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Abstract 
The purpose of the study is to map the soil properties and distribution of natural radionuclides 40K, 238U, 232Th, and 
artificial radionuclide 137Cs along a case study transect in the polar region of Livingston Island (Antarctica). The 
activity concentrations of radionuclides in surface soil samples collected from 21 experimental sites were analyzed. The 
studied polar ecosystems are differentiated according to the type of vegetation cover. The results obtained are discussed 
in relation to soil characteristics such as pH, organic carbon and nitrogen content, mechanical composition. The 
results for the activity concentration of 137Cs in the samples are indicative of radionuclide deposition and radionuclide 
contamination even in the remote polar regions of Antarctica as a consequence of the Fukushima accident (May 2011). 
The results are visualized using GIS technics generating first soil maps for the polar region of Livingston Island 
combined with maps of the distribution of the studied radionuclides. The results obtained indicate the presence of great 
variability of studied indicators and complement the information on polar ecosystem components in the context of 
radioactive and environmental studies.     
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INTRODUCTION 

Remote and isolated polar areas, such as Livingston Island (South Shetland Islands) are likely to represent pristine 
environment where the ecological state of the ecosystems are recognized as reference baseline level for concentrations 
of certain contaminants. In recent years, Antarctica is undergoing rapid and constant environmental changes due to both 
climate trends and anthropogenic factor. Special interest is paid on distribution of radioactive contaminants, both natural 
and artificial. The accidents with Chernobyl Nuclear Power Plant (NPP) in 1986 and later with the Fukushima NPP in 
2011 resulted in the uncontrolled release of radioactive contaminants into the atmosphere, which affected the 
environment of the whole world, also the remote Polar Regions. The concentration of the artificially produced 
radionuclides in Antarctic and sub-Antarctic areas is controlled by their long-range transport. For tropospheric 
transport, a 30-day transit time of the air masses from distant continental regions to the South Pole has been suggested 
by Maenhaut et al. (1979). Pourchet et al. (1997) concluded that despite its isolated location, the radioactive fall-out of 
artificial long-lived radionuclides over Antarctica has been ten times greater than for natural radionuclides. Pourchet et 
al. (2003) provided a detailed and comprehensive map of the distribution patterns for selected natural and artificial 
radionuclides over Antarctica and underlining the irregular distribution of the radionuclides and need of more research 
studies. There is limited knowledge on the distribution patterns and sources of natural and artificial radionuclides is 
soils of Maritime Antarctica. The distribution and deposition of 210Pb, 137Cs and 210Pb in snow, soil and organisms is 
mostly studied in the Antarctic Peninsula (Sbrignadello et al., 1994; Roos et al., 1994, Pourchet et al., 1997, 2003). 
Natural radionuclides such as uranium, thorium and potassium occur in soil minerals and make the major contribution 
to the total terrestrial gamma-ray flux (Beck, 1972; Kiss et al., 1988). In regards to the artificial radionuclides, the 
distribution in these remote Polar Regions is related to the airborne transfer of pollutants and nuclear accidents that lead 
to changes in the radiological status of the components of polar ecosystems.  

Knowledge on detail analyses and visualization of soil properties and radionuclides distribution with limited area 
coverage is needed for further investigations, conservation, and monitoring environmental impacts. Due to atmospheric 
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conditions remote sensing techniques find limited application for the area of Livingston Island; therefore terrain 
parameters needed to be obtained on site during the Antarctic summer season. Mapping soil properties such as pH, 
carbon (C) and nitrogen (N) content, is important to study soil functions, but the spatial resolution and efficiency of 
statistical models to create accurate soil maps, require a number of samples with an appropriate distribution across the 
study area.  

In this paper, we present methodology for spatial analysis and mapping of a case-study area located in the polar region 
of Livingston Island in Antarctica based on qualitative biophysical parameters. The applied mapping approach 
highlights the role of GIS to study the environmental changes in components of the remote polar ecosystems in order to 
optimize the biomonitoring system in Livingston Island.  

MATERIALS AND METHODS 

Study area description 

Livingston Island (62°36'S, 60°30'W) is a part of the South Shetland Islands archipelago and is the second largest after 
King George Island. The glaciers cover almost entirely the island, where the ice cap occupies 87.6% of the surface and 
only about 10% of the coastal area is uncovered by ice during the short polar summer (December-February). According 
to data for Western Antarctic Peninsula, polar territories, characterized by high levels of sensitivity to environmental 
changes, and give clear picture about the impact and pace of the global climate changes. Over the past 50 years, the 
average annual temperature has increased by 3.4°C and average winter temperature - by 6.0°C, making the area one of 
the hottest points of global warming (Bockheim et al., 2013). The average annual temperature on Livingston Island is -
1°C and the temperatures are rather constant during the day, reaching 3°C in summer and dropping to -15°C in winter. 
Strong winds, however, may decrease the real feel and temperatures to drop with 5-10°C lower. The highest daily 
temperature measured so far is 19.9ºC and the lowest is -22.4°C (CEP 2011). The average relative humidity is above 
80% and annual wind speed on is 13.3 km/h. The prevailing winds come from south-southwest and maximum wind 
gust of 150 km/h from east-northeast direction has been recorded in March (Labajo 2008). 

The Bulgarian Antarctic Base “St. Kliment Ohridski” (62°38’25.7”S, 060°21’54.9”W) is situated on the northern part 
of Hurd peninsula and the innermost part of South bay, located on the south part of Livingston Island (Fig. 1). The case-
study area represents the ice-free coastal zone near the Bulgarian Antarctic Base (BAB) and sampling sites are selected 
in terms of accessibility and specific landscape characteristics. 

 

Figure 1. Study plots in the experimental transect of Livingston Island, Maritime Antarctica  
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All sampled soils referred to the type Gelisols (Latin “gelare” - freezing) and the soil profiles reveals evidence of 
taw/freezing processes near the soil surface. Buol et al. (1997) subdivides Gelisols in three groups: Histels, Orthels, and 
Turbels. Due to very slow soil formation process during the short summer season and limited vegetation growth, most 
of the soils store large amounts of organic carbon, accumulated in the upper soil layer. In most areas under the influence 
of glaciation, Gelisols are not very fertile, since nutrients like calcium and potassium are easily leached over the 
everlasting frost layer (Bockheim, 2015). 

Sampling design and data collection 

The sampling was realized during the Antarctic summer season 2018/2019 and the 27th Bulgarian Antarctic expedition. 
An established transect of around 5000 m followed an altitudinal gradient between 0 and 75 m ASL in South Bay 
starting from Bird bazaar to Caleta Argentina. All selected sampling sites are situated along the transect and are 
differentiated by the vegetation cover. The sampling sites are located in 7 areas, in the north and south of BAB as 
follows: Bird Bazaar (BP) - "Bird's Market "(Cape Espanola); The Sanctuary (SV) – “The Sanctuary”; Playa Bulgara 
(PB) – “The Bulgarian Beach”; Hesperides Point Pluton (HPP) – “The Squa’s nest”; Hesperides Point Pluton (HPP-B) – 
“The Bay”; Punta Hesperides (PUN-H) - "Todorini Buzi Lake"; Caleta Argentina (CA) - "Caleta Argentina" (Tabl. 1).  

The soil samples were collected in December 2018 from the top layer with depth 0-5(7) cm in all sites in 3 repetitions. 
The soils were sampled using stainless shovel and GPS coordinates in WGS-84 coordinate system were determined for 
each sampling point. A total number of 21 samples were collected and analyzed. 

Table 1 General characteristic of the studied sites 

 
No. 

 
Name 

/Abbreviat
ion/ 

 
Coordinates 

 
Vegetation cover 

S W Altitude, 
m 

1 BP 1 62o38'06.9'' 60o21'14.7'' 1 Sanionia georgico-uncinata 
2 SV 3 62o40'08.8'' 60o24'08.7'' 2 Usnea antarctica 
3 PB 1 62o38'22.3'' 60o21'50.6'' 45 Leptogium menziesii 
4 PB 2A 62o38'21.9'' 60o21'49.5'' 39 Sanionia georgico-uncinata 
5 PB 2B 62o38'21.9'' 60o21'49.6'' 38 Usnea antarctica 
6 PB 3A 62o38'32.5'' 60o21'59.9'' 71 Sanionia georgico-uncinata 
7 PB 3B 62o38'33.4'' 60o21'59.7'' 70 Usnea antarctica 
8 HPP 1A 62o38'36.6'' 60o22'10.6'' 40 Sanionia georgico-uncinata 
9 HPP 1B 62o38'36.4'' 60o22'10.5'' 39 Usnea antarctica 

10 HPP 2A 62o38'35.9'' 60o22'14.6'' 46 Sanionia georgico-uncinata 
11 HPP 2B 62o38'35.7'' 60o22'14.4'' 47 Leptogium menziesii 
12 HPP B1 62o38'39.7'' 60o22'23.2'' 2 Sanionia uncinata 
13 HPP B2A 62o38'39.5'' 60o22'23.3'' 2 Usnea antarctica 
14 HPP B2B 62o38'41.3'' 60o22'22.1'' 7 Sanionia georgico-uncinata 
15 PUN-H1 62o38'49.3'' 60o22'16.7'' 50 Sanionia georgico-uncinata 
16 PUN-H2A 62o38'49.2'' 60o22'16.5'' 49 Usnea antarctica 
17 PUN-H2B 62o38'49.7'' 60o22'18.7'' 45 Sanionia uncinata 
18 CA 1A 62o38'10.5'' 60o21'29.3'' 11 Sanionia georgico-uncinata 
19 CA 1B 62o38'10.1'' 60o21'29.1'' 13 Sanionia georgico-uncinata 
20 CA 3 62o38'10.0'' 60o21'29.3'' 14 Usnea antarctica 
21 CA 4 62o38'09.2'' 60o21'27.6'' 4 Sanionia georgico-uncinata 

 

Laboratory analyses 

All soil samples have been air-dried at room temperature in the laboratory of the Bulgarian Antarctic Base to reach an 
air-dry state and later stored in plastic bags in order to be transported to Bulgaria. In the Laboratory of Soil Science in 
FRI-BAS, Sofia, the samples have been dried additionally, ground to pass a 2 mm sieve and prepared for further 
analyses. The total weight of the samples, as well as fine and coarse fractions were determined and calculated after dry 
sieving. Standard soil analyses were performed for pH, organic matter, total carbon and nitrogen content. Granulometric 
analyses of the sand, silt and clay size fractions was realized. 
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The radioactivity in soil was determined by means of high-resolution non-destructive gamma-spectrometric analysis of 
40 g sample to determine the content of natural and artificial radionuclides 137Cs, 40K, 238U, 232Th. Gamma spectrometric 
measurements have been accomplished with H.P.Ge spectrometer product of CANBERRA with 35% efficiency and 
resolution of 1.8 KeV resolution for 60Co. The same geometry for all samples is used for calibration at energy rate in 
energy rate 40-2000keV and measurements were made between 19 and 24h period to obtain well-expressed isotope 
peaks. The authenticity of results is confirmed by regular successful participation in interlaboratory comparisons and 
proficiency tests schemes and the use of certified reference materials. The spectra of the measured samples were 
processed in line with BSS ISO 18589-3:2018, using the specialized software CANBERRA Genie 2000. 

Geospatial analysis and statistics 

There are various methods and techniques for spatial prediction and comparative evaluation of soil properties. The 
initial step is to visualize the data, identify appropriate coordinating system and manipulate inconsistent results. Basic 
statistics and description of data values is achieved through means, standard deviation, histograms and cluster analysis 
in order to examine values of data outliers. The sample size and values opted for the application of Kernel density 
estimation (KDE) to estimate the probability density function of random variables. The Kernel density function 
produces an empirical surface based on individual locations of all sampled data. The applied algorithm calculates 
density of values around each neighborhood within predefined search radius and creates smoothly curved surface 
around each point (sampling plot). The non-parametric estimates of probability density is selected to display the density 
at each output raster cell, by defining the number of times to count the point value. The bandwidth is a free smoothing 
parameter that limits the extent of the surface values. 

An ANOVA test was used to assess the statistical significance of the differences in the means of the study parameters at 
a p<0.05 (Tukey test). Cluster analysis and Pearson correlation were performed in order to clarify the relationship 
among the variables, especially the influence of soil parameters on distribution of natural radionuclides. Cluster analysis 
is a useful statistical method, which presents visually the degree of association among different variables. 

RESULTS AND DISCUSSION 

General properties of polar soils  

The soils are characterized by higher skeletal content at all sampling sites, while more than 20% of skeletal fraction ˃1 
mm are established for sites in the Punta Hesperides (PUN-H), the Sanctuary (SV3); Caleta Argentina (CA3 & 4). On 
Table 2 are presented the results of the physical-mechanical characteristics of the soils in the sites of the polar 
ecosystems of the Livigston Island. 

Table 2 Soil parameters for the study transect  

No. 

Coarse fractions, % Granulometry, % Relative 
density 

C, % N, % C:N рН 
(Н2О) 

˃1mm ˃3mm clay silt/sand fine clay     
˂ 0.01 ˃ 0.01 ˂ 0.001     

1 13.04 10.27 10.27 89.73 0 2.4 0.6942 0.0888 7.82 5.76 
2 1.19 22.08 6.12 93.88 0 2.9 4.6609 0.4030 11.57 5.29 
3 19.2 44.95 10.30 89.70 0 2.4 0.7934 0.0874 9.08 6.03 
4 12.41 11.53 7.16 92.84 4.09 2.7 3.1734 0.2608 12.17 6.04 
5 11.99 12.34 9.20 90.80 4.07 2.5 1.2892 0.1041 12.38 6.09 
6 19.23 36.84 9.15 90.85 4.03 3.7 0.1983 0.0306 6.48 5.93 
7 18.67 10.6 5.09 94.91 4.07 2.6 2.1817 0.1305 16.72 5.97 
8 1.3 1.54 16.02 83.98 4.11 2.7 1.8842 0.1572 11.99 5.62 
9 26.51 3.5 10.27 89.73 0 2.7 0.6942 0.0613 11.32 5.18 

10 18.79 27.79 9.25 90.75 0 3.3 0.4958 0.0796 6.23 5.29 
11 6.49 - 9.79 90.21 0 2.6 1.7851 0.1871 9.54 5.56 
12 41.3 8.26 6.11 93.89 4.07 2.2 0.1983 0.0311 6.38 5.61 
13 19.3 14.14 5.42 94.58 0 2.5 0.0992 0.0122 8.13 5.85 
14 12.33 30.24 6.11 93.89 4.07 1.4 0.0879 0.0122 7.20 6.08 
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15 26.52 20.12 2.06 97.94 0 2.6 0.4958 0.0613 8.09 5.82 
16 35.42 - 7.16 92.84 4.09 2.5 1.0908 0.1103 9.89 5.78 
17 29.28 8064 8.18 91.82 4.09 2.6 2.7767 0.2451 11.33 5.45 
18 - - 5.13 94.87 0 2.6 3.4709 0.3761 9.23 5.75 
19 - - 5.10 94.90 0 2.6 4.1736 0.5852 7.13 7.47 
20 36.09 4.37 11.24 88.76 0 2.5 2.1817 0.2389 9.13 4.92 
21 28.92 2.99 5.13 94.87 0 2.3 1.5867 0.1896 8.37 4.77 

 

The analysis of the soil samples shows stronger acidification at Hannah Point (HAN) with pH 4.57-4.93, followed by 
Caleta Argentina (CA) - "Caleta Argentina" with pH 4.77-4.92. In such cases, the influence of climate factors plays a 
significant role. The decomposition of organic matter cannot reach its final products under these conditions due to the 
limited temperatures and the high humidity. For all other sites, slightly acidic soils with a pH of 5.5-6.5 predominate. 

Carbon and its compounds play an exceptional role in the biosphere. The cold Arctic favors the humus conservation in 
the soil. The concentration of organic carbon in soil substrates for sites without vegetation is particularly low. These are 
Hesperides Point Pluton HPP B1 and B2 sites, Playa Bulgara PB1 sites, with organic C not exceeding 1%. 

Total nitrogen is also a very important biophilic element in one ecosystem. The biophilicity of nitrogen is high and 
comparable only to that of carbon. In the soil cover of the Livingston Island polar ecosystems nitrogen content does not 
exceed 1% in all sites observed, but corresponds, in quantitative terms, to the carbon content. 

The C:N ratio, as an indicator of the rate of mineralization processes occurring in the soil cover, range from 9.09 to 
19.53 and indicate a biological cycle delay in the soil system of Playa Bulgara (PB) site - The Bulgarian Beach. 

Radionuclides in soils 

Until now, no regulatory document that limits the content of natural radionuclides in the soils exists. The detected 
values for the region of Livingston Island can be assumed as background levels and can be compared with other 
background values defined after multiple measurements characterizing soils not affected by industrial and commercial 
activity in other polar regions of the world. The average 137Cs activity concentration in soils along the studied transect 
was 5.51±1.38 Bq/kg with a range from 0.51 to 24.27 Bq/kg. These values are much higher than previously reported 
values by Navas et al. (2005, 2018) for South Shetland Island and for soils developed on moraines and marine platforms 
of Elephant Island., but are lower than reported by Gwynn et al. (2004) for the environment of Svalbard area, Norway. 
The concentration of the studied natural radionuclides ranged between 171.19 and 597.60 Bq/kg for 40K, with average 
value 275.89±26.52 Bq/kg (Table 3 and 4). The average concentration of 232Th is 11.46±1.16 Bq/kg with minimum and 
maximum values 4.81 and 24.57 Bq/kg, respectively. The 238U was detected in three samples where it ranged from 
37.55 Bq/kg to 106.04 Bq/kg, while in all other samples its activity was under the limit of 0.04 Bq/kg. The mean 
activity values fall within the normal ranges in nature and are comparable with values obtained by Navas et al. (2005, 
2018) for soils of Byers Peninsula, South Shetland Islands and Elephant Island (Maritime Antarctica). 

Table 3 Radionuclides in soils 

 
No. site 

137 Cs 
Bq/kg 

40K 
Bq/kg 

238U 
Bq/kg 

232Th 
Bq/kg 

1 1.86 477.86 ≤0.04 18.97 
2 11.15 350.83 ≤0.04 19.35 
3 0.90 470.48 ≤0.04 21.11 
4 5.34 375.88 52.85 14.06 
5 6.41 286.99 ≤0.04 10.26 
6 0.51 315.76 37.55 8.85 
7 ≤0.04 597.60 ≤0.04 24.57 
8 24.27 174.31 ≤0.04 8.22 
9 2.04 189.54 ≤0.04 8.78 

10 1.00 176.46 ≤0.04 7.31 
11 17.99 189.82 106.04 8.73 
12 2.64 171.19 ≤0.04 7.83 
13 2.43 187.84 ≤0.04 4.81 
14 0.53 177.38 ≤0.04 7.29 
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15 2.49 231.85 ≤0.04 11.70 
16 5.94 178.33 ≤0.04 7.98 
17 13.23 216.25 ≤0.04 9.85 
18 3.19 343.87 ≤0.04 14.21 
19 1.64 285.01 ≤0.04 10.66 
20 6.91 216.03 ≤0.04 8.98 
21 5.11 180.37 ≤0.04 7.09 

 

Pearson correlation coefficients, calculated between radionuclides and main soil properties as grain size, carbon and 
nitrogen content and pH, have demonstrated that some of them are statistically significant at the level 0.05 – 2-tailed. 
Concerning the grain size, it is commonly known that radionuclides are adsorbed onto clay surfaces or fixed within the 
lattice structure (Jasinska et al. 1982; Van den Bygaart and Protz 1995; Van den Bygaart et al. 1999). 

Table 4 Pearson correlation coefficients among the radionuclides 

 137 Cs 40K 232Th 238U 
137 Cs 1    

40K -0.212 1   
232Th -0.077 0.938** 1  
238U -0.331 0.200 0.995 1 

  **Correlation is significant at the 0.01 level (2-tailed) 
 

For good correlations among natural radionuclides and between them and some soil properties, especially carbon 
content, have been reported by Navas et al. (2002), but they also found significant correlation of 137Cs with sand and silt 
content. The pH values showed weak positive correlations with natural radionuclides. 

Mapping the distribution of radionuclides in the study area 

The applied GIS analysis in ESRI ArcGIS generated distribution maps of radionuclides within a variable search radius. 
The graphics on Fig. 2 A-C represent the predicted density values for the sampled soils along the study transect. We 
used WGS84 coordinate system and Universal Transverse Mercator projection, zone 20S for the spatial analysis. 
Concentrations of 238U have are detected only in three samples, therefore the generation of density map was of low 
contingency in the case.  

 

Figure 2. Distribution of radionuclides’ concentrations in the experimental transect of Livingston Island 

The spatial overlaying has limiting functionality, as it requires complete correspondence of the geometry of the 
mapping units. Therefore, information on specific soil characteristics has been combined to produce estimates of soil 
properties, which are not demonstrated in the analysis itself. The underlying information and soil data was aggregated 
for a specific sampling plot and linked to a single representative value. The statistically aggregated data and lack of 
information about the mapping unit allows the performance of probability density visualizations over a smoothly 
tapered surface.  
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The distribution of radionuclides depends on various factors and the calculated Pearson correlation coefficients between 
radionuclides and main soil properties define dependences.  Higher content of organic matter and carbon were related to 
higher 40K and 232Th activities, indicating positive and statistically significant correlation coefficients (r=0.491*; 
r=0.446*,respectively). The pH values show weak positive correlations with natural radionuclides. At sites where there 
is soil, moss cover the content of soil organic carbon has highest values. This confirms the close link related to the 
preferential fixation of the radionuclide by the organic matter as pointed by Gaspar and Navas (2013), Gaspar et al. 
(2013) and explain its associated redistribution with soil by physical processes (Soto and Navas, 2004). 

CONCLUSIONS 

GIS applications have salient analytical capabilities to estimate and visualize area that could be more or less affected by 
contamination as well to help determine risks to populations. The combination of different sources of quantitative 
information into a spatial model has various advantages as it allows performing real time analysis, creating, and opening 
system for geospatial analysis. The study of radionuclides activity provides valuable information on soil factors and 
processes that affect their spatial patterns in extreme environmental conditions in Antarctic ice-free areas. The results 
indicate the presence of great variability in the concentrations within the study area. The activity concentrations of 
natural radionuclides were similar with those reported for Antarctic region and in general comparable with 
radionuclides activity for other environment. Results of radiometric study on the distribution of natural and artificial 
radionuclides in polar ecosystems in Livingston Island indicate that anthropogenic radioactive contamination is 
generally low, as per the Antarctic region. There is significant correlation between radionuclides concentrations and 
basic soil properties, which confirms the close link in between. 
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