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Abstract

A sequential extraction procedure was applied to investigate the speciation of **3U, 2*°Ra, 2'°Pb,
228Ra and stable lead in a contaminated agricultural soil near an exhaust ventilating shaft of an uranium
mine and in a control soil. Using a radiochemical separation procedure and gamma spectrometry as
well as low-level beta counting, we determined the percentages of each of these radionuclides in the
“‘readily exchangeable ions’’ fraction, in the ‘‘bound to carbonates’’ fraction, and in the ‘‘bound to
Fe and Mn oxides’’ fraction. In the contaminated soil samples we observed that the percentages of
238, 22°Ra and '°Pb in each fraction were about < 3-30%, but different for each of these three
radionuclides. The largest ‘‘readily exchangeable ions’’ fraction was observed in this soil for 2'°Pb
(19%), the smallest for 2**U ( <3%). For all radionuclides and for all three fractions the amounts
extracted from the contaminated soil were significantly higher than the control soil samples. Possible
reasons for this observation are discussed. For both soils the activities of **U in the *‘readily
exchangeable ions’’ fraction, and of 22®Ra in all three fractions were below our detection limit ( ~3%).
Stable lead was mostly associated with the ‘bound to Fe and Mn oxides’’ fraction.

1. Introduction

In our environment, especially in the soil, naturally occurring radionuclides from the
uranium and thorium decay series can be found. These terrestrial radionuclides contribute
to the external radiation as well as to the internal doses incurred by man. In addition to these
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natural sources, however, a variety of natural radionuclides have been introduced to the
biosphere by anthropogenic activities, e.g. as a result of uranium mining. In a recent paper
we reported the effect of the exhaust air from a uranium mine on the activity concentrations
of U, *2°Ra, *'Pb, ***Ra in an agricultural soil near the ventilating shaft (Bunzl et al.,
1994). These data revealed that increased concentrations of these radionuclides could be
observed up to a distance of about 40 m in the field. The largest effect was observed for
2!%Pb (increase by one order of magnitude) and the smallest for **Ra.

Because these radionuclides are generally incorporated in the soil minerals to a consid-
erable extent, only a fraction can take part in short-term geochemical processes, such as
vertical migration or root uptake by plants. Thus, to estimate, a possible long-term radiation
hazard of radionuclides in the soil, not only their total concentration but also their speciation
and availability for ecological processes has to be known.

The speciation of stable heavy metal ions in the soil is frequently studied by using
sequential extraction procedures ( Tessier et al., 1979). It was thus possible to estimate the
fraction of ‘‘readily exchangeable ions’’ (fraction I), of ‘‘bound to carbonates’” (fraction
II), of **bound to iron and manganese oxides’’ (fraction (I1I), of ‘ ‘bound to organic matter’’
(fraction [V), and of ‘‘residual ions’” (fraction V). While sequential extraction procedures
have been frequently applied to investigate the behavior of heavy metals in the soil and
sediments, this method has been used to study the speciation of natural radionuclides only
in a few cases. Voss et al. (1983) observed that of the various organic solvents used only
HOAC removed considerable amounts of 2!°Pb and **Ra from the soil. Cooper et al. (1981)
found that in soils from Australia significant differences exist between *'°Pb and **Ra in
their distribution among the various fractions, with very little “°Ra present in the residual
fractions. Very low concentrations of these radionuclides were present in the fraction
‘‘bound to carbonates’’. If iron oxides are present, both radionuclides were associated mainly
with the “*bound to oxides’” fractions. Lima and Penna-Franca (1988) observed that in
farm soils from a highly radioactive region in Brazil, about 50% of ***Ra was associated
with the residual fraction V, 30% with fraction 111, 15% with fraction IV, 5% with fraction
11, and 3% with fraction L.

The purpose of the present investigation was to investigate the speciation of >**U, **°Ra,
21%Ph and ***Ra in the agricultural soil which was found to be contaminated with these
radionuclides due the exhaust air from the uranium mine, and to compare these results with
the soil at a distance from the ventilating shaft where anthropogenically introduced radio-
nuclide levels were not detectable.

For comparison we also included stable lead in this study. Stable lead is associated in the
soil with fractions Il and IV (Zeien and Briimmer, 1991), in fraction V (Cruz et al., 1986),
in fraction II (Gibson and Farmer, 1986; Chang et al., 1984) and to some extent in all other
fractions.

2. Materials and methods

2.1. Site

The exhaust ventilation shaft of the uranium mine is located in a rural area in Thiiringen,
Germany, about 4 km south of the small village Ronneburg. This ventilation shaft was
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operated since January 1970 by the Wismut AG. Even though the mine was closed down
in December 1990, part of the ventilation system is still working. As a result, radon ( which
emanates from the underground rock material even after the termination of mining) as well
as its decay products are still released into the environment via the exhaust air shaft.

The concrete construction which houses the exhaust fan has a vertical 4 m X 4 m
rectangular outlet for the air, through which the exhaust air is blown out parallel to the soil
surface. On average, 2 X 10° to 5 X 10° m” air were released per year. At a distance of about
10 m from the exhaust outlet, and separated by a wire fence, is the com field from which
the soil samples were taken. Representative data on the annual discharge of the above natural
radionuclides by the exhaust air during the years of operation of the mine are not available.

2.2. Soil sampling

Soil samples were taken at two locations. Location A was about 10 m down wind from
the actual air outlet, where we observed previously in a transect survey (Bunzl et al., 1994)
considerably increased concentrations of >*%U, ?*Ra, 2'°Pb, *Ra. Because the transect
survey, conducted between 10 and 210 m, revealed that at distances exceeding about 50 m
from the air outlet the concentrations of these radionuclides were constant, we selected as
the location for the unaffected control soil (location B) a point at about 206 m distance.

At each sampling point A and B, 4 samples were taken separately at the corners of a 0.5
m X 0.5 m square from the 0-25 cm layer of the soil. Because the deposition of the
contaminants occurred essentially only in earlier years (see above ), and the field was plowed
and harrowed since that time regularly, the vertical distribution of the deposited radionu-
clides will be meanwhile rather uniform. Sampling at different depths in the Ap horizon to
evaluate the depth profile of the above radionuclides was, therefore, not carried out.

Analysis of the soil at locations A and B showed that their properties were not exactly
the same, as would have been desirable. Soil A was a silt loam, pH 4.1 (CaCl,), clay 25%,
silt 51%, sand 24%, ion exchange capacity 13.2 meq/100 g; loss on ignition 4.6%. Soil B
was also a silt loam, pH 6.4 (CaCl,), clay 17%, silt 67% sand 16%, ion exchange capacity
12 meq/100 g; loss on ignition 3.5%. The carbonate contents of both soils was very low
(<1%).

The soil samples from each sampling point were air dried and passed through a 2 mm
sieve.

2.3. Gamma-ray spectrometry

The total activity concentrations of the radionuclides in the soil and in the soil extracts
were (except for *'°Pb in the soil extracts, see below) determined by direct gamma spec-
trometry. An amount of 105-130 g dry soil was filled into a cylindrical polyethylene vessel
(75 mm in diameter, 30 mm height). Similarly, 500 ml of the soil extracts were filled in
Marinelli beakers. The vessels were sealed gas-tight using insulating tape and stored for at
least two weeks to allow radioactive equilibrium of the *°Ra series. After that time the
samples were measured for at least 1200 minutes, using a well shielded low-level gamma-
ray spectrometer with a high purity Ge-detector (33.9% rel. efficiency at 1.33 MeV).
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Nuclear data for the respective radionuclides of interest were taken from Schoétzig and
Schrader (1989).

226Ra was determined via the gamma lines of the daughter products *'*Pb (295.2 and
351,9keV) and 2"*Bi (609.3 keV ). For the determination of ?>*Ra the lines of >'?Pb (238.6
keV), 2°°T1 (583.2 keV) and **®Ac (911.1 keV) were used. To correct for photon attenu-
ation of the low energy gamma-rays of 2'°Pb (46.5 keV) and of ***Th (63.3 keV and
92.4492.8 keV) the ratio of the attenuation coefficients of the calibration source and the
actual soil sample material was determined with point sources of 2'°Pb, **' Am (59.4 keV),
57Co (122.1 and 136.5 keV) and '*’Cs (661.7 keV). This ratio is an estimate of the actual
efficiency ratio (Debertin and Helmer, 1988). If relevant, coincidence summing correction
was applied, e.g. a factor of 1.13 for the 609.3 keV line of *'“Bi. The *Ra sample activity
was calculated by use of the 186.2 keV line of **Ra and the lines of the daughter products
given above. The 186.2 keV line was corrected for the contribution of 2*°U (185.7 keV)
viaits 143.8 keV line. Similarly the ***Ra activity was obtained as the mean of the measured
activities of '?Pb, 2°*T1 and *®*Ac. ***U was assumed to be in radioactive equilibrium with
“34Th and **™Pa. Its activity was calculated from the 63.3 keV line and the complex line at
93 keV of 2**Th and from the 1001 keV line of **™Pa (Siemon et al., 1991).

02.4. Radiochemical determination of *'°Pb

Because concentrations of >'°Pb in the soil extracts were too low to be determined by
direct gamma-spectrometry, this radionuclide was determined after radiochemical separa-
tion (Bunzl et al., 1984) via its beta activity in a low-level beta counter.

2.5. Determination of stable lead

Pb in the soil extracts as well as total Pb in the soil was determined by high resolution
ICP-spectrometry. In the latter case Pb was first leached from the soil with aqua regia.
Reagent grade chemicals were used throughout. In addition, any contacts of the soil during
sampling, storage, or processing the samples with materials which could release Pb were
avoided.

2.6. Sequential extraction

The sequential extraction of the radionuclides and of stable lead from the soil samples
was performed according to Tessier et al. (1979) as follows:

(i) Readily exchangeable cations (fraction I). 100 g soil were extracted with 800 ml
MgCl, (1M, pH 7.0) at room temperature for 1 hour while stirring from above. Subse-
quently, the suspension was first passed through a paper filter (Schleicher and Schuell, 589
Black, coarse grade, 9 cm in diameter) and finally through a membrane filter (1.2 um).
The solution phase was used for analysis and the soil phase rinsed with ca. 300 ml distilled
water. The rinse water is added to the solution phase.

(ii) Bound to carbonates (fraction IT). The above residue is extracted for 5 h at room
temperature with 800 ml 1M CH;COONa, adjusted to pH 5.0 with acetic acid. The subse-
quent separation of the liquid phase and rinsing of the soil is performed as above.
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(iii) Bound to Fe—Mn Oxides (fraction III). The residue from above was extracted with
800 ml 0.04 M NH,OH-HCl in 25% (v/v) acetic acid at 85-95°C for 6 hours with
occasional agitation.

Because we were mainly interested in the available fractions of the radionuclides in the
soil, the next step in the Tessier procedure, i.e., complete destruction of the organic matter
by hydrogen peroxide, was not performed. Note, however, that radionuclides bound to soil
organic matter in a readily exchangeable form are already included in fraction I.

2.7. Estimation of errors

The errors (coefficients of variation) of the analytical determinations were generally less
than 10%. To test the reproducibility of the extraction procedures we repeated the sequential
extraction of fractions I, 1I, and III four times using fresh 100 g aliquots of a large homog-
enized sample of soil A. The resulting coefficients of variation as tested by analyzing 2'°Pb
in each fraction were smaller than 10%. Quality control over the accuracy of the data was
assured by analyzing standard reference samples (e.g. NBS Coal SRM 1632a).

3. Results and discussion
3.1. #%Ra, **Ra, and *'°Pb

The total activity concentrations of the natural radionuclides ***U, *®*Ra, ***Ra, and *'°Pb
in the soil at the two locations A and B (control) are given in Table 1. If we compare the

Table 1
Activity concentrations (in Bq g ') of several natural radionuclides and of stable lead (in mg kg~ ') in the soil

238U 226Ra 21 UPb 228Ra Pb
Soil A
a 0.20 0.13 1.3 0.052 19
b 0.19 0.16 0.96 0.051 17
c 0.48 0.37 24 0.050 24
d 0.23 0.14 1.6 0.055 23
Mean 0.28 0.20 1.5 0.052 21
St. dev. 0.14 0.11 0.6 0.002 3.3
Soil B
a 0.084 0.060 0.071 0.047 19
b 0.077 0.060 0.056 0.048 18
¢ 0.087 0.056 0.061 0.048 18
d 0.080 0.069 0.070 0.047 20
Mean 0.082 0.061 0.065 0.048 19
St. dev. 0.004 0.006 0.007 0.001 0.95

Soil A is close to the exhaust ventilating shaft of the uranium mine, soil B is from the same field but from a distance

F="_.e=
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Table 2

Fractional amount (in %) of **U, *2Ra, *'"Pb, **Ra, and stable Pb, sequentially extracted by 1M MgCl, (fraction
1), IM CH,COONa (fraction I1), and 0.04M NH,OH - HCI (fraction III). In the last column the residue (in %)
is given. Soil A is close to the exhaust ventilating shaft of the uranium mine, soil B is from the same field but from
a distance where a contamination of the soil was no longer observable. At both locations four soil samples (a, b,
¢, d) were taken at the corners of a 0.5 m X 0.5 m square

Radionuclide Sample Fraction 1 Fraction II Fraction ITI Residue
28y Soil A
a 3.0 19 18 60
b 3.1 19 20 58
c <21 25 14 >59
d <44 19 17 >60
Mean <32 21+3.0 17425 >(59+4)
Soil B
a 4.8 20 16 60
b 6.5 10 6.5 77
c <12 <1l <12 >65
d 38 <12 7.5 =77
Mean <6.7 <13 <1l >69
Ra Soil A
a 39 15 15 66
b 6.3 13 18 63
c 49 15 19 61
d 10 17 10 63
Mean 63127 15+1.6 16+4.0 6345
Soil B
a <17 <17 33 =93
b <17 <17 33 =93
c <18 <1.8 <18 >95
d <15 <15 5.8 >91
Mean <17 <17 <35 >93
219pp Soil A
a 21 9.6 33 36
b 21 7.8 36 35
c 14 7.6 23 55
d 19 7.4 29 45
Mean 19+33 8.1+1.0 30+5.6 434+6.5
Soil B
a 0.13 32 19 78
b - 2.9 22 75
c 0.16 2.4 17 80
d 0.057 40 17 79
Mean 0.1240.05 3.14+0.67 19+24 78425
*2Ra Soil A
a <19 <19 <19 >94
b <20 <20 59 >90
[ 6.0 <20 <20 >90
d <18 <18 <18 =95

Mean <29 <19 <29 >92
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Radionuclide Sample Fraction I Fraction II Fraction I1I Residue
“%Ra Soil B
a 4.3 <2.1 <2.1 >92
b <2.1 <21 <21 >94
c <21 <21 4.2 =292
d 43 <21 <2.1 292
Mean <32 <21 <26 293
Pb Soil A
a 12 7.7 90 <9
b 13 6.9 92 <9
c 11 7.7 64 17
d 13 7.5 74 5.5
Mean 12+1.0 7.5+£0.38 80+ 13 05+13
Soil B
a 0.13 44 91 4.5
b 0.06 4.4 99 <10
c 0.07 7.0 88 49
d 0.15 4.4 93 2.5
Mean 0.10+£0.04 51+13 93+4.6 1.8+4.8

two corresponding means of one radionuclide observed at A and B we see that the total
activity at A as compared to B is higher by a factor of about 3.3 for **U and ***Ra, and of
about 23 for 2'°Pb. These differences are also statistically significant, as checked by the
Wilcoxon rank sum test (p <0.01, two tailed). For ??®Ra a difference is not detectable. This
large difference for 2'°Pb can be understood by considering that radium disintegrates to the
inert radon gas, which is able to diffuse in and from the rock material in the mine even in
the absence of mining activities until it decays further to >'°Pb. This additional source of
21%Pb is not present for **U and **°Ra, because these radionuclides are not the daughter
products of any radioactive gases in the uranium series. The negligible effect of the exhaust
air on the natural levels of **®Ra in the soil reveals that radionuclides from the thorium
series are present obviously only in relatively small amounts in the rock material of the
mine.

The percentage amounts of the above radionuclides which are extractable from the soils
at location A and B are shown in Table 2. For fraction I (readily exchangeable) in the
control soil B only very small percentages of the radionuclides **U and **Ra are extractable.
In the soil A, however, this percentage is significantly higher: for 2'°Pb by a factor of more
than 100, and for >**Ra by a factor of > 3.7. For *®U and ***Ra the percentage of the activity
extracted from soil A is similar to that for soil B; rather low and in many cases below the
detection limit. For this reason, a decision whether the percentage of **U and ??*Ra in
fraction I is different for the two soils A and B is not possible.

For fraction II (bound to carbonates) the percentages of the radionuclides extracted from
the control soil B are again rather low (less than a few percent) and also below the detection
limits. However, in the case of 2'°Pb (where the detection limit was much smaller due to
the radiochemical procedure applied), we observed that the percentage of 2!°Pb in fraction
I (3.1%) is about 25 times higher than that in fraction I (0.12%). For soil A the percentage
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of the radionuclides in fraction Il is again significantly higher than for the control soil
(Wilcoxon rank sum test, p <0.01, two tailed): for '°Pb by a factor of about 3, for >**U
by a factor of > 1.6, and for *°Ra by a factor of >9. Because all values for **Ra soils A
and B were below the detection limit (see Table 2), a decision whether the percentage of
228Ra fraction II is different for the two soils A and B is not possible.

For fraction III (bound to Fe and Mn oxides) the percentages of the radionuclides
extracted from the control soil are also less than a few percent, with the exception of 2'°Pb,
which is 19% extractable. As observed for fraction I and II, the percentage extracted in
fraction III is significantly higher for soil A than soil B: For *'°Pb by a factor of 1.6, for
238U by a factor of > 1.5, and for ?*°Ra by a factor of > 4.6. For the same reasons as above,
a decision is not possible for ***Ra.

3.2. Stable lead

The total amounts of Pb present in the soil samples A and B are given in Table 1. The
resulting means (214:3.3 and 19 +0.95 mg/kg, respectively) do not differ significantly
(t-test, p <0.05, two tailed). Thus an effect of the exhaust air on the Pb-content of soil A
is not detectable.

The percentages of Pb extracted from the soils A and B by the three extractants are shown
in Table 2. In fraction I (readily exchangeable) we find on average for soil A 12% and for
soil B 0.1%. This large difference may be due to lower pH of soil A than soil B (see Section
2). In fraction II the difference between the two soils is rather small: 7.5% are extracted
from soil A versus 5.1% from soil B. A very large fraction of Pb is obviously associated
with the ‘‘bound to Fe and Mn oxide’’ fraction III, where 80% are extracted from soil A
and 93% from soil B.

4. Conclusions

The enhanced extractability of 2'°Pb, **Ra and ***U from the soil near the exhaust air
outlet may result from the following. First, these radionuclides are associated with the very
small particles of the mine dust with a very large surface area. This might favor weathering
and desorption of the radionuclides in the soil. >'°Pb in particular, which is the decay product
of the radon gas in the mine, will likely be deposited on the surface of the dust particles
rather than included in the dust particles, as is probably the case for **U, *°Ra and ***Ra.
This could explain why this radionuclide is found at a high percentage in the readily
exchangeable fraction of soil A. In addition, however, it is also possible that the somewhat
lower pH of soil A as compared to soil B is responsible for the enhanced availability of the
readily exchangeable 2'°Pb and 2*°Ra. This is obviously the case for stable Pb, where
additionally deposited Pb in the soil A from the exhaust air was not detectable.

References

Bunzl, K., Hotzl, H., Rosner, G. and Winkler, R., 1984. Spatial distribution of radionuclides in the soil around a
coal fired power plant: 2'°Pb, 2!%Po, 2**Ra, 232Th, *°K emitted with the fly ash and '*’Cs from the worldwide
weapon testing fallout. Sci. Total Environ., 38: 15-31.



K. Bunzl et al. / Geoderma 67 (1995) 45-53 53

Bunzl, K., Kretner, R., Szeles, M. and Winkler, R., 1993. Transect survey of 23U, 22*Ra, 2*Ra, 2'°Pb, '*'Cs, and
4K in agricultural soil near an exhaust ventilating shaft of an uranium mine. Sci. Total Environ., 149: 225-
232.

Chang, A.C., Page, A.L., Warneke, J.E. and Grugurevic, E., 1984. Sequential extraction of heavy metals following
a sludge application. J. Environ. Qual., 13: 33-38.

Cooper, M.B., Stanney, K.A. and Williams, G.A., 1981. An investigation of the speciation of radionuclides in
sediments and soils. Rep. ARL/TR-039. Australian Radiation Laboratory, Melbourne.

Cruz, C.R., Rodriguez, S.J. and Cala, R.V., 1986. Distribution of lead, cadmium, copper, and chromium among
different solid phases in some types of soils. An. Edafol. Agrobiol., 45: 613 -630.

Debertin, K. and Helmer, R.G., 1988. Gamma and X-ray Spectrometry with Semiconductor Detectors. Elsevier,
Amsterdam, 286 pp.

Gibson, M.J. and Farmer, J.G., 1986. Multi-step sequential chemical extraction of heavy metals from urban soils.
Environ. Poll. Ser. B., 11: 117-135.

Lima, V.T. and Penna-Franca, E., 1988. Uptake of endogenous and exogenous *°Ra by vegetation samples from
soils of a highly radioactive region. Radiat. Prot. Dos., 24: 123-126.

Schotzig, U. and Schrader, H., 1989. Halbwertszeiten und Photonen-Emissionswahrscheinlichkeiten von hiufig
verwendeten Radionukliden. PTB-Report PTB-Ra-16/3. 3. Auflage. Physikalisch Technische Bundesanstalt,
Braunschweig.

Siemon, K., Esterlund, R.A., Knaack, M., Van Aarle J., Westmeier, W. and Patzelt, P., 1991. Neumessung der
Gamma-Intensititen von **™Pa als Zerfallsprodukt des >**U. In: H. Jacobs and H. Bonka ( Editors), Strahlen-
schutz fiir Mensch und Umwelt. Tagungsband FS-91-55-T, Verlag TUV Rheinland, Kéln, pp. 1094-1100.

Tessier, A., Campbell, P.G.C. and Bisson, M., 1979. Sequential extraction procedure for the speciation of partic-
ulate trace metals. Anal. Chem., 51: 844-851.

Voss, H.A., Williams, G.A. and Cooper, M.B., 1983. The speciation of radionuclides in sediments and soils. Part
11. Studies with a sequential organic extraction procedure. Rep. ARL/TR-058. Australian Radiation Labora-
tory, Melbourne.

Zeien, H. and Briimmer, G.W., 1991. Chemical extraction in the determination of binding forms of heavy metals
in soils. Ber. Oekol. Forsch., 6 ( Auswirkungen von Siedlungsabfillen in Boeden auf Bodenorganismen und
Pflanzen), pp. 62-91.



