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Summary of the PhD thesis 

 

Chapter 1. Introduction  

The conservation of soil resources is critical to human well-being as consequences of 

increasing demands for food production in the context of a continuous increasing world 

population and climate change (Nguyen et al., 2012). The present interdisciplinary study comes 

into prominence with the aim of the application and development of nuclear-based techniques for 

the assessment of soil erosion and deposition processes on the degraded fields from Romania. 

Aim of the work 

The thesis concerns the applications of fallout radiotracers (
137

Cs, 
210

Pbex and 
7
Be) for the 

assessment of soil erosion and deposition and also specific problems related with the main 

spectrometric technique employed for the radionuclide determination in soil samples. 

The first major goal was to test and improve fallout radionuclide (FRN) methodologies for 

the estimation of soil redistribution to cultivated and uncultivated fields from NW Romania. The 

specific objectives of the work performed on the application of FRNs to soil erosion study can be 

summarised as: 

(i) to simultaneously use 
137

Cs and 
210

Pbex inventories for the medium-term and long-term 

assessment of soil erosion and deposition rates on Romanian cultivated soils and also for 

determining the effects of changes in tillage practices on soil erosion magnitudes in our country; 

(ii) to estimate the soil erosion and deposition rates affecting Romanian pastureland using the 
137

Cs method, and to highlight the impact of the input parameters (e.g. the reference inventory, 

the Chernobyl contribution, diffusion coefficient and the convective velocity for 
137

Cs, particle 

size correction factor) used in the Diffusion and Migration Model (DMM) for uncultivated fields 

on the derived estimates; 

 (iii) to verify one of the key assumptions underlying the application of 
7
Be technique, i.e. the 

uniformity of radionuclide deposition associated with erosive events (heavy rainfalls). 

The second major goal of the thesis deals with specific issues of the radiometric techniques 

used for the determination of FRNs in soil samples, namely gamma-ray spectrometry. Although 

many spectrometric techniques (gamma spectrometry, alpha spectrometry and liquid scintillation 

counting) are available for the determination of the total 
210

Pb and 
226

Ra (needed to determine the 

excess 
210

Pb), 
137

Cs and 
7
Be are commonly measured in environmental samples only by means of 

gamma spectrometry. One of the greatest advantages of this technique is that all radionuclides of 

interest can be determined by only one spectra acquisition, making possible the quick 

determination of FRNs within a large number of samples that are needed in soil redistribution 

research. Yet, the reliability, accuracy and precision in measurement is of high importance 

within the scientific community, and erroneous results in FRN activities can lead to major 

discrepancies in assessed erosion rates. In this respect, the following specific objectives were 

highly important for this work: 

(i) internal check and external validation of the gamma-measurements performed within the 

radiometric laboratory of the Faculty of Environmental Science and Engineering (FESE) through 
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intercomparison of the radionuclide activities determined by gamma spectrometry and/or 

alternative methods (alpha- and beta-spectrometry) in the same soil samples between 5 

international laboratories; 

(ii) the efficiency calibration of the high-purity germanium gamma-detectors (HPGe) from the 

faculty laboratory and further validation of the results through participation to the worldwide 

Proficiency Test organized by the International Atomic Energy Agency (IAEA). 

The thesis is structured in 8 chapters: one introductory part, two chapters which present 

literature data regarding the application of fallout radioisotopes in soil erosion studies and the 

basic principles of gamma-spectrometry, four chapters which describe the original contributions 

of the thesis and one final chapter which summarises the major conclusions and presents aspects 

of future research in the field. Alpha- and beta-spectrometric analysis and parts of the gamma-

measurements were carried out by the author during a research stage of 7 months at the IAEA 

Seibersdorf Laboratories, Austria. 

 

Chapter 4. The effects of tillage practices on soil erosion and deposition rates using 
137

Cs 

and 
210

Pbex 

As a result of change in the government policy at the beginning of 1990s, the Romanian land 

resource was reassigned to the original landowners resulting in a great number of small farms 

and the division of the agricultural land into narrow plots and fields, favouring the increase of 

soil erosion extent and magnitude in many Romanian territories. The objectives of this work are: 

(i) to assess the soil erosion and deposition rates on Romanian cultivated soils using both 
137

Cs 

and 
210

Pbex (excess lead) inventories in bulk and incremental soil core samples, (ii) to study the 

effects of tillage practices on soil erosion pattern, and (iii) to determine the potential of 
210

Pbex as 

tracing technique (in complement to the 
137

Cs method) to estimate soil redistribution magnitude. 

The agricultural area under investigation is located in the central part of the Transylvanian 

Plain, in ’Mureş’ watershed (N46°36’, E24°06’). The soil type in this area is a Cambic 

Chernozem sandy textured clay, with a medium slope gradient of 10%. 

According to information provided by local farmers, this field was cultivated across the slope 

by private owners from 1946 to 1959. From 1959 to 1991, after the institution of the local 

agricultural cooperative (CAP), all agricultural plots were ploughed together up and down slope 

increasing soil erosion processes. 

The technique of the radiotracer is based on a comparison between the radionuclide 

inventories in the study area and the mean inventory in a flat ‘reference area’, not affected by 

soil redistribution processes. Collection of soil samples was undertaken at the beginning of 

October 2011 during two field campaigns, following the way of two transects in the study field. 

The first reference site selected was a courtyard of an abandoned house covered by generous 

vegetation and the second reference site was selected in a relatively flat area of a country path 

under consistent grass cover, on the back of the hill. The activities of 
137

Cs and 
210

Pbex in soil 

samples were determined by non-destructive gamma spectrometry using an ‘N’ type high purity 

germanium detector (34% relative efficiency). The self-absorption correction factor was 
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experimentally determined and applied for the total 
210

Pb, considering the lower gamma line at 

46.5 keV. 
210

Pbex was determined as difference between the activities of the total 
210

Pb and 
226

Ra 

from soil. For physicochemical characterization additional top soil samples were collected. 

The 
137

Cs depth profiles showed similar patterns for the two reference areas selected. The 
137

Cs areal concentration for the incremental soil core of the first reference site totalled 6640 Bq 

m
-2

 (Figure 1a). Most of the 
137

Cs content (92%) was found in the first 15 cm of the soil profile 

and its presence was not detected below 30 cm depth. For the second reference site, the 
137

Cs 

inventory had a value of 4560 Bq m
-2

 (Figure 1b). 

The mean reference inventory for the 10 soil profiles was determined at 5460 ± 880 Bq m
-2

. 

The incremental and bulk reference inventories ranged from 4560 Bq m
-2

 to 6950 Bq m
-2

, and 

indicated an admissible degree of spatial variability in 
137

Cs areal activities (the coefficient of 

variation (CV): 16%). Analyses have also been made to determine the 
210

Pbex activities in the 

incremental soil core from the first reference site, but the 
226

Ra values (which gave the supported 
210

Pb) were higher or equal compared with the total 
210

Pb, resulting in no 
210

Pbex. The presence 

of abundant vegetation, the lack of significant fresh 
210

Pbex inputs or increased radium activities 

in soil, and thereby increased concentrations of supported 
210

Pb, can clearly limit the use of 
210

Pbex in soil redistribution investigations, if the reference value cannot be determined. The 

measured 
210

Pbex inventory at the second reference site was 9640 Bq m
-2

, 95% confidence. 

 

a)               b)  

 

Figure 1. a) 
137

Cs depth distribution at the first reference site; b) 
137

Cs and 
210

Pbex depth 

distributions at the second reference site. 

 

Inventories of 
137

Cs and 
210

Pbex at the study site highlighted different values for the two 

transects (Figure 2), mainly caused by the field topography and different ploughing practices of 

the plots where the soil cores were collected; however they had similar trend along the slope. 

Most of the 
137

Cs inventories (except for the two higher points of each transect) were above the 
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reference value, on both transects, reflecting potentially an accumulation of soil and associated 
137

Cs. However, most of the 
210

Pbex inventories were smaller than the reference value (except for 

sampling points located at the bottom of the field), showing different temporal characteristics of 

soil redistribution comparing with 
137

Cs. The levels of 
210

Pbex and 
137

Cs inventories measured at 

the different sampling points within the field were influenced by the change in tillage practices 

associated with the liquidation of the local CAP in 1991. In the last 21 years, the field was 

cultivated in narrow plots across the field (except two wider plots located in the higher and the 

lowest part of Transect 1) and hence reducing the soil loss. 

 

a)       b)  

 

Figure 2. a) 
137

Cs and 
210

Pbex inventories (kBq m
-2

) for Transect 1; b) 
137

Cs and 
210

Pbex 

inventories (kBq m
-2

) for Transect 2; 

 

Significant positive Pearson’s correlations were found between the 
137

Cs and 
210

Pbex 

inventories (r = 0.76, p = 0.002), and between the medium sand content (with the diameter from 

0.25 mm to 0.5 mm) and the 
137

Cs (r = 0.71, p = 0.004) and 
210

Pbex (r = 0.62, p = 0.019) 

inventories, reflecting the increased inventory at depositional sites, which are sand rich. 

The conversion of 
210

Pbex and 
137

Cs inventories into soil redistribution rates (t ha
-1

 yr
-1

) was 

done using two radiometric models employed in cultivated fields for 
137

Cs: Mass Balance Model 

2 (MBM2) and Mass Balance Model 3 (MBM3), and for 
210

Pbex: Mass Balance Model (MBM) 

and Mass Balance Model with Tillage (MBMT) (Zapata, 2002). 

 

Table 1. Parameters used in radiometric conversion models 

Parameters Transect 1 Transect 2 

Bulk density (kg m
-3

) 1570 1623 

Particle size factor P 1.258 - 2.108 0.737 - 2.391 

Particle size factor P' 0.366 - 0.854 0.469 - 0.832 

Reference inventory 
137

Cs (Bq m
-2

) 5460 5460 

Reference inventory 
210

Pbex (Bq m
-2

) 9640 9640 

Proportional factor 0.7 0.7 

Relaxation depth (kg m-2) 4 4 

Sampling year 2011 2011 

Tillage depth (kg m
-2

) 314 324.6 

Tillage constant (kg m
-2

 yr
-1

) 258.6 363.6 
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The 
137

Cs method gives an estimation of the soil redistribution processes for the last 25 years, 

considering the high contribution of the Chernobyl Cs (~73%) in the area. The radical changes in 

the Romanian farming practices, starting at the beginning of the 1990s, led to most plots from 

the study site being ploughed across the field, resulting in erosion reduction. The results were in 

the same order of magnitude when comparing the values obtained by applying the two 

radiometric models for 
137

Cs. The high erosion rate values determined by the 
210

Pbex technique 

reflect particularly well the up and down ploughing practices from the time of the local 

agricultural cooperative (CAP), starting in the late 1950s. The resulting net erosion rates from 
210

Pbex measurements, for both transects demonstrated moderate to high risk for surface erosion, 

averaged over the last ~ 60 years. 

The combined application of 
137

Cs and 
210

Pbex measurements represents the first attempt to 

quantify changes in soil erosion magnitude in Romania. Long-term estimates provided by 
210

Pbex 

revealed moderate to high risk of soil erosion, mostly due to the improper cultivation practices 

up and down slope during the local agricultural cooperative, integrating a period of 30 years 

(1959 - 1991). Along with the changes in the cultivation system (across the slope) at the 

beginning of 1990’s, the erosion risk decreased and the middle-term redistribution rates provided 

by the 
137

Cs approach showed a preponderant accretion process in the field. The values derived 

from the two models were comparable and also showed a good correlation with the measured 
137

Cs inventories. The study highlighted very well the influence of the cultivation practices on 

soil erosion processes given by the combined use of the two radiotracers with different origins 

and half-lives. The results demonstrate a close relationship between the measured inventories of 
137

Cs and 
210

Pbex and the derived soil redistribution rates provided by both radiometric methods. 

 

Chapter 5. Uncertainty related to input parameters in radiometric derived-soil 

redistribution rates model: The case of undisturbed soils 

There is still a lack of information and guidance for an accurate determination of some of the 

parameters involved in the radiometric models of soil redistribution. This is especially the case 

when a nuclear accidental release has a major contribution to the overall 
137

Cs inventory in soil, 

which could be a noticeable source of uncertainty in erosion and sedimentation radiometric-

derived evaluation. The objectives of our study were: 

(i) to apply the convection-diffusion equation for the 
137

Cs soil depth profile in a Romanian 

reference site using the least square fitting procedure for the determination of the effective 

diffusion coefficient and the convective velocity of both Chernobyl and bomb-originated cesium; 

(ii) to highlight the impact of the input parameters (the reference inventory, the Chernobyl 

contribution, the diffusion coefficient, D and the convective velocity, v for 
137

Cs, the particle size 

correction factor) used in the Diffusion and Migration Model (DMM) for uncultivated fields; 

(iii) to assess the soil erosion and deposition rates affecting Romanian pastureland using 
137

Cs. 

Soil samples were collected in a degraded pastureland from Cluj county, Somes watershed, 

located at the west extremity of the Transylvanian Plain (N46º52', E23º45'). This grassland has a 

complex topography with prominent acclivities and average slope of 10%. Two sampling 
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campaigns were conducted in November 2010 and July 2011. Twelve soil cores were taken to 40 

cm along two parallel transects. To establish the mean reference value for the 
137

Cs inventory, 

five sampling points (one incremental and 4 composite soil from 3 nearby sampling points) were 

randomly considered in a flat undisturbed grassed terrace situated about 500 m west from our 

study site. Two HPGe detectors, one ‘N’ type and one ‘P’ type with relative efficiencies of 34% 

and 30% respectively, were employed for the gamma analysis. Several soil physicochemical 

properties were determined by analysing additional soil samples corresponding to each soil core, 

such as texture, pH, oxidation-reduction potential (ORP), electrical conductivity (EC), total 

dissolved solids (TDS), water content (%), bulk density and humus content (%). 

The convection-diffusion model was fitted to our available experimental data set to describe 

the 
137

Cs behaviour and penetration in soil after both contaminations occurred (firstly in 1963, 

and subsequently in 1986). The 
137

Cs inventory for the investigated area was approximated based 

on the model of Sarmiento and Gwinn (1986). A 
137

Cs areal activity of 766 Bq m
-2

 could be 

expected for the nuclear-bomb deposit at the time of sampling. The difference of the inventory 

between the total experimental content of 
137

Cs within the incremental soil profile and the 

nuclear tests represents the expected Chernobyl derived 
137

Cs, reaching 1823 Bq m
-2

. The 

variation of these parameters was limited to a maximum of 5% for the fitting procedure.  

Applying the least square fitting, the v2 = 0.350 cm yr
-1

 and D2 = 0.321 cm
2
 yr

-1
 values were 

obtained for the depth migration of bomb-derived cesium, and v1 = 0.097 cm yr
-1

 and D1 = 0.15 

cm
2
 yr

-1 
for the Chernobyl cesium distribution in soil. The depth migration of 

137
Cs with 

distinctive origin appeared to be quite different. As highlighted by Figure 3, the deeper 
137

Cs 

peak profile which appeared around 15-20 cm indicates a broader longitudinal dispersion of 

nuclear tests-derived cesium, while the peak associated to the Chernobyl event was found close 

to the soil surface at 2.5-5.0 cm. 

 

Figure 3. Experimental depth distribution of 
137

Cs in the reference site, Chernobyl and the 

nuclear tests fitting curves 
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The two transects (T1 and T2) do not show similar patterns of downslope variation in cesium 

inventories (Figure 4). The distinction is mostly due to the field topography, with prominent 

acclivities and falls in the north-eastern part of the study field (first transect). 

 

a)   b)  

Figure 4. a) 
137

Cs inventories (kBq m
-2

) for T1; b) 
137

Cs inventories (kBq m
-2

) for T2. 

 

The averaged 
137

Cs reference site inventory of the five composite soil profiles was measured 

by Iurian et al. (2012) at 3160 ± 867 Bq m
-2

 (areal inventory ± standard deviation, 2σ confidence 

interval), with a coefficient of variation (CV) of 27%. The key parameters needed for running the 

DMM radiometric model for cesium are: (i) the reference inventory (Bq m
-2

), (ii) the migration 

velocity, v (kg m
-2

 yr
-1

) and the effective diffusion coefficient, D (kg
2
 m

-4
 yr

-1
), (iii) the 

Chernobyl contribution (%) to the total 
137

Cs inventory in the study area, (iv) the particle size 

correction factors (P and P'), and (v) the relaxation depth (H), for which the input value of 5 kg 

m
-2

 is considered for undisturbed fields (Walling et al., 2002). These parameters have been 

determined using our experimental data set, apart from the H value, which is difficult to 

determine empirically as the current 
137

Cs fallout flux is negligible, being impossible to replicate 

the past situation during the main period of fallout. 

Because of the preponderant Chernobyl 
137

Cs in the investigated area relative to the nuclear 

tests-derived 
137

Cs (ratio between Chernobyl 
137

Cs and bomb-derived 
137

Cs about 4:1), it can be 

considered that the results derived from the 
137

Cs data modelling give estimates of the yearly 

average soil redistribution rates over the 1986-2010 period (2010 being the sampling year). 

 

Table 2.  List of parameters used in the radiometric conversion model (DMM) 

Parameter Value 
137

Cs inventories (Bq m
-2

)                                 1157 - 4629 

Particle size correction factor P 1.01 - 1.67 

Particle size correction factor P’ 0.33 - 0.76 

Reference inventory 
137

Cs (Bq m
-2

) 3160 

Relaxation depth, H (kg m-2)                                 5 

Sampling year (yr)                                                   2010 

Chernobyl contribution (%)                                     72% 

Distribution coefficient D (kg
2
 m

-4
 yr

-1
) 28.2 

Convection velocity v (kg m
-2

 yr
-1

)                  2.012 
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Table 3. Assessment of soil redistribution rates 

Assessment of soil redistribution rates Value 

Gross erosion rate (t ha-1 yr-1)  -12.2 

Mean erosion rate in the eroding areas (t ha
-1

 yr
-1

) -16.2 

Mean deposition rate for the depositional areas (t ha
-1

 yr
-1

) 4.2 

Net erosion rate (t ha
-1

 yr
-1

)  -6.6 

Sediment delivery ratio (%)   54% 

 

The author demonstrated that neglecting the contribution of only one of these input 

parameters, the final results can be significantly over- or under- estimated (Figure 5). 

 

 

Figure 5. Sensitivity analysis of the input parameters in DMM radiometric derived-soil 

redistribution rates model (negative values of the soil redistribution rates represent net erosion 

and positive values net sedimentation) 

 

The Romanian Soil Erosion Model (ROMSEM) (Moţoc et al., 1979) gives estimates of the 

water erosion rates (t ha
-1

 yr
-1

) based on: rainfall record, land use information, field observations 

and topographic data. The ROMSEM calculated value of -4.17 t ha
-1

 yr
-1

 is comparable with the 

medium-term net erosion rate obtained with the DMM. 

Soils of the investigated area are all fine textured, however a differentiation could be made 

between the two transects. The humus content of the collected soil samples from Jucu area 

varied from low (about 2%) to high (about 5%), with lower values recorded for the second 

transect, where also the erosion processes appeared to be marked. Using the statistical software 

GraphPad Prism 6, the Pearson's correlation coefficients between 
137

Cs total inventories (0–40 

cm) and the different phisicochemical parameters measured in the 12 soil samples, showed that 
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the 
137

Cs inventory was significantly positive correlated (0.05 level) with the humus content (r = 

0.63) and the ORP (r = 0.59) and negatively correlated (r = -0.60) with the pH. 

By application of the diffusion-convection equation for the 
137

Cs depth profile in our 

reference area the experimental results were well fitted. An estimation of the bomb-derived 
137

Cs 

amount was determined according to the precipitation regime and the geographical location of 

our investigated area. Thus, the Chernobyl contribution in the selected reference site was 

determined at 72% of the total 
137

Cs inventory. The effective diffusion coefficient and the 

convective velocity of 
137

Cs for undisturbed soil were statistically derived for both Chernobyl 

and nuclear tests using the convection-diffusion equation. The assessment of net soil erosion rate 

for Romanian pastureland using the DMM for 
137

Cs was -6.6 t ha
-1

 yr
-1

. This result is comparable 

with the predicted medium-term soil erosion rate obtained by ROMSEM.  

As highlighted in this contribution, the DMM is very sensitive to the different input 

parameters and particular care is required in their estimation. The predicted erosion rates are 

positively related to D, v and Chernobyl contribution, but inversely related to the particle size 

correction factors. As suggested by the findings of our study, integrating a way in the conversion 

models to assess the impact of the uncertainty around the model’s parameters will be a big asset. 

Confidence intervals should be established for the reliable estimates of the derived redistribution 

rates and upper and lower bounds should be considered and integrated in the conversion models.  

 

Chapter 6. Spatial distribution of 
7
Be in soils after heavy rains 

The experiment and gamma-measurements of soil samples were carried out by the author at 

the IAEA Soil and Water Management & Crop Nutrition Laboratory from Seibersdorf, Austria, 

over a period of 4 months research stage, during which Ms. Andra-Rada Iurian has worked under 

the supervision of Mr. Long Nguyen, Mr. Gerd Dercon and Mr. Joseph Adu-Gyamfi. 

The spatial uniform distribution of the pre-existing 
7
Be and the one associated with the 

rainfall event represent key assumptions in soil erosion studies. Due to the limited number of 

samples that must be measured in a relatively short time because of the rapid decay of beryllium-

7, these assumptions are not verified for the reference site. The objective of the present research 

was to assess the spatial variability of 
7
Be after two consecutive heavy rainfalls within a small 

plot in Seibersdorf experimental field. 

The study field which meant to be validated as reference site was selected in a flat area, 

unvegetated and undisturbed since the last tillage in autumn 2011. The study site was situated 45 

km south of Vienna (N47°58’; E16°30’), Lower Austria, on the experimental field of the IAEA 

Laboratory from Seibersdorf. After an extended period with rains of relative small intensities and 

with no evident erosive influence on soils, two consecutive storm events occurred in Seibersdorf 

area at the end of July 2012 producing a total rainfall of 81 mm in 6 days. Considering the 

regional and synoptic patterns characterised by Seibert et al. (2007), which can cause the 

appearance of heavy precipitation events in Austria, and knowing that high rainfall amounts of 

33.6 mm accumulated in 12 hours in 20-21 of July and 28.2 mm in 3 hours in 25 of July, 

respectively, these events could come under heavy rainfalls. 
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a) b)  

 

Figure 6. a) Daily precipitation record (mm d
-1

) for the study site during the period January 2010 

- July 2012; b) hourly precipitation data for the period with maximum rainfall intensities 

 

In order to reach all detectable 
7
Be, the soil profiles were collected to a depth of 40 mm. All soil 

cores were sampled using the Fine Soil Increment Collector (FSIC), developed and tested by the 

IAEA Laboratory from Seibersdorf (Mabit et al., 2013). 

 

a)             b)  

 

Figure 7. Soil core inside the stainless steel tube of the FSIC: (a) during sampling, and (b) 

during the incremental scraping 

 

Ten soil cores were collected from the investigated site. For one incremental soil core, 2.5 

mm slices were considered, while the other cores were sectioned in 20 mm slices to avoid the 
7
Be dilution in the whole soil mass. Gamma-spectrometric analyses were performed using a 

HPGe Ortec detector, with 110% relative efficiency.  

The 
7
Be depth profile in Seibersdorf soil showed an exponential decrease until 25 mm, as 

expected (Figure 8), with maximum activity (13.7 Bq kg
-1

) recorded in the first 2.5 mm layer. 

The relaxation mass depth (h0) for the investigated site was obtained from the exponential 

equation fitting (Figure 8) and had a value of 6.9 kg m
-2

. An average inventory of 312 Bq m
2
 was 

calculated for the 10 points within the selected area. This mean value corresponded to a total 

rainfall of 295 mm in the last 5 months prior sampling, as this represents the timing in which the 

highest 
7
Be activity at soil surface will decay until the minimum detectable activity (MDA). 
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Figure 8. The vertical distribution of 
7
Be in soil. Error bars represent relative combined 

uncertainties at 95% confidence level. 

 

Table 4. 
7
Be inventories (Bq m

-2
) for the sampling points and the summary statistics 

Soil profile identification 
7
Be inventory 

(Bq m
-2

) 

Combined standard 

uncertainty 

(Bq m
-2

) 

P1 227 84 

P2 302 45 

P3 280 47 

P4 329 51 

P5 232 50 

P6 332 70 

P7 294 60 

P8 392 81 

P9 334 50 

P10 401 73 

Aritmetic mean (Bq m-2) 312 

Standard deviation (STD) 58 

Coefficient of variation (CV%) 19% 

 

The resulted coefficient of variation (CV) has an acceptable value of 19% for a flat 

undisturbed field with no evidence of soil movement after the occurrence of heavy rains. Thus, 

the experimental site from Seibersdorf can be considered as suitable reference site for further 

investigation on soil erosion using 
7
Be. 

The use of fallout 
7
Be in soil and sediment dynamics is still in its incipient phase and further 

work is required to fully exploit its potential. This study presents preliminary results on spatial 
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variability of 
7
Be in soil, in order to validate a key feature of the radiotracer behaviour, which 

has to be considered when using it as tracer of soil movement. 

The coefficient of variation of 19%, obtained for a small plot showed an acceptable degree of 

variability. It also demonstrates the suitability of the experimental field as reference site within 

forthcoming soil redistribution researches. However, there is a need to better understand the 
7
Be 

depositional flux in this area and to provide further validation of the assumptions related with the 

use of 
7
Be in soil redistribution studies under wider fields. 

 

Chapter 7. Specific issues in gamma-ray spectrometry 

Measurement validation through intercomparison 

The analytical performance of the present laboratory procedure employed for gamma 

measurements was not externally evaluated through participation in worldwide proficiency tests 

or intercomparison exercises. However, in 2007 efforts have been made to validate the incipient 

methodologies used for gamma-measurements (Timar et al., 2007). Thus, an intercomparison 

exercise was conducted between international radiometric laboratories, with particular interest in 

a suite of natural radionuclides (including the anthropogenic 
137

Cs) in soil samples in order to 

validate the accuracy of the gamma-measurements performed in the faculty laboratory, as 

external validation procedure. Two laboratories from Hungary (Central Radiological 

Laboratory, Hungarian Agricultural Authority, Budapest and Institute of Radiochemistry and 

Radioecology, University of Pannonia, Veszprem) and one radiometric laboratory from Austria 

(Division of Physics and Biophysics, Department of Materials Research and Physics, University 

of Salzburg) were involved in this intercomparison. Additionally, the samples were measured 

within the IAEA Terrestrial Environment Laboratory from Seibersdorf during the research stage 

performed by Ms. Andra-Rada Iurian. Three types of measurements were performed at the IAEA 

Laboratories for these intercomparison exercise: (i) two gamma-measurements in different 

sample containers (cylindrical, B87 and disk, B5), and (ii) alpha- and beta analysis as alternative 

method for 
226

Ra and 
210

Pb determinations. 

This intercomparison exercise aimed to: (i) check the accuracy of the analytical results 

produced by the FESE Laboratory from Cluj-Napoca and used by the author to derive soil 

erosion estimates for the Transylvanian Tableland, (ii) find remedial actions for the gamma-

procedure employed by the faculty laboratory, where failures in measurements performance is 

detected, (iii) check the comparability of the measurement results within participant laboratories, 

and (iv) check the most suitable analytical technique for the determination of the proposed 

radionuclides in soil samples.  

The samples to be measured contained soil from an undisturbed court yard of an old house 

from Mureș area (Romania), and represented a whole soil core, until 40 cm, with 5 cm layers, 

used as reference soil profile within a study of soil erosion assessment (Iurian et al., 2013). The 

soil was air-dried and then oven-dried 24 hours at 105⁰C. After manually grinding and sieving to 

1 mm, the material was enclosed in plastic containers (named B5 disk geometry) with 72.9 mm 

external diameter, 1.16 mm wall and bottom thickness, and 14 mm height, sealed with electrical 
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band and stored for minimum three weeks to reach equilibrium between 
226

Ra, 
222

Rn and their 

progenies. Eight soil samples circulated amongst the participant laboratories for the 

determination of 
137

Cs, 
226

Ra, 
210

Pb, 
40

K and 
228

Ac mass activities (Bq kg
-1

, dry weight) using the 

methods applied in each laboratory routine work, basically gamma-ray spectrometry. 

Two Ortec HPGe detectors are currently in use within the Alpha and Gamma Spectrometric 

Laboratory from Cluj-Napoca: (i) one Ortec P-type coaxial detector (GEM30P4) with Al 

window, 30% relative efficiency and a resolution of 1.85 keV at 1.33 MeV line of 
60

Co, and (ii) 

one Ortec N-type coaxial detector (GMX30P4-ST) with Be window, 34% relative efficiency and 

a resolution of 1.92 keV at 1.33 MeV line of 
60

Co. The gamma-ray spectrometry facilities also 

incorporate passive background shielding (old lead tower of 8 cm thickness with an additional 

Cu shield inside the tower, of 3 mm). 

The gamma-measurements performed within the faculty laboratory employed a direct 

calibration method and certified reference materials sources of known activity (IAEA-375, 

IAEA-312, IAEA-447). The disadvantage of the method is that only the radionuclides present in 

the reference material can be measured. Corrections were made for background and for decay 

with the sampling day (October 1
st
, 2011). An additional self-absorption correction was 

employed for 
210

Pb using an experimental approach. The internal validation procedure employed 

two distinctive approaches: (1) replicate measurements of soil samples, using the same direct 

calibration method and the same reference source, and (2) measurements of secondary certified 

standard samples with similar composition and geometry. 

The experimental approach employed for self-absorption correction of low-gamma energy of 
210

Pb relies on the transmission procedure initially proposed by Cutshall et al. (1983) and 

modified by Khater and Ebaid (2008). The self-absorption factor used in the 
210

Pb activity 

determination, with respect to the IAEA-447 reference material sample was given as the ratio 

between the relative transmission factor for the IAEA-447 and the relative transmission factor 

for each soil sample. Neglecting the self-absorption effect for the low gamma-energy of 
210

Pb, 

would result in the underestimation of its activity concentration in soil samples from Zau by 

about 16.5%. 

The gamma-measurements of the eight soil samples used in the intercomparison exercise 

were carried out by the author at the IAEA Terrestrial Environment Laboratory from 

Seibersdorf, Austria, over a period of three months research stage, during which Ms. Andra-Rada 

Iurian worked under the supervision of Ms. Alessia Ceccatelli, PhD. The activity of natural-

occurring radionuclides (
210

Pb, 
226

Ra, 
228

Ac, 
40

K, 
235

U) and anthropogenic 
137

Cs in soil samples 

was determined using two broad-energy Canberra detectors, BE5030P and BE2825, with carbon-

epoxy window, shielded with 15 cm of lead. Both detectors were efficiency calibrated with a 

volumetric radioactive source of mixed radionuclides, in B87 cylindrical geometry (inside 

diameter 55.91 mm, wall thickness 1.34 mm, bottom wall 1.82 mm) with density 0.985 g cm
-3

, 

certified by the Czech Metrology Institute. For the internal validation of the present 

measurements, the IAEA-447 reference material was used. 
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To take account of the effect of sample geometry when determining the sample activity for a 

specific radionuclide, the soil samples were measured both in the original B5 geometry and in 

B87 geometry. Comparing the two measurements, higher discrepancies were highlighted by 
226

Ra due to the strong correction for the interfering peak of 
235

U and the high statistic 

uncertainty which accompanied the 
235

U activity determination by gamma spectrometry. 

To account for differences between the automated and manually evaluation of the photopeak 

efficiency at different energies, activity results using the LabSOCS automated derived 

efficiencies were also reported. The relative bias (%) between the calculated mass activity of 

each radionuclide using the experimental true photopeak efficiency, and the activity obtained 

with the LabSOCS efficiency ranged between -14% (for 
40

K measured with BE2825 detector) 

and 12% (for 
210

Pb), for all samples and each geometry (B87 and B5). 

Decay-corrections have been applied for the multigamma standard solution with the reference 

time given in the Certificate during the efficiency calibration procedure, and for the soil samples 

with the reference date of the field sampling (October 1
st
, 2011). Corrections for geometry and 

self-attenuation effect, true coincidence summing corrections for standardised solution and 

samples and corrections for background and interfering radionuclides were also considered. 

The elemental composition and mass attenuation coefficients of the soil used in 

intercomparison are required to compute the correction factors for radionuclide activity 

determinations. The XCOM: Photon Cross Section Database (Berger and Hubbell, 1987) was 

further on used to calculate the total attenuation coefficients for the soil samples from Zau. The 

evaluation of the soil matrix composition was performed by X-ray fluorescence spectrometry 

using the X-Press 3635 and EDXRF spectrometer (Spectro XLab 2000) from the IAEA Physics 

Section Laboratory, NA Division of Physical and Chemical Sciences from Seibersdorf, during 

the research stage of Ms. Andra-Rada Iurian at the IAEA Laboratories. 

The 
210

Pb and 
226

Ra content in soil samples was independently evaluated by liquid-

scintillation counting (LSC) and alpha spectrometry, as alternative methods to gamma-ray 

spectrometry. These measurements were carried out by the author at the IAEA Terrestrial 

Environment Laboratory from Seibersdorf, over a period of three months research stage, during 

which Andra-Rada Iurian worked under the supervision of Mr. Kis-Benedek Gyula, PhD. 

The method presented here is commonly applied in the practice of the IAEA Terrestrial 

Environmental Laboratory (Shakhashiro et al., 2012; IAEA, 2010) and it is based on a simple but 

efficient simultaneous separation of Pb and Ra from Ba (Sill, 1987; Vajda et al. 1997). After the 

radiochemical separation procedure, 
226

Ra is determined by isotope dilution alpha spectrometry 

and 
210

Pb by liquid scintillation counting. Sr Spec resin was chosen for the simultaneous 

separation of lead and radium. In the case of lead, the chemical recovery was checked 

gravimetrically, using Pb
2+

 inactive carrier in the form of Pb(NO3)2 solution, while for 
226

Ra 

analysis, the 
225

Ra (daughter of 
229

Th) has been used. The determination of chemical recovery is 

possible via 
217

At at 7.07 MeV using ingrowth decay equations, as 
217

At shows no interferences 

with other alpha-peaks (Jia et al., 2006, 2007).  
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Two replicates were prepared for each of the four soil samples considered for radiochemical 

determinations, together with one IAEA soil reference material (IAEA447) for quality assurance 

and one blank sample for background check. Alpha-spectrometic system (Ortec OCTETE, with 

PIPS detectors) and Canberra Genie 2000 software were used for the determination of radium 

activity in soil samples. The 
225

Ac activity reached a maximum after 17.4 days, growing into a 

maximum of 44% of the initial 
225

Ra spike. 

a) b)  

 

Figure 9. Alpha spectra of radium in a soil sample using 
225

Ra tracer and registered: (a) 3.7-8 

days after the Ra/Th separation; (b) recounted about 17 days after separation 

 

Beta-spectrometric analyses of 
210

Pb sources were performed with Wallac Quantulus 1220 

Liquid Scintillation Spectrometer. Three running measurements were performed (200 minutes / 

measurement) for samples and background using the double window method. This method 

allowed us to correct the contribution of ingrowing 
210

Bi to the total 
210

Pb region (Figure 10). 

 

 

 

Figure 10. Beta spectrum of 
210

Pb with double window selection 

 

The results reported by five international radiometric laboratories for 
137

Cs, 
210

Pb, 
226

Ra, 
40

K 

and 
228

Ac mass activities in eight soil samples were evaluated for intercomparison. Each 
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participant laboratory gave values of gamma-spectrometric measurements for the same soil 

samples in B5 geometry, but implying different methods for the efficiency calibration of their 

gamma detectors. The data of all participants were firstly evaluated for the relative bias between 

the analyst value and the reference value, expressed as percentage. As there were no assigned 

activity values for this intercomparison exercise, the reference values were calculated for each 

radionuclide in each soil sample as the arithmetic average of all reported activity values. The 

Maximum Acceptable Relative Bias (MARB) was set to 25% for all radionuclides in all samples. 

Figures 11 show the final results of the laboratories as a relative bias (%) to the proposed 

mean reference values for the radionuclides of interest in all soil samples. The laboratory names 

were codified with Arabic numbers, and the IAEA different techniques were additionally 

codified with uppercase letters: 5A code for the gamma results in disk geometry (B5), 5B code 

for the gamma data in cylindrical geometry (B87) and 5C code for alpha- and beta-

determinations. The laboratory from Cluj-Napoca received code 1. As it can be seen, the least 

problematic determinations were those of 
228

Ac and 
40

K. In the case of 
137

Cs, the reported values 

showed higher relative bias for samples with lower activities. 
210

Pb was not as problematic as 

expected due to the problems related with the correction of self-attenuation effect at low 

energies. Only one laboratory had a systematic discrepancy compared with the proposed mean 

values due to the omission of self-attenuation correction in activity determination. 

 

a)  

 

b)    c)             
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d)    e)  

 

Figure 11. Individual results of each sample measured by each laboratory, given as bias relative 

to the averaged reference value for (a) 
137

Cs, (b) 
210

Pb, (c) 
226

Ra, (d) 
40

K, (e) 
228

Ac. The 

established MARB is represented dotted line. 

 

The most problematic results of the present intercomparison were found for 
226

Ra. Only 68% 

of the reported values were situated within the MARB. Yet, successfully results were only 

obtained by the first two laboratories and also by the IAEA for B87 geometry. One laboratory 

did not report any values for radium. However, the most consistent results reported for 
210

Pb and 
226

Ra evaluated data were derived from alpha-ray spectrometry and liquid scintillation counting. 

The individual Z-score was calculated for each radionuclide to assess the Cluj-Napoca 

laboratory performance in terms of accuracy. This procedure was accepted as a standard for 

ISO/IUPAC (ISO, 1997). The target standard deviation was established to a fixed value of 10%. 

The Z-score performance of the laboratory is presented in Figure 12, for each considered 

radionuclide. The dotted lines represent the acceptable and questionable limits of performance. 

 

 

 

Figure 12. Z-score evaluation for the laboratory from Cluj-Napoca 
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The measurements performed by the faculty laboratory show overall acceptable results for 

accuracy. From all the radionuclide data reported by the Cluj-Napoca laboratory, 34 results 

(92%) were acceptable (Z ≤ 2), 2 results were questionable and one not-acceptable. The results 

obtained for 
137

Cs, 
210

Pb and 
226

Ra validate the gamma-spectrometric measurements of soil 

samples, performed for the radiometric modelling of soil erosion. 

Overall, only 13% from a total of 206 evaluated results were out of the maximum acceptable 

relative bias of 25%. 
40

K and 
228

Ac showed very small differences relative to the mean reference 

value, while the higher discrepancies were found for 
226

Ra, due to the many uncertainties related 

with its accurate determination through gamma-ray spectrometry. Still, satisfactory results can be 

obtained for all radionuclides, if all the corrective measures are being considered for the activity 

determinations. In the case of soil redistribution studies, dealing with hundreds of samples, the 

simultaneous determination of radiotracers and quicker procedures at low costs are optimum and 

can be assured only by means of gamma-ray spectrometry. In this consideration, the quality 

control procedures, participation in proficiency tests and intercomparation exercises are at 

maximum importance to assess the validity of the gamma-results. The Z-score analysis of the 

results reported by the laboratory from Cluj-Napoca within this intercomparison was used to 

evaluate the laboratory performance for accuracy and showed a normalized average analytical 

performance of 92%. 

 

The involvement of the participant laboratories and the technical staff that took part in this inter-laboratory 

comparison and contributed with their time and facilities to the present work is highly acknowledged. 

 

The calibration of the HPGe detectors from Cluj-Napoca radiometric laboratory  

The calibration procedure is presented with the aim to be used for radionuclide analysis 

within the faculty laboratory for: (i) activity measurements of gamma emitting radionuclides in 

environmental samples with different matrix comparing with the reference material, or (ii) 

measurements of short-live radionuclides, which were not possible using the direct calibration 

method. This represents the first attempt to experimentally calibrate these detectors in efficiency. 

It has to be mentioned that previous work carried out by our research group used computed 

efficiencies for the energies of interest using a Monte Carlo Code, namely GES-Gamma Electron 

Efficiency Simulator, version 2.7 (Fulea, 2009).  

As both detectors have been previously calibrated in energy, our objective was to verify the 

stability of the system energy calibration and to correct if necessary. The energy calibration 

checking was performed using a certified water-equivalent 
152

Eu source (Sahagia and 

Grigorescu, 1992) and one 
241

Am point source. Perfect correlation between energy and channel 

number was found for both detectors at the time of measurement (April 2013) and there was no 

need for correction. The variation of the peak resolution has been also investigated through short 

time measurements of 
152

Eu and 
241

Am certified sources and a good dependence has been found 

between the resolution of both detectors and the gamma-energy. After several years of 

continuous running, the detectors resolution is still in the guaranteed values. The efficiency 

calibration of HPGe detectors has been performed with RGU-1 and RGTh-1 certified materials 
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provided by the IAEA, which have been prepared using natural U and Th ore, respectively, 

diluted with floated silica powder. Our calibration method also included pure crystals of KCl. 

The aluminium sample containers were very well sealed with glue and electrical band, to prevent 

radon and thoron losses. For background corrections, an empty geometry was measured in the 

same conditions for a longer period. The true photopeak efficiency was obtained after correcting 

for coincidence summing (where needed) using the available code EFFTRAN (Vidmar, 2005, 

Vidmar et al., 2011). The efficiency fitting curve was described for the GEM detector by a 4-

order polynomial function to fit the natural logarithm of efficiency to the logarithm of energy. 

 

 

Figure 13. The efficiency curve of the Ortec GEM detector (144 – 2447 keV) 

 

A very good fit (R
2
=0.9997) could be obtained for the efficiency curve, using the three natural 

radioactive sources within an energy range from 144 keV to 2447 keV. One IAEA reference 

material, IAEA-375 soil with known activity for 
137

Cs and 
40

K has been used for the internal 

validation of the efficiency calibration curve. The results obtained for the two radionuclides 

contained by the IAEA-375 reference material, at different gamma energies, showed a good 

agreement in comparison with the certified values and therefore validate the experimental 

calibration curve for GEM detector. 

The efficiency fitting curve for the GMX detector is given in Figure 14 as a 4-order 

polynomial function in natural logarithm scale using the Excel chart function Trendline. Two 

calibration curves were fitted: one in the low energy range (< 250 keV) and the second in the 

high energy scale (> 250 keV) of the spectrum, with a common point between. This method 

allowed us to obtain a better fitting for both efficiency curves. The internal validation of the 

efficiency calibration curve was performed with three IAEA reference materials: IAEA-447 soil-

moss, IAEA-375 soil, IAEA-372 hay. The validation results obtained for reference materials are 
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satisfactory and therefore validate the experimental calibration curves for the entire spectra 

region and also for different matrix samples. 

 

 

Figure 14. The efficiency curve of the Ortec GMX detector (25.5 – 1461 keV) 

 

In addition to the internal laboratory validation, the proposed efficiency calibration procedure 

and the laboratory performance in radiometric measurements was verified through participation 

in Proficiency Test (IAEA-TEL-2012-03 worldwide open proficiency test on the determination of 

radionuclides in water, hay and soil) organized by the IAEA Laboratories from Seibersdorf. Ms. 

Andra-Rada Iurian was involved in all gamma-measurements, spectra and data analysis 

performed for this worldwide Proficiency Test. In this external performance evaluation, each 

participating laboratory received 5 standard samples (3 water bottles, one soil box and one hay 

box), accompanied by an information sheet and a report form. The performance of the 

participant laboratories was evaluated for accuracy and precision relative to the target values 

established by the IAEA. This represented the first participation of our laboratory in a worldwide 

proficiency test employing gamma measurements of environmental samples with different 

matrix (water, hay, soil). The reported results were in close agreement with the target activity 

values provided by the IAEA, having a normalized average analytical performance of 92.9% and 

also showing reasonably good precision evaluated as the relative standard uncertainty. This 

external evaluation emphasis the fact that the GMX N type spectrometric system used for the 

gamma measurements was correctly calibrated in energy and efficiency. Only the value reported 

for 
210

Pb exceeded the MARB given by the IAEA, but it was still below the 25% relative 

difference. The influence of soil composition on the efficiency transfer factors at lower energies 

could be one of the reasons for discrepancy in 
210

Pb result. 

A method of efficiency calibration for the two HPGe gamma-ray detectors of the FESE 

laboratory was described, as significant part of environmental radioactivity measurements. For 
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practical and cost saving purposes, the calibration involved certified natural sources which 

contained U and Th radioactive series in equilibrium, namely the IAEA RGU-1, RGTh-1 and 

additionally KCl crystals. The present study represents the first attempt for an experimental 

efficiency calibration of the gamma detectors from the Cluj-Napoca FESE Laboratory. 

The internal validation results obtained through gamma measurements of the reference 

materials (IAEA-447, IAEA-372 and IAEA-375) showed very good agreement with the 

reference values for different matrix materials. Moreover, the calibration was externally 

validated through participation in the IAEA-TEL-2012-03 Proficiency Test, organized by the 

IAEA Laboratories from Seibersdorf. The overall results of the Cluj-Napoca laboratory had a 

normalized average analytical performance of 92.9%. 

 

Chapter 8. General conclusions and future directions 

The potential of fallout radionuclides for soil erosion assessment has attracted the attention of 

the research community over the last decades. The key findings of the thesis are listed below. 
 

(1) The present thesis aimed to further explore the 
137

Cs applications in soil erosion for the 

Romanian landscape. Thus both 
137

Cs and 
210

Pbex have been used to assess the magnitude of soil 

redistribution for an intensive cultivated field, located on the Transylvanian Plain, Mureș county. 

Combining the two radiotracers, a long-time and medium-time retrospective assessment of the 

soil redistribution rates could be obtained and reflected well the changes occurred in Romanian 

agriculture system in 1991. A limitation of the lead approach in soil erosion studies could be 

identified within this application, as 
210

Pbex was not present in one reference site, with abundant 

vegetation cover. 
 

(2) Another application concerned the 
137

Cs approach used to derive soil erosion estimates on 

a degraded pastureland from Jucu area, Cluj county. The diffusion-convection equation and the 

least square fitting were applied for the 
137

Cs depth profile in our reference area. This alternative 

method has been used to statistically determine the diffusion and migration coefficients for both 

Chernobyl and bomb-derived cesium, parameters required for the running of Diffusion and 

Migration Radiometric Model. The net soil erosion rate derived from the model was comparable 

with the predicted medium-term soil erosion rate obtained by the conventional approach 

(ROMSEM equation). The sensitivity analysis of the parameters required by the radiometric 

model showed that this can be very sensitive to the different input parameters and particular care 

must be considered in their estimation, especially in areas affected by Chernobyl fallout. 
 

(3) Preliminary results were also obtained regarding the application of 
7
Be to assess short-

time changes of soil redistribution. One of the key requirements of any radiometric modelling is 

the spatial uniform distribution of the radiotracer. In the case of beryllium, this assumption is 

commonly not verified due to the short half-live of 
7
Be and the great number of samples that 

have to be measured in a short time. The coefficient of variation of 19%, obtained for an 

experimental plot after two consecutive storm events at the end of July 2012, showed an 
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acceptable degree of variability for 
7
Be and therewith a way of quantifying the uncertainties of 

erosion estimates. 
 

(4) Moreover, the thesis emphasises the importance of accurate and precise gamma-

measurements involved in soil erosion radiometric modelling. Thus, an intercomparison exercise 

was organized between 5 international laboratories for radionuclide determination in soil 

samples from Zau reference area (Mureș county). Different procedures were employed for the 

gamma spectrometric evaluation of soil samples by the different laboratories, but also alternative 

methods (alpha-spectrometry and liquid scintillation counting) were applied. Integrating all data, 
226

Ra showed to be the most problematic radionuclide when gamma-spectrometry is employed in 

its determination. Overall, a normalized average analytical performance of 92% was achieved by 

the Cluj-Napoca laboratory, confirming the reliability of the gamma-measurements performed in 

soil samples. 
 

 (5) Measurements of short-lived radionuclides in soil (e.g. 
7
Be) were not possible in the 

faculty laboratory, based on the direct calibration method used for 
137

Cs, 
210

Pb and 
226

Ra. Thus, a 

method of efficiency calibration for the two HPGe gamma-ray detectors of the FESE laboratory 

was proposed, as significant part of all environmental radioactivity measurements. This 

represents the first attempt to experimentally calibrate these detectors in efficiency. For practical 

purposes, the calibration involved certified natural sources which contained U and Th radioactive 

series in equilibrium, namely the IAEA RGU-1, RGTh-1 and additionally KCl crystals. The 

method has been internally validated using IAEA reference materials (IAEA-447, IAEA-372 and 

IAEA-375) and externally validated through participation in the IAEA-TEL-2012-03 Proficiency 

Test, with very good results. The success of this calibration represents a step forward for future 

applications of short-life radiotracers in soil redistribution studies in Romania. 
 

Although the FRN technique for the assessment of soil redistribution magnitude has been 

widely applied in recent years, a future goal still remains to further validate the assumptions 

relying on the technique in different environments and landscapes, to refine the modelling and its 

input parameters and to further exploit its potential (Guzmán et al., 2013). Moreover, 

uncertainties should be accounted and integrated in the software tool modelling within a 

confidence interval and considering the variation of the input parameters. 
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