more exchangeable Ca?2 and Mg?2

(Tables 1, 2).

We found that the most radionuclides were bound to

inorganic soil components (mineral part) (Table 3). 33.4 %
239Pu and 25.3 % 241Am were in the OM (low molecular

compounds, humic and FA, free and bound to Ca?2, R2-

O3�nH2O and other elements) of the top soil layer

(0–4 cm). The content of radionuclides bound to OM in the

bottom (20–30 cm) layer was low and did not exceed 3 %

(Table 3). An interesting fact was the high stepwise re-

covery of 239Pu and 241Am from the soils with solutions of

0.5 M Ca(NO3)2 and then 1 M CH3COONH4, which could

be probably associated with rather aggressive destruction

of carbonate absorbing complex of soils with weakly acidic

solutions of these reagents. The study of the soils of other

genesis [7] found significantly less plutonium and ameri-

cium in these fractions (3–5 % or less), but the value

strongly depended on the duration of phase contact. Ra-

dionuclides in exchangeable and easily soluble form are

probably retained in soils due to weak electrostatic inter-

actions; their behavior is determined by the ion exchange

processes and the change in the ionic composition of the

medium and decrease in solution pH leads to mobilization

(liberation) of the exchangeable ions. The content of 239Pu

and 241Am in this group of substances was higher in the

20–30 cm soil layer than in the top layer.

Amorphous oxides of Fe?3, Al?3, Mn?2, and other

elements in the considered soils contained mainly 239Pu

(25–28 %), while 241Am was poorly bound to this group of

compounds (Table 3).

The amount of 239Pu and 241Am in aqueous extract from

the top and bottom soil horizon was low and did not exceed

0.1 %. (Table 3). This was a negligible fraction of ra-

dionuclides, which were bound to water-soluble metal

compounds and soluble organic substances, mainly non-

specific low molecular acids.

Distribution 239Pu, 241Am and Corg by groups and

fraction of OM in the top and bottom soil layers was sig-

nificantly different due to the difference in quality and

quantity of OM in them (Fig. 1).

The content of 239Pu, 241Am and Corg in HA group of

the top soil layer was higher than in the bottom layer and

Table 1 Composition of soddy calcareous destructive soil (% of air-dry mass)

Horizon (depth, cm) SiO2 Al2O3 Fe2O3 MnO CaO MgO Na2O Zn U (10-4) Th (10-4) Pb (10-3)

V (0–4) 50.9 10.6 4.9 0.11 6.2 3.7 0.6 0.007 0.1 1.3 1.3

VD (20–30) 40.6 8.8 3.7 0.06 13.2 6.6 0.4 0.005 \0.1 10.7 1.2

Table 2 Physical and chemical properties of soddy calcareous destructive soil affected by Kraton-3 UNE [2]

Horizon (depth, cm) Hygro-scopic moisture (%) pH aqueous Humus

(%)

Exchangeable cations (mg-

eq/100 g soil)

Fractions (%

size, mm)

CO2 carbonates (%)

Ca?2 Mg?2 Na? Sum \0.01 \0.001

V (0–4) 1.45 8.0 5.9 18.9 10.1 0.7 29.7 42.7 12.4 6.5

VD (20–30) 0.60 8.2 1.0 10.6 3.0 0.7 14.3 42.6 18.8 22.2

Table 3 Distribution of

radionuclides between mineral

and organic part of soddy

calcareous destructive soil, % of

the content in soil

Sample (depth, cm) V (0–4) VD (20–30)

239Pu 241Am 239Pu 241Am

Water-soluble, H2O 0.1 0.1 0.1 0.1

Exchangeable, 0.5 M Ca(NO3)2 (pH 5.5) 4.0 7.3 4.7 6.0

Easily soluble, 1 M CH3COONH4, pH 4.8 8.5 10.7 22.9 46.2

Organic matter, 0.1 M NaOH (pH 10) 33.4 25.3 2.7 2.5

Amourophous oxides, Tamm solution [17]

0.18 M (NH4)2C2O4 ? 0.1 M H2C2O4 (pH 3.5)

25.3 1.5 27.8 1.0

Residue 28.7 55.1 41.8 44.2
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was 27.9, 7.8 and 57.3 %, respectively. The bottom soil

layer nearly lacked HA (content of Corg\1 %) so no ra-

dionuclides were found in this fraction.

The content of 239Pu in FA group was lower in the top

layer than in the bottom one (16.3 and 27.7 %, respec-

tively). The content of 241Am in the top and the bottom

layer did not differ significantly (66.7 % in the top layer

and 54.5 % in the bottom one). The content of radionu-

clides and OM in the soil residue after multi-stage ex-

traction of organic substances of various nature decreased

in the rows 239Pu (44.2 %)[ 241Am (25.5 %)[Corg

(5.3 %) for the top layer and 239Pu (72.3 %)[ 241Am

(45.5 %)[Corg (31.8 %) for the bottom one.

Distribution of radionuclides by fractions of HA and FA,

which had different forms of bond with mineral components

of soils, also depended on the sample collection depth

(Figs. 2, 3). In the top soil layer, which had more humus, the

majority of 239Pu, 241Am and Corg was found in HA, which

were mainly bound with Ca?2 (HA fraction 2): 78.8; 91.0

and 85.7 % of the content in the group, respectively.

In FA group of the considered soil the dominating

content of radionuclides was present in fractions FA1a and

FA1 (mobile fulvic and non-specific low molecular organic

acids, free or bound mainly to mobile R2O3�nH2O and

easily soluble mineral compounds of soils). For example,

in the top soil layer (0–4 cm) the content of 239Pu and
241Am in these fraction was 54.6 and 84.2 %, in the bottom

(20–30 cm) layer radionuclides and Corg also were mainly

found in FA1a and FA1 fraction (74.3 and 90.3 %

respectively).

The ratio of Corg in groups HA:FA in top and bottom

soil layer was 1.5 and 0.01, such values demonstrating

different nature of organic substance. In the top layer,

which contained more humus, the OM had more humic

properties while in the bottom soil layer the OM was de-

pleted with HA and mainly consisted of free FA and mo-

bile non-specific low molecular organic substances.

In order to reveal the bonds between radionuclides and

FA and organic substances of non-specific (individual)

nature in FA fraction (1 ? 2), we separated them using

BAU carbon (Fig. 4). We found that the acidic FA filtrate

(1 ? 2), absorbed by BAU carbon, contained a mixture of

high molecular FA (fraction D) and low molecular organic

substances of individual nature (fractions A and B ? C).

The content of organic carbon in fraction D was lower than

its content in the sum of fractions A ? B ? C (Fig. 4).

As our data show, in the group of isolated FA in the soils

of the considered type plutonium and americium were

more bound with low molecular aminoacids, carbonic and

oxicarbonic acids and purine bases than with FA

themselves.

The data enable explaining the migration mechanisms of
239Pu and 241Am in calcareous soils of Yakutia. We found

that 238-240Pu poorly migrated along the soil profile:

34 years after the contamination caused by Kraton-3 UNE

only 9 % 238-240Pu was found in soil layers deeper than

0–4 cm, and as low as 0.8 % plutonium was found in the

20–30 cm-deep soil layer. One may assume that the

dominating slow transfer of 239Pu and 241Am is actually

their migration with soil fine and colloid particles during

soil flushing with atmospheric precipitates. On the surface

of soil particles with different sizes radionuclides can exist

as poorly mobile organic compounds of humic nature,

calcium humates, polymer complexes of HA and FA bound

with stable hydroxides of Fe and Al. Slow transfer of ra-

dionuclides contributes to their dominating accumulation

in humic layer of soil. Rapid transfer of 239Pu and 241Am in

these soils can be associated with their migration as soluble

complexes with low molecular organic acids of non-

specific nature and FA (fraction 1a and 1), such assumption

being supported by the absence of humate complexes of
239Pu and 241Am in the 20–30 cm soil layer. Slow transfer

is the dominating type of migration in calcareous soil

which is weakly alkaline.

Fig. 1 Distribution of radionuclides between humic and fulvic acids

in soil organic matter for 0–4 cm and 20–30 cm horizons

Fig. 2 Distribution of 239Pu, 241Am and Corg by fractions of humic

acids in the top soil layer
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Conclusions

The results evidence that 239Pu and 241Am introduced as

labels into top and bottom layers of calcareous destructive

soil collected in the zone affected by Kraton UNE

(Yakutia) were strongly absorbed by soils and bound

mainly with their solid phase consisting of various organic

and inorganic components. As low as 0.1 % or less 239Pu

and 241Am existed in water-soluble form in the calcareous

soils from Yakutia, such value demonstrating the relatively

low mobility of these radionuclides. Distribution of ra-

dionuclides between inorganic and organic soil compo-

nents depended on their chemical composition (content of

Corg, Ca?2, R2O3�nH2O etc.) and the properties of ra-

dionuclides. In the top (0–4 cm) humus-containing layer
239Pu was more uniformly distributed between organic and

inorganic soil components (easily soluble compounds, OM

and amorphous oxides of Fe and Al) than 241Am. In the

bottom soil layer (20–30 cm) the radionuclides were

mainly present in inorganic soil components. The

estimation of the radionuclide mobility demonstrated that
241Am was potentially a more mobile element than 239Pu.

In terms of radionuclide migration in soils the most

important natural organic compounds are HS and low-

molecular substances of non-specific nature. HA and FA

are known to have different migration pathways in soils.

Fulvic substances and low-molecular substances of non-

specific nature as well as their complexes with chemical

elements (mainly Fe and Al) (fractions 1a and 1 FA) have

the greatest migrational ability. In calcareous soils from

Yakytia collected from the top layer (0–4 cm) 239Pu and
241Am exist both in HA and FA and 241Am is much

stronger bound to FA group than 239Pu. As for the bottom

soil layer, 239Pu and 241Am were found mainly in FA.
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