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a b s t r a c t

This paper presents the results of measurements of 137Cs in soils in Pest County, Hungary. We investigated
forty five soil monoliths from monitoring locations of a countrywide Soil Information and Monitoring
System (SIMS) at depths of 0e30, 30e60, 60e90, 90e120 and 120e150 cm. The 137Cs concentrations were
determined by gamma spectroscopy.We found that only the upper layer of soil (0e30 cm) contained 137Cs
above the detection limit (0.5 Bq kg�1). The 137Cs concentration values ranged from the detection limit to
61.1 Bq kg�1 � 2.2 Bq kg�1 and were lognormally distributed. The concentrations had a geometric mean
6.4 Bq kg�1 and a geometric standard deviation 2.3 (an arithmeticmean 9.5 Bq kg�1, an arithmetic standard
deviation 11.3 Bq kg�1). We constructed a 137Cs map for Pest County this is the first detailed 137Cs map in
Hungary. Concentrationswere systematically higher (10.0e61.1 Bq kg�1) than average in the Pilis and Buda
Mountains and the Northern part of the Gödöll}o Hills. In contrast, low concentrations (0.0e10.0 Bq kg�1)
characterized the southern part of the Gödöll}o Hills, the Pest Plane and the Börzsöny Mountains. Two
highest values were 46.9 Bq kg�1 and 61.1 Bq kg�1: one of these localities, a loamy brown forest soil was
chosen to study relationship between 137Cs migration and clay materials of the soil. According to differ-
ential thermal analysis (DTA) and x-ray diffraction (XRD) analyses, illite and kaolinitewere dominant in the
soil. The amount of claywas closely proportional to 137Cs concentration (R¼ 0.89). At the locality having the
highest surface concentration, 78% of the total detected 137Cs concentrationwas measured in the top 3 cm
layer of soil profile and there was no detectable concentration below 20 cm. This result indicates that
penetration of 137Cs into the soil is a very slow process in this case. Analysis of this depth profile showed
lower 137Cs migration parameter values (effective diffusion coefficient and migration velocity) than
predicted in a previous study for brown forest soils in the same area of Hungary.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

A major global source of 137Cs in the environment today is from
the atmospheric testing of atomic weapons in the period
1945e1963 (UNSCEAR, 2000). Several radioactive nuclides were
released into the stratosphere and eventually settled on the Earth’s
surface. This settlement was mostly uniform on a regional scale (De
Cort et al., 1998). In Europe this global distribution was later
changed by the Chernobyl accident (April 1986). The radioactive
cloud following the accident contained a large number of different
radioactive isotopes in different physicochemical forms (IAEA,
2006; Ivanov et al., 1997). The heat and fire from the explosion
; fax: þ36 1 381 2212.
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vaporized volatile elements (such as the 137Cs) and these moved
into the troposphere and, depending on the weather conditions,
spread all over Europe. The major way of 137Cs deposition is wet
fallout; it is therefore strongly dependent on the precipitation.
Based on 86 measurements in Hungary (De Cort et al., 1998), the
spatial distribution showed slightly higher 137Cs activities in the
northern and northwestern part of the country compared with
other areas (this difference was also detected by 19 additional
measurements by Szerbin et al. (1999)).

The half-life of the 137Cs is 30 years; it therefore remains in the
environment,mainly in the soil, for decades. If it then transfers to the
vegetation, it can have ecological effects. It is known that there is
a strong relationshipbetween the claycontentof the soil and its 137Cs
retention. Laboratory experiments on clayminerals have shown that
the most important factor controlling cesium retention is the ability
of layer silicates such as vermiculites, illites, micas to adsorb the
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cesium (Tamura and Jacobs, 1960; Tamura, 1964; Valcke and
Cremers, 1994). Cesium-137 can be sorbed on potassium rich clay
minerals in different ways since its sorption affinity to the various
sites of clay minerals (surface, interlayer, interlayer edge) varies. The
highest cation selectivity is at the frayed edge sites (FES). These sites
are mainly accessible only for monovalent cations with low hydra-
tion capacity (e.g., K, Cs, Rb). TheCs is geochemically verysimilar to K,
therefore Cs can substitute K, particularly in FES sites of weathered
2:1 layer silicates (e.g., illite). However, even in soils where the 2:1
layer silicates are only a small part of the clay component, their high
binding capacity for Cs gives them great significance (Cornell, 1993).

Several studies have described the migration of 137Cs in soils
(Kirchner et al., 2009 and references therein). This process is gov-
erned by a combination of different physicochemical factors,
including but not limited to the type of soil, soil chemistry, organic
carbon content, biological activity, climatic conditions and the pH
dependent sorption. The most important determining factor,
however, is the qualitative and quantitative clay content of the soil.
The 137Cs mobility is also affected by soil constituents; for instance,
the sorption of Cs increases with decreasing organic matter content
(Valcke and Cremers, 1994; Staunton et al., 2002).

Themigration velocity of 137Cs in soils shows large variety. There
are several models that try to describe this migration. The most
frequently applied model is the so-called convectionediffusion
model. In this model the time dependence of the 137Cs depth
distribution is described by three parameters: the magnitude of the
concentration, the effective diffusion coefficient and the effective
convection velocity (Almgren and Isaksson, 2006; Ivanov et al.,
1997; Konshin, 1992; Szerbin et al., 1999). In Hungary Szerbin
et al. (1999) and Koblinger-Bokori et al. (2000) studied 137Cs
content in soil profiles with the convectionediffusion migration
model using “static” initial condition (i.e.: the initial flux of the 137Cs
is taken to be zero) on the surface. The known time dependence of
the curves allowed estimating the vertical 137Cs distribution for
several years following the date of the measurements. Bossew and
Kirchner (2004) used a more realistic initial condition of a pulse-
like fallout and provide a better description.

In this paper we (1) study the spatial distribution of 137Cs
concentration in soils at five depth levels down to 150 cm and
construct a detailed 137Cs map for Pest County (Central Hungary)
using about 8 times higher sample site density than that used in the
study by De Cort et al. (1998) for the same area, (2) investigate the
relationship between 137Cs concentration and clay content in
aggregate-size fractions of the uppermost layer of the soil at
a characteristic sampling site, and (3) compare the vertical distri-
bution of 137Cs concentration measured in 2009 to those measured
14 years ago in Hungary (Szerbin et al., 1999) to describe migration
features of the 137Cs at the site and test the validity of the prediction
of the migration model.

2. Experimental: material and methods

2.1. Material

Undisturbed soil samples were taken from 45 out of the 68
soil profiles collected in 1992 at the monitoring locations established
for Central Hungary by the Hungarian Soil Information and Moni-
toring System (SIMS) (Fig. 1 and second column of Table 1). SIMS
locations were selected by soil experts responsible for a particular
region, and the selection was based on all available soil information
and the expert’s professional opinion at the time. A very wide range
of soil characteristics can be continuously measured by these moni-
toring locations providing a unique opportunity for collection of
detailed information on the state of the soils over time, which in turn
enables the recognition of trends in the change of their condition. The
maximum depth of these soil profiles was 150 cm. Monoliths con-
sisted of one representative soil sample taken from each of the depths
between 0e30, 30e60, 60e90, 90e120 and 120e150 cm.

For more detailed analyses, we collected a representative soil
sample from depth of 0e10 cm on a loamy, brown forest soil
(cambisol). The sample was taken after clearing the ground surface
of rock debris, pebbles, vegetations and roots. The identification of
the location is SIMS point E0713 (hereafter referred to as sample
E0713A) (Fig. 1). The sample was dried at room temperature then
dry-sieved for at least 5 min using Fritch type sievingmachine, thus
separating the sample to 7 aggregate-size ranges of <0.063 mm,
0.063e0.125 mm, 0.125e0.25 mm, 0.25e0.5 mm, 0.5e1 mm,
1e2 mm, >2 mm. Since the dry sieving technique is not capable
of separating aggregates into grains, small grains can remain inside
or on the surface of large aggregates. Though wet sieving is capable
of separating grains, it also dissolves Cs and therefore washes it out
from the sample, we avoided the wet sieving. Accordingly, the end
result of this procedure was a collection of aggregates which
retained their original 137Cs content.

To investigate the migration of 137Cs, we need to determine its
vertical distribution in the soil. The latter depends, among other
things, on the time elapsed since its fallout. In September 2009 at
the sampling site E0713, we took 15 samples from a 60 cm deep soil
profile, referred to as E0713B, in a distance of 10 m from the E0713
SIMS point (Fig. 1). This 60 cm soil profile was sampled in 15 layers
of width 3e5 cm (0e3, 3e8, 8e12, 12e16, 16e20 cm, etc.).

2.2. Analytical methods

2.2.1. Gamma spectroscopy
The 137Cs concentration of soil samples and aggregate-size

fractions were determined using GC1520-7500SL coaxial type
HPGe detector (energy resolution 1.8 keV at 1 MeV, detection limit
(DL) 0.5 Bq kg�1). The samples (mass between 10 g and 42 g in case
of SIMS point samples, and 200 g in case of samples E0713A and
E0713B) were placed into cylindrical aluminum cans for measure-
ments. The 137Cs concentration was determined using the standard
method of evaluating the 661 keV peaks of the spectra (Knoll,
1989). The duration of each measurement was at least 16 h. The
efficiency of the detection was calculated by Monte-Carlo simula-
tion. In the case of the SIMS samples from 1992, the 137Cs
concentration values measured in 2009 were adjusted back to the
date of the sampling using the standard radioactive decay law.

2.2.2. X-ray diffraction analysis
The mineralogical composition of the sample was qualitatively

determined by X-ray diffraction analysis. To identify the type of clay
minerals of the E0713A soil sample, a Philips PW 3710 X-ray
diffractometer was used. This device uses a standard setup (Cu Ka
(l ¼ 1.5417 Å) radiation). The major mineral phases of the sample
were identified using X-ray mineral database (Jenkins and Snyder,
1996).

2.2.3. Thermal analysis
The mass of certain components of the sample that lose some of

their mass as temperature increases can quantitatively be deter-
mined. We used thermal analysis to determine the clay content of
the aggregate-size fractions of the E0713A soil sample. The thermal
analysis was conducted using a Q-1500D derivatograph apparatus,
which simultaneously registers data coming from TG (thermogra-
vimetric analysis), DTG (differential thermogravimetric analysis)
and DTA (differential thermal analysis) during heating. About
500 mg of material from each size fractionwas used at atmospheric
pressure and at the heating rate of 10 �C/min starting at room
temperature going up to 1000 �C (sensitivities: TG 200, DTG 1/10 in



Fig. 1. Map of the studied area, Pest County (Central Hungary) with topographical features. Black circles indicate the sampling sites of the Soil Information and Monitoring System
(SIMS), and the sampling points E0713A and E0713B.
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case of standard Al2O3 sample calcinated at 1000 �C). Clay mineral
content was calculated from the mass loss in the temperature
interval of 545e575 �C. This corresponds to the mass loss of
structurally bounded water from clay minerals (Brown, 2001).
3. Results

3.1. Cesium-137 concentration in the samples from the 45 SIMS sites

According to our measurements, 137Cs content was present only
in the upper 30 cm layer of the studied SIMS sites. Concentrations
in the top layer ranged from the DL (0.5 Bq kg�1) to
61.1 � 2.2 Bq kg�1 (Table 1). The two highest values (46.9 Bq kg�1

and 61.1 Bq kg�1) were found at the Gödöll}o Hills (E0313) and the
western foot of the Buda Mountains (E0713). Otherwise, the
concentrations were below 21 Bq kg�1 (Table 1). The 137Cs
concentration was below the detection limit in the deeper layers
(30e150 cm) at all sites (Table 1).
3.2. Mineralogical composition of the E0713A soil sample

Based on the X-ray diffraction analysis, the major mineralogical
composition of the E0713A soil sample consisted of two kinds of
clay minerals: illite [(Si7-6,5Al1-1,5O20)(OH)4Al4K11,5 � nH2O]
and kaolinite [Al2O3 � 2SiO2 � 2H2O]. However, quartz, K- and
Na-feldspar were also found (Fig. 2). Based on thermal analysis, the
clay content in the aggregate-size fractions separated from the
E0713A soil sample ranged between 12.5 and 35 m/m%.



Fig. 2. XRD spectrum showing characteristic peaks of minerals. These determine
mineral composition of the E0713A soil sample.

Table 1
Locations of the studied Soil Information and Monitoring System (SIMS) sites in Pest County (Central Hungary) and their relevant features. Cesium-137 concentrations
(Bq kg�1) in top layer of soil (0e30 cm) from these sites are also presented. Uncertainties were calculated from the statistical uncertainties of the net peak area at 661 keV of the
gamma-spectra.

Location Name of
SIMS profile

Type of soil USDA soil
texture

Land use Concentration of 137Cs of the
upper 30 cm of soil (Bq kg�1)

Uncertainty
(Bq kg�1)

Pilis Mts, Buda Mts and
northern part of Gödöll}o Hills

E0313 Chernozem Sandy loam Forest 46.9 1.5
E0713 Cambisols Sandy clay loam Forest 61.1 2.2
E0813 Cambisols Sandy loam Forest 12.3 1.0
E1113 Cambisols Clay loam Forest 20.9 1.5
E1213 Cambisols Silty loam Forest 15.4 2.2
I0813 Luvisols Loam Arable 18.8 1.0
I1413 Luvisols Loam Arable 13.5 0.9
I2013 Cambisols Loamy sand Arable 15.2 0.9
I2113 Fluvisols Silty clay loam Arable 17.0 1.2
I2313 Chernozem Silty clay loam Arable 14.7 0.9

Southern part of Gödöll}o Hills
and Pest Plane

E0213 Cambisols Sandy loam Forest Below the detection limit e

E0413 Cambisols Sand Forest Below the detection limit e

E0513 Cambisols Sand Forest 1.0 0.7
E0613 Chernozem Sandy loam Forest 1.5 0.6
E1513 Chernozem Sandy loam Forest 1.5 0.6
E1613 Fluvisols Loam Forest 6.4 0.9
I1513 Cambisols Silty clay loam Arable 6.2 0.9
I1913 Chernozem Loam Arable 8.4 0.9
I2213 Cambisols Silty clay loam Arable 2.7 0.3
I2413 Chernozem Silty clay loam Arable 7.5 0.7
I2513 Luvisols No data Arable 8.3 0.9
I2613 Cambisols Sandy loam Arable 6.7 0.9
I3113 Chernozem Loam Arable 4.7 1.0
I3213 Chernozem Loam Arable 3.7 0.9
I3313 Luvisols Silty loam Arable 4.3 0.7
I3413 Chernozem Silty clay loam Arable 4.9 0.9
I3513 Solonetz Sandy clay loam Arable Below the detection limit e

I3613 Chernozem Silty clay loam Arable 3.7 1.2
I4113 Luvisols Sandy loam Arable 4.0 0.6
I4213 Chernozem Sandy loam Arable 3.3 0.6
I4313 Cambisols Loamy sand Arable 4.3 0.6
I4613 Chernozem Sandy loam Arable 3.7 0.6
I4913 Chernozem Silty loam Arable 4.0 1.5
I5713 Chernozem Silty loam Arable 4.7 0.9
I5813 Solonetz Clay loam Arable 4.3 0.9
I5913 Chernozem Silty loam Arable 2.7 1.5
I6013 Cambisols Loamy sand Arable 9.6 0.7
I6113 Luvisols Loam Arable 4.1 1.0
I6313 Chernozem Loam Arable 4.4 0.9
I6713 Cambisols Sandy loam Arable 4.7 0.9
S7613 Cambisols Sand Grassland 6.4 0.9
S7913 Chernozem Loam Grassland 8.7 0.9

Börzsöny Mts. E1313 Leptosols Silty loam Forest 8.6 1.6
E1413 Leptosols No data Forest 4.6 0.9
S8113 Regosols Clay loam Forest 8.3 0.9
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3.3. Cesium-137 concentration of samples from soil profile E0713B

Cesium-137 concentrations in 15 layers of E0713B soil profile
(0e3, 3e8, 8e12, 12e16, 16e20 cm, etc.) were highest
(85.9 � 1.1 Bq kg�1) in the uppermost layer (0e3 cm) and the value
decreased rapidly with depth. In the deeper layers 3e8 cm,
8e12 cm, 12e16 cm and 16e20 cm, the 137Cs concentrations
were 10 � 0.4 Bq kg�1, 4.3 � 0.3 Bq kg�1, 0.7 � 0.3 Bq kg�1 and
0.8 � 0.3 Bq kg�1, respectively (see Fig. 6 for the histogram repre-
sentation of these results). In layers below 20 cm the 137Cs
concentrations were below the detection limit.
3.4. Cesium-137 concentration in the aggregate-size fractions of
0e10 cm from soil sample E0713A

The highest 137Cs concentrations (43.4 � 2.5 Bq kg�1 and
39.8 � 2.5 Bq kg�1) were measured in the 0.25e0.125 mm and the
finest fractions (<0.063 mm) (see Fig. 5 for the representation and
discussion of these results).
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4. Discussion

4.1. Statistical analysis of our 137Cs measurements

Using the Statgraphics Centurion XV software package, we
determined the arithmetic and geometric means and the
standard deviations of the 137Cs concentrations from the dataset
(upper 30 cm layer of the SIMS points (see Table 1)). We calcu-
lated an arithmetic mean of 9.5 Bq kg�1, standard deviation of
11.3 Bq kg�1, geometric mean of 6.4 Bq kg�1 and geometric
standard deviation of 2.3.

We applied a Chi-Squared test to our measurement results to
find a probability distribution that models the frequency distribu-
tion of 137Cs concentration. Using Maximum Likelihood Estimation
(MLE) method searching for best fit, lognormal, Weibull, expo-
nential and gamma distributions were tested. P-values (the prob-
ability of obtaining a test statistic at least as extreme as the actually
observed) were 0.05, 0.02, 0.0005, 0.0007, for lognormal, Weibull,
exponential and gamma distributions, respectively. This shows that
the best fit distribution is a lognormal distribution at 5% signifi-
cance level (Fig. 3).

The concentration values contained two relatively high values
(46.9 and 61.1 Bq kg�1) and this prompted us to do a general testing
for outliers in the data using a Grubbs test. Since this test identifies
and treats potential outliers in the case of normal distributions, we
had to transform our lognormal distribution to a normal distribu-
tion by log-scaling. After setting the significance level at 0.05, the P-
value for the test came out to be 0.20 indicating that there were no
significant outlier data values to the lognormal distribution in our
measurement results.

As the sites of these soil samples are considered to be repre-
sentative in the study area, the two fitted parameters above can
characterize the average 137Cs concentration in the top 30 cm of
soils in the study area. This layer is of particular importance for
ecological studies, as it is the layer for the roots of plants
(Papastefanou et al., 1999; Yu et al., 1998).
4.2. Cesium-137 spatial distribution map of Pest County

The benefit of using the existing samples from the 45 SIMS sites
in our study is that it gives about 8 times higher site density in Pest
County than the site density used for the same area in the 137Cs
atlas of Europe (De Cort et al., 1998) and, therefore, yields a more
accurate set of data. The spatial distribution of the 137Cs concen-
tration values are illustrated on a map using ArcGIS software
package (Fig. 4). This map can be considered the first detailed 137Cs
Fig. 3. Frequency distribution of 137Cs concentration in the upper 30 cm of the Soil
Information and Monitoring System (SIMS) profiles and the fitted lognormal
distribution.
map of Central Hungary. Concentrationswere systematically higher
(10.0e61.1 Bq kg�1) than average (9.5 Bq kg�1) in the Pilis and Buda
Mountains and the northern part of the Gödöll}o Hills. In contrast,
low concentrations (0.0e10.0 Bq kg�1) characterize the southern
part of the Gödöll}o Hills, the Pest Plane and the Börzsöny
Mountains.

As it is generally known, the contribution from the Chernobyl
accident to the surface distribution of 137Cs follows the amount and
areal distribution of precipitation in the days after the accident. In
the area of Pest County, actual precipitation was recorded by the
Hungarian Meteorological Service (OMSZ) on two days: 29 April
and 8 May. According to the precipitation maps of Hungary for
these two days (OMSZ,1986), the average amount fallenwas 31mm
in the vicinity of Budapest and the northern part of Gödöll}o Hills.
On the other hand, on the southern part of the Gödöll}o Hills,
Börzsöny Mountains and Pest Plane the amount was lower than
14 mm (OMSZ, 1986). This difference can be attributed to the
geomorphologic features of the studied area: the northern and the
western parts of Pest County are mountainous where more
precipitation can occur whereas the eastern and southern parts
have only hills and plains where precipitation is usually moderate
or less (Fig. 4). Thus, the spatial precipitation distribution is
a plausible explanation to the non-uniform spatial 137Cs distribu-
tion of the area.
4.3. Relationship between 137Cs concentration and clay contents of
soil sample E0713A

Relationship between the 137Cs concentration and clay content
in the different aggregate-size fractions of soil sample E0713A is
shown on Fig. 5. Aggregate-size fraction >2 mm was not used,
because the upper limit of the aggregate-size fraction is uncertain.
Both the highest 137Cs concentrations and the highest clay contents
were found in the fractions of 0.5e0.25 mm and <0.063 mm. In
addition, correlation was found between 137Cs concentration and
clay content for the studied six aggregate-size fractions; the
correlation coefficient was 0.89 (P-value is 0.012). According to the
XRD analysis (Fig. 2), soil sample E0713A contained illite and
kaolinite clay minerals, which are major Cs sorbers (Tamura and
Jacobs, 1960; Tamura, 1964; Valcke and Cremers, 1994); some
further soil components also contribute to the Cs sorption. This
correlation result is in agreement with several laboratory experi-
ments confirming the sorption of Cs in these clay minerals (Cornell,
1993; Tamura and Jacobs, 1960; Valcke and Cremers, 1994).
4.4. Modeling the migration of cesium and interpreting our
measurement results on the vertical distribution

About 78% of the total detected 137Cs concentration was
measured in the top 3 cm portion of soil profile E0713B and there
was no detectable concentration below 20 cm (Fig. 6). The current
model for describing the migration of 137Cs is a measurement-
based convection-diffusion model introduced by Bossew and
Kirchner (2004). This model assumes physicochemical processes
to control the vertical migration of radionuclides in soil and takes
into account a pulse-like fallout initial condition denoted by J0. The
function describing the vertical distribution of cesiumwith a given
initial condition J0 is:

cðx; t; J0;D;vÞ

¼ 1
r
J0e
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(
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Fig. 4. Cesium-137 distribution map of Pest County (Central Hungary) based on the data from the upper 30 cm layer portion only of the 45 SIMS sampling sites (data in Table 1).
Cesium-137 values were adjusted for radioactive decay to the year 1992. The 137Cs concentration value of a particular location is indicated by radii and color of location points.
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where c is the 137Cs concentration in Bq g�1 from a given source t
years after the initial condition occurred. J0 is the initial pulse-like
deposition density (Bq cm�2), D is the effective diffusion coeffi-
cient (cm2 y�1) and v is the effective migration velocity (cm y�1).
The effective migration parameters can be derived from the phys-
ical diffusionedispersion parameters in the soil solution (D0) and
thewater flow velocity (v0) in the followingway:D¼D0/Rd, v¼ v0/Rd
(where Rd is the retardation factor). The factor of 1/r converts the
Bq cm�2 values to Bq g�1 using the r bulk density in g cm�3.

There were two sources of 137Cs in the atmosphere: the Cher-
nobyl accident (J01) and the nuclear tests between 1945 and 1963
(J02). The date of this latter is taken to be 1963 (23 years before the
Chernobyl accident; this is the term t þ 23 in the formula) since the
amount of released 137Cs peaked in that year. The solution (cm) is
the simple sum of the two solutions (linear differential equation),
where the indices 1 and 2 indicate the Chernobyl and the nuclear
test sources respectively.

cmðx; tÞ ¼ cðx; t; J01;D1; v1Þ þ cðx; t þ 23; J02;D2; v2Þ (2)

We applied the method of least squares to fit the function
cm(x,t¼ 23.6 yrs) to the vertical distribution data from sampling site
E0713B (the time value 23.6 years comes from the date of the
Chernobyl accident and the date of the sampling in 2009). The two



Fig. 5. Cesium-137 concentration and clay content of aggregate-size fractions of soil
sample E0713A from Pest County (Central Hungary).
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sources of 137Cs (J01, J02) have different magnitudes. The value of J02
(nuclear tests) was estimated based on already existing data
following the idea from Almgren and Isaksson (2006) of using 137Cs
deposition maps. Accordingly, the J02 initial deposition density was
calculated using data from the appropriate map (Residual Levels of
137Cs Deposition from Atmospheric Weapon Test, Effective on 1
May,1986) of cesium atlas of Europe (De Cort et al., 1998). The value
of 2.9 kBqm�2 was given by the map and this was adjusted for time
elapsed since 1963, providing a value of 4.8 kBqm�2. The Chernobyl
contribution (J01) was calculated from the total (nuclear
tests þ Chernobyl) fallout. This total was determined from our
measured 137Cs concentration values at this site, adjusted back to
1986, using the following formula:

Jtotal ¼ eltr
Xn
i¼1

cmðxiÞDxi ¼ J01 þ J02e
�lDt (3)
Fig. 6. Vertical distribution (thick line curve and histogram) of the 137Cs concentration
measured in this study at site E0713B (loamy brown forest soil (cambisol)) and the
analogous curve predicted for 2009 (dashed-dot line) using the best fit parameter
values from dataset SZP1995 and the migration model (Eq (2)), for comparison. Dotted
and dashed lines indicate the contributions of the two 137Cs sources: the Chernobyl
and the nuclear tests, respectively.
where n ¼ 5 (number of studied soil layers), r ¼ 1.6 g cm�3 the soil
bulk density, cm(xi) is the concentration at depth xi, Dxi is the
thickness of layer i, t is the elapsed timebetween 1May1986 and the
time of the measurement and finally Dt is the time difference of the
effective, pulse-like initial conditions of the two sources (23 years).
We obtained Jtotal¼ 9.2 kBqm�2 for the total deposition density as of
1986, thus the Chernobyl contribution has J01 ¼ 6.3 kBq m�2.
Summarizing, we used J01 ¼ 6.3 kBq m�2 ¼ 0.63 Bq cm�2 and
J02 ¼ 4.8 kBq m�2 ¼ 0.48 Bq cm�2 deposition parameters in the
analysis and we limited their variation to a maximum of 10% during
the least square fitting procedure. In order to reduce the number of
fitting parameters, we used D1, v1 and a different Rd retardation
factor for the nuclear test contribution: D2 ¼ D1$k, and v2 ¼ v1$k,
where k is the ratio of the retardation factors for the two 137Cs
contributions, instead of using four independent migration
parameters (D1, v1, D2, v2). The least square fitting procedure
then produced the following values: J01 ¼ 0.64 Bq cm�2,
J02 ¼ 0.43 Bq cm�2, D1 ¼ 0.053 cm2 y�1, v1 ¼ 0.014 cm y�1, k ¼ 4.6.
These values fit well with the data at sampling site E0713B as it can
be seen in Fig. 6.

The Jtotal ¼ 9.2 kBq m�2 fallout value is in agreement with the
data of the total 137Cs deposition map of Hungary in the 137Cs
atlas of Europe (De Cort et al., 1998); this shows the location of
site E0713 to be in the range of 4e10 kBq m�2. Szerbin et al.
(1999) also studied 137Cs migration at several Hungarian loca-
tions to determine the long-term migration of 137Cs. Using their
measurement results and the fitted values of the parameters, they
projected 137Cs depth profiles for different soil types (i.e. brown
forest, meadow, chernozem, rendzina) for 5, 10, 20 years
following the date of their measurements (1995). We selected one
of their sites closest to site E0713 with brown forest soil type and
used its 137Cs depth profile for further analysis (hereafter this
dataset is referred as SZP1995). Applying the fitting procedure
described above, but without restriction on J01 and J02, we
determined the best fit parameters for dataset SZP1995. The value
of the effective diffusion coefficients (D1* and D2*) came out to be
0.36 cm2 y�1 and ¼ 0.48 cm2 y�1 respectively. These values are
higher than the best fit coefficients D1 ¼ 0.053 cm2 y�1,
D2 ¼ 0.24 cm2 y�1 for the depth profile dataset from site E0713B.
The migration velocity parameter values from site SZP1995 of
Szerbin et al. (1999) (v1* ¼ 0.053 cm y�1, v2* ¼ 0.072 cm y�1) are
also higher, but only by a maximum factor of about 4
(v1 ¼ 0.014 cm y�1, v2 ¼ 0.064 cm y�1) (Table 2). To demonstrate
the difference between migration parameter values of site E0713
(this study) and those from site SZP1995, we used the best fitting
parameters of dataset SZP1995 and calculated the values pre-
dicted for 2009 by the model described above (Fig. 6, dashed-dot
line). This predicted depth vs. concentration curve does not fit to
the corresponding curve of dataset E0713B due to the large
difference in the effective diffusion-migration parameter values
mentioned previously.

Kirchner et al. (2009) collected values for the D and v parame-
ters from several European surveys and categorized the parameters
according to soil types and textures. For loamy soils the range
of these parameter values were D ¼ 0.02e2.9 cm2 y�1 and
v ¼ 0.0e0.6 cm y�1. Our calculated fitting parameters
(D1 ¼ 0.053 cm2 y�1, D2 ¼ 0.24 cm2 y�1, v1 ¼ 0.014 cm y�1,
Table 2
Fitted effective diffusion coefficients and migration velocities of dataset E0713B in
comparison with those of dataset SZP1995.

Profile’s name D1 (cm2 y�1) D2 (cm2 y�1) v1 (cm2 y�1) v2 (cm2 y�1)

SZP1995 0.36 0.48 0.05 0.07
E0713B 0.05 0.24 0.01 0.06
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v2 ¼ 0.064 cm y�1), in comparison, are at the lower end of the
ranges cited. This again confirms the extremely slow migration of
137Cs at site E0713B.
5. Conclusions

Based on 137Cs concentration in soil samples from the upper
30 cm layer of soil profiles in Pest County (Central Hungary), we
created a map with 8 times higher site density than the one
currently available. The statistical parameter values of the
lognormally distributed dataset are arithmetic mean 9.5 Bq kg�1,
standard deviation 11.3 Bq kg�1, geometric mean 6.4 Bq kg�1 and
geometric standard deviation 2.3. These characterize the average
137Cs concentration in the uppermost 30 cm layer of soils in Pest
County. Our higher site density was capable of uncovering non-
uniform 137Cs distribution behind the uniform distribution data
available for the study area in the cesium atlas of Europe. We found
consistently high concentrations (10.0e61.1 Bq kg�1) in the Pilis and
Buda Mountains and the Northern part of Gödöll}o Hills, whereas
the Southern part of Gödöll}o Hills, Pest Plane and Börzsöny
Mountains can be characterized as having low concentrations
(0.0e10.0 Bq kg�1).

Analysis of the depth profile of the site with the highest 137Cs
concentration showed lower 137Cs migration parameter values
(effective diffusion coefficient and migration velocity) than pre-
dicted in a previous study for brown forest soils in the same area.
Our study confirms an extremely slow migration of 137Cs at
sampling site E0713B studied in detail. Our geochemical analysis
supports the idea that the 137Cs gets sorbed by the clay minerals
illite and kaolinite during the migration process.
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