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A comprehensive measurement of the concentrations of natural and anthropogenic radionuclides in soil, water,
and air was carried out during the austral summer Antarctic campaign 2018-2019 in different locations around
the Spanish Research Station “Gabriel de Castilla” (Deception Island, South Shetland Islands, Antarctica). Limited
information is available on radionuclide contamination in the Antarctic region. This study was conducted to
evaluate Deception Island’s capacity to remove and self-clean its environment. For this reason, samples from soil,
water, and air were collected and analysed by gamma spectrometry, inductively coupled plasma mass spec-
trometry, and inductively coupled plasma optical emission spectroscopy. The obtained results revealed signifi-
cant levels of 21°Pb and anthropogenic *’Cs, in soil samples close to old human settlements and facilities. In
terms of water samples, although more renovation was expected than Antarctic soil, human impact was
confirmed again since significant levels of both anthropogenic radionuclides, '*”Cs and ®°Co, are still detectable
in old hunting areas. Air quality studies are not totally conclusive because the obtained results are significantly

higher than those previously reported, a fact that potentially points to resuspension processes.

1. Introduction

The Antarctic is one of the least polluted, cleanest, most pristine, and
isolated places on Earth [22]. Harsh environmental conditions make this
continent a complicated place for developing both, ecological and
human activities. Therefore, Antarctic’s species diversity is low, and
they are mostly located on ice-free soils [41].

The Antarctic treaty [1] signed by 56 countries, establishes
Antarctica as a scientific preserve and bans nuclear activity on this
continent [1]. However, although the treaty and its isolation by the
Southern Ocean from other regions, Antarctica, and among others, its
soils are affected by remote natural and anthropogenic radioactivity.
These radionuclides are transported from thousands of kilometres away
to Antarctica by air masses and sea currents.

Radioactive fallout in the Antarctic region occurred mostly in the
1960s, since most the nuclear explosions occurred during that period
[23]. Most atmospheric nuclear weapons have been tested in the
Northern Hemisphere, while some French and British nuclear tests have
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occurred in the Southern Hemisphere (southern Pacific, Australia and
Indian Ocean). In addition, radionuclide aerosols were released in 1986
and 2011, in the Chernobyl and Fukushima accidents, respectively
[2,40]. It is remarkable that the behaviour of fission products depends
on the latitude, altitude, and season when they are released [34]. For
example, only those radionuclides present in the stratosphere, can reach
the Southern Hemisphere from tests in the Northern Hemisphere, owing
to the higher altitudes and to the more powerful detonations. In these
terms, it can be inferred that the concentrations of anthropogenic ra-
dionuclides in Antarctica are dependent on the conditions of the oper-
ating long-range transport process. Once the radionuclides reach
Antarctica, their deposition processes are also controlled by meteoro-
logical conditions such as wind current, rain, and so on, but they are not
completely understood yet [12].

Since the period when the radionuclides arrived in Antarctica is well-
defined, these values have been used as reference levels in snow samples
and, are currently used in glaciological studies. Snow samples are
commonly used for such studies [3,32,48], but in this investigation, we
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have analysed samples of different nature to combine different pieces of
information on the radionuclides in Antarctica. Thus, several air, water,
and soil samples were collected and analysed by gamma spectrometry.

Different techniques can be used for radioactivity measurement, but
gamma spectrometry is increasingly important in environmental
radionuclide dispersion studies. The most important sources of natural
radioactivity are “°K and the natural series heading of 2*2Th, 2%®U and
235y, and their descendants. These natural radionuclides like 232Th have
been studied mostly in the last years, in different Antarctic regions, and a
huge difference was observed. In the beginning, Tubertini et al. pub-
lished low values of 232Th (12-81 Bg/kg) in 1995; however, an
increasing tendency has been observed since Bakshi et al. in 2017 found
228-216 Bg/kg in the Grovnes region [4]. A recent study conducted in
the Larsemann Hills region showed a Z32Th activity of 199 Bq/kg [30].

Additionally, because of the nuclear tests performed in this area and,
some others, artificial radionuclides can be potentially found. In this
aspect, some traces of '3Cs and ®°Co can be detected because of their
long half-lives and their common use in medical and industrial activities.
The activity of these artificial radionuclides is expected to decrease;
however, a great dependence on the region is observed. In Byers
Peninsula, 137¢s activities of 1.2 + 1.1 Bq/kg in 2005 were found [27],
whereas values of 6.2 + 1.2 Bq/kg were recorded in King George station
or 3.16 + 0.34 Bq/kg in Elephant Island in 1992 [15].

Measurement of artificial and natural radionuclides in samples from
the continental and marine environments of Antarctica is needed and
important to evaluate the impact of human activities in this considered
free-pollution location. A complete study of the possible radionuclide
pollution in Antarctica is needed because soil, water, and air are highly
linked.

The soil environment plays a critical ecological role in flora and
fauna, and in the disintegration of radionuclides that occur in it. These
radioactive concentrations can be transferred to Antarctic ecosystems,
negatively affecting them. Thus, the investigation of isotopic elements in
soils plays an important role in understanding the radioactivity impacts
on Antarctic ecosystems. Besides, since the primordial radionuclides,
such as “°K, 238U, and ?32Th, are found in most types of soils, they can be
easily resuspended into the lower troposphere, and consequently
detected in air filters. The same mechanism can be followed by other
anthropogenic radionuclides, such as '¥’Cs. To continue the whole
cycle, using deposition processes among others, airborne radionuclides
return to the soil or to the water ecosystem.

This study aims to provide further information on the concentration
distribution, and association of long-lived artificial radionuclides in the
Antarctic environment, particularly on Deception Island. Nowadays,
there is almost no existing information on these topics and more pre-
cisely on Deception Island, something that could be related to the lack of
ice and snow-free areas (less than 1 % of the total surface), in Antarctica.

The establishment of the concentration of artificial and natural ra-
dionuclides, can help us to understand the arrival and deposition pro-
cesses of other artificial or natural radionuclides, and consequently, to
elucidate the effectiveness and capacity of the removal of Antarctica.

2. Materials and methods
2.1. Site description

Soil and water samples were collected during the 2018-2019
campaign and, air samples during the 2019-2020 campaign. The sci-
entists were based at the Spanish Antarctic Research station “Gabriel de
Castilla”. Volcanic Deception Island is located 120 km north of the
Antarctic Peninsula and is part of the South Shetland Islands archipelago
(Fig. 1). In the early 20th century, Deception Island was known for 30
years for its whaling industry located in Whalers Bay. Nowadays, the
island is used for scientific purposes with a Spanish (Gabriel de Castilla)
and an Argentinian (Decepcion) research bases; and as a tourist desti-
nation, with Whalers Bay being the second most visited place in
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Fig. 1. Water and soil sample locations on Deception Island. The low-volume
sampler for air samples is located at the same coordinates as point 4 for
water samples.

Antarctica in the summer 2016-2017 [20].

2.2. Sampling technique, gamma spectrometry, and data analysis

A total of 17 soil samples were collected from the island at different
locations (from Dec. 2018 to Feb. 2019). Each sample was collected over
the area of interest in high-density polyethylene pots using sterile shovel
and nitrile gloves. At each sampling point, 200 g of soil was taken from
the 0-5 cm layer in an area of 1 m%

In the same Spanish Antarctic campaign, 6 water samples were
collected over different water masses of the island (lakes and sea). At
each sampling point, 0.5 L of water was taken from the 30 cm water
surface in high density polyethylene pots using two pairs of nitrile
gloves. Prior to the final sampling, water was discarded three times. In
both soil and water sampling, GPS coordinates of the exact sample
location were recorded in the field and used to develop the map shown
in Fig. 1.

Atmospheric aerosol particles were collected during the austral
summer (from December 2020 to February 2021) at Deception Island, at
the Spanish Antarctic Research base “Gabriel de Castilla” (62°58'45.9" S,
60°39'41.5" W). A total of 6 samples were collected using circular quartz
filter paper of 47 mm diameter (Munktell) by a Derenda LVS 3.1 low
volume sampler (2.3 mg/h), during 24 h. After that, all filters were then
placed by hand in sterile Petri dishes using sterile tweezers and nitrile
gloves. Mass concentration was obtained from gravimetry, following the
European standard [39].

To identify the radionuclides in the samples, gamma spectrometry
measured gamma radiation energies with a resolution of the order of 0.1
%. This technique is widely used for the quantitative analysis of the
concentration of radioactive isotopes in samples because, most of them
emit gamma radiation. Gamma spectrometry was performed at the
Laboratorio de Bajas Actividades (LABAC) of the University of Zaragoza
(Spain). Each sample was weighed, and the soil or water was placed in
cylindrical plastic containers of 120 mL (soil) and 130 mL (water) for the
analysis; the air filters were measured in their Petri dishes. Two low
background Canberra High Purity Germanium (HPGe) detectors were
used. The first one was a coaxial-extended range GX4018, 43.7 %
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relative efficiency for 1.33 MeV and the second one was a coaxial
reverse-electrode GR3520, 31.7 % relative efficiency for 1.33 MeV.

Samples were measured for 60 h. The detector efficiencies were
determined in 2-h time measurements. Two 120 mL and 130 mL con-
tainers filled with soil and deionized water, respectively, were spiked
with small activities of certified gamma emitters: 210Pb, 241Am, 137¢g
and %°Co for soil and 2*'Am, '¥7Cs, ®°Co for water. We also used the
latter three radionuclides to spike a 4-mm filter to measure the efficiency
of the collected aerosols. We estimated three blanks, one per sample
type, by measuring for 60 h empty containers and filters of the same
geometry and material as that used to house the soil, water, and
aerosols.

The energies and counting rate of the different gamma rays observed
in the spectrum were analysed with software developed by the research
laboratory itself. As a result, the radioisotopes contained in the sample
were identified and their specific activity (Bq/kg or Bq/L) in Becquerel
per unit of sample mass analysed. All measurement uncertainties are at
68 % confidence level.

The following natural and artificial radionuclides were analysed in
Antarctic samples:

e Natural isotopes: 40k, 2087 212pp, 212p; 2285, 210pp, 214p; 214pp,
226p, 2347,
e Artificial isotopes: °°Co and 1%’Cs.

Additionally, ICP-MS and ICP-OES analyses were conducted as a
reference technique for the different elements detected by gamma
spectrometry. The chemical characterization of the samples was per-
fomed following the analytical procedure published by Querol and co-
workers [37]. A small 3/16 section (~33.12 cm?) of each filter was cut
and digested with 2.5 mL of HNOj3 at 65 % and, 5 mL of HF at 40 % to
dissolve the potentially abundant species in soil samples such as alu-
minosilicates, carbonates, sulphur, etc. Then, 2.5 mL of 60 % HClO4 was
added to dissolve the organic matter. For quality assurance and control,
blank filter analyses and NIST-1663b (fly ash, Standard Reference Ma-
terial) were performed as a reference. External calibration was per-
formed in ICP-MS using different concentrated solutions (0.25, 0.5, 1, 2,
5 and 10 ppb as well as a HNO3 5 % blank), and 103Rh was used as an
internal standard to minimize the possible fluctuations of the plasma.
External calibration was performed in ICP-OES using elemental stan-
dards solutions (0.05, 0.5, 1, 2, 5, 10, and 25 ppm and a HNO3 5 %
blank). The minimum detectable concentration (MDC) obtained for
most of the elements ranged from 0.01 to 8.5 pg/g for ICP-MS.

In order to discern potential origins, both natural and human-
induced, at the sampling site, a ten-day analysis of air-mass backward
trajectories was conducted, terminating at a height of 600 m above
ground level (AGL). This altitude was selected due to the island’s
distinctive circular topography, with its highest peak, Mount Pond,
reaching an elevation of 542 m. Multiple trajectory models were
employed in this investigation. For this particular study, the trajectories
were computed using the NOAA HYSPLIT4 (Hybrid Single Particle
Lagrangian Integrated Trajectory) model. This choice was made after a
careful evaluation of available options, with preference given to GDAS 1
degree (Global Data Assimilation System) meteorological data sourced
from the National Weather Service’s National Centre for Environmental
Prediction (NCEP). This model was deemed the most suitable due to its
coverage of the study area and higher resolution compared to other
models that did not encompass the specific region under investigation.

3. Results and discussion
3.1. Radionuclide activity studies in soil samples
Natural radionuclides are expected to be found in our samples (*°K

and the radioactive series of 238U, 232Th and a minor amount of 23°U).
Additionally, not only the main element of the different branches of the
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radioactive chain, such as 238U or 2%°Ra, but also the following elements
from its radiological series.

The secular equilibrium between radionuclides of the natural decay
series can be broken due to geochemical processes that move the
different atoms from their production area to other far areas. The high
mobility of uranium with respect to radium gives activity ratios ?°Ra/
238y # 1 [9], and under typical environmental conditions, the order of
mobility is U > Ra > Th [5] and references therein. The mobilization and
fractionation can be produced in the near-surface environment by the
different chemical characteristics of the Th and U compounds, although
the disequilibrium has also been observed in igneous rocks unaffected by
erosion or sedimentation. This natural imbalance is very useful for
studying terrestrial and marine environments [21,28]. The disequilib-
rium of 2'%Pb in soils can be produced by the escape of 22?Rn (daughter
of ?*°Ra) to the atmosphere [11,18,29]. Thenceforth, the activity of
210pp (descendant of 22Rn) decreases in the emanation zone, but it
increases in the soil surface of other zones where airborne 21°Pb is
deposited [25]. The level of 210p}, derived from the decay of 226Ra is
called supported 21°Pb, whereas the additional activity is called unsup-
ported 21°Pb,

In addition to natural processes, human activities, mainly the
metallurgical industry, can produce disequilibrium in the radioactive
series in the ores. The extraction of the desired metals requires physical
and chemical procedures that remove radionuclides with different effi-
ciencies according to the properties of the corresponding elements,
breaking down the chain equilibrium [36].

The measurement of the gamma-emitting nuclei from each radio-
logical series provides a general and useful view of the series equilib-
rium. The disequilibrium can be observed by gamma spectrometry in the
238y series (Fig. 2) if the breakdown affects long-lived radionuclides
such as ?*°Ra (T1/2 = 1600 y) or 210py, (T1/2 = 22.2'y). For this reason,
210pp, 214pj 214ph and 234Th have been measured by gamma spec-
trometry to evaluate the equilibrium of the 238U radioactive series; the
obtained results are collected and expressed as mean + SEM in Table 1.

The activity of the parent nucleus, 238U, was evaluated through the
two unresolved gamma lines at 92.4 and 92.8 keV emitted after the
234Th decay; the intensity used for the sum peak was 4.77 % [14]. The
immobility of thorium in the soil surface [9,10], and the short half-life of
234Th, 24 days [7], guarantee that 23*Th activity is a good estimate of
238y activity, even in the case of an in situ measurement [25]. In this
study, the ten months elapsed between sampling and measurement
assure the 23Th equilibrium. The 22°Ra activity can be estimated from
the weighted mean of the activities of the short-lived descendants, 24Pb
and 21*Bi, because their equilibrium with 2?°Ra was maintained in the
airtight container of the samples to prevent the outgassing of 222Rn. The
specific activities of 234Th, 214Pb, and 2'*Bi (Table 1) are equal within
uncertainties at 3¢ level' for the 17 samples, showing that 233U and
225Ra are in equilibrium within our precision.

On the other hand, we used the 186-keV peak, the addition of 185.7
keV from 235U, and 186.2 keV from 226Ra, as cross-checking of
238y _220Ra equilibrium. Assuming that the isotopic abundances of 25U
and 2%8U are natural, 0.72 % and 99.28 %, respectively [7], and that
238y and 2?°Ra are in equilibrium, 57.5 % of the area of the observed
186 keV peak comes from 22°Ra. Therefore, the 22°Ra activity calculated
from this fraction (Table 1, last column) should be equal to the activities
of 23Th, 21pb and 2'Bi of Table 1 because it is very unlikely that the
Antarctic soil contains enriched or depleted uranium. As shown in
Table 1, the calculated activity of 22°Ra is consistent with the measured
234Th, 21Bi, and 2'*Pb activities, and therefore the 238U—22°Ra equi-
librium and the natural uranium abundances are confirmed, within
uncertainties, in every soil sample. Note that if 22*Th, 2!4Pb and 2!*Bi

! We assume that two measures (a+o,) and (b+o,) are different if

|A| > 304, where A = a—b and.on = /02 + 6}
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Fig. 2. Beginning of the 23U decay series and intermediate long-lived radionuclides ?*Ra and 2'°Pb, where disequilibrium can be observed.

Table 1

Specific activities of the gamma emitters of 238U decay series in soil samples. The
226Ra values were calculated assuming radioactive equilibrium and natural
uranium (see text).

Sample Locations 234 214 2l4py 210py, Calculated
(Ba/ (Bq/ (Ba/ (Ba/ **Ra (Bq/
kg) kg) kg) kg) kg)

1. Area between the 4.1+ 5.8+ 52+ 4.4 + 3.7+0.7

Argentinian and 1.2 0.4 0.2 0.9
Spanish Research
Bases

2. Fumarole Beach 8.6 + 5.5+ 5.8+ 5.6 + 6.2+ 1.0
2.0 0.3 0.3 1.2

3. Punta Descubierta 6.2 + 4.8 + 5.2+ 2.7 + 5.7+ 1.0

Penguin Colony 1.7 0.3 0.3 1.0
4. Surroundings of the 51+ 6.2 + 5.6 £ 7.9 + 6.9 + 1.2
Spanish research 0.9 0.3 0.2 1.1
station “Gabriel de
Castilla”

5. Lobera beach 8.1+ 6.3 + 6.6 £ 52+ 7.9+1.3
2.3 0.4 0.3 1.2

6. Norwegian 4.7 + 7.0 + 7.2+ 10.6 + 6.1 +£0.9

Aktieselskabet Hektor 0.8 0.3 0.3 1.2
whaling station
7. Surroundings British 6.5 + 5.3+ 5.7 + 11.4 + 5.8+ 1.0
research station “Base 1.4 0.3 0.3 1.3
B”.
8. Whalers Bay 5.0 + 5.6 + 5.2+ 5.0+ 4.9+ 0.8
0.8 0.3 0.2 1.0
9. Colatinas Beach 9.4 + 6.4 + 6.2 £ 71+ 5.7 +£0.8
1.1 0.3 0.3 1.0
10. Obsidiana Beach 9.3+ 8.5+ 8.5+ 12.8 + 12.0 £ 2.5
1.8 0.4 0.4 2.4
11. Eruption Crater 4.7 £ 7.2+ 71+ 8.1+ 7.5+£0.9
1970 0.9 0.3 0.3 1.1

12. Surroundings of the 4.7 + 54+ 54+ 8.1+ 55+ 1.1
Argentinian research 1.3 0.3 0.3 1.7
base

13. Vapour Col 3.0+ 4.8 + 4.7 6.1 + 4.1 +0.7
0.7 0.3 0.2 1.0

14. Chilean Shelter 9.5+ 6.4 + 6.9 + 7.0+ 7.2+1.5
3.1 0.4 0.3 1.6

15. Punta Entrada 5.0 + 4.4 + 4.4 + 5.0 + 3.7 +1.0

Penguin Colony 0.9 0.3 0.3 1.2

16. Baily Head Beach 8.5+ 7.5+ 7.7 £ 6.5 + 7.8+ 1.3
1.7 0.4 0.3 1.8

17. Baily Head Col 7.8+ 4.6 + 53+ 3.0+ 49+1.1
2.3 0.4 0.3 1.1

8
6 {
4
oy
2 { . 11}
1 T
R T [
2 } {

-4

0123456 7 8 9101112131415161718
Location number

had the same activity, but the 186 keV peak cross-check failed, it would
indicate an abnormal uranium isotopic content that merits further
research.

The activity of 2!°Pb, which is directly estimated from the 46.5 keV
gamma ray emitted after its decay to 2'°Bi, is equal to the activities of
214pp and 21Bi, except for soil sample 7. In this case, there is a signif-
icant (greater than 3c) unsupported 21°Pb. This supplementary level of
219}, which is usually related to the 2!°Pb fallout accumulating in soils
and sediments, is determined by subtracting the 22°Ra activity from the
measured total 2!°Pb activity [46]. Fig. 3 (left) plots the results of this
subtraction for the 17 soil samples, showing the excess of sample 7.

The possible disequilibrium between 21°Pb and 238U can be checked
by, comparing the activities of 21°Pb and 2**Th in Table 1. In this case,
both activities are equal within uncertainties, except for soil sample 6
(Fig. 3, right). Therefore, in sample 6 there exists disequilibrium
238y _210pp; although the intermediate imbalance 2*®U—22°Ra and
226Ra—210pD are not so clear because both are just at or below the 3¢
level (Table 2). We conclude that the radioactive equilibrium of the 238y
series is broken in samples 6 and 7, indicating an unsupported activity of
210pp (Table 2).

Similar studies were conducted to determine the activity of the
products of 232Th decay chain. There are only two long-lived radionu-
clides, 228Ra and 2?8Th (Fig. 4), to check the radioactive equilibrium.

The 2?®Ra activity was estimated by gamma spectrometry of her
daughter 228p¢ (Fig. 4) and the 2281 activity with 212p, 212Bi, and 29811
at the end of the chain (Fig. 5). If the 232Th chain is in secular equilib-
rium, the activities of 28Ac, 212Pb, and 2'%Bi should be compatible with
each other and that of 2°®T1 should be 36 % of that obtained for 2'%Pb,
due to the branching ratio from 212p; ¢ 2087] (Fig. 5).

We have not found breakage (at 3¢ level) of the secular equilibrium

Table 2

Summary of disequilibria found by gamma spectrometry in samples 6 and 7 for
the 228U series. The nuclei used to estimate the activities of >®U and ??°Ra are
listed in parentheses.

Sample Locations B8y 226Ra 210pp, Unsupported
(®%Th) CYpb & Ba/kg 210py,
Bq/kg 14Bi) Bq/kg
Bq/kg
6. Norwegian 4.7 + 7.1+£0.2 10.6 35+1.2
Aktieselskabet Hektor 0.8 +1.2
whaling station
7. Surroundings British 6.5 + 5.5+ 0.2 11.4 59+1.3
research station “Base B”. 1.4 +1.3
8
; ?
: : fti
ao 2
<o
o
@ ! 1 { 1
3 H
-6
-8

0123456 7 8 91011121314151617 18
Location number

Fig. 3. Unsupported specific activity of 21°Pb (left) and difference between the specific activities of 21°Pb and 2**Th (right) for all soil samples.
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Fig. 4. Beginning of the >?Th decay series, showing the long-lived radionuclides >**Ra and 2?®Th, where disequilibrium can be observed.

8T l Table 3
36 % -7 ~.299 ns Specific activities of “°K and *3Cs in soil samples.
//a \\\ Sample Locations 4K (Bg/ 137Cs (Bq/
212 10.64h 212,.- N P q !
2pp 0T, 212p; 208py, kg) kg)
S 0, i 7
B ‘\?\4 % 3.05 ml},]/7 1. Area between the Argentinian and Spanish Research ~ 69.7 £2.6  <0.26
B S 212 //’ Bases
Po o 2. Fumarole Beach 145.3 + <0.22
Fig. 5. D heme for 2'2Pb 0
1g. ©. Decay scheme tor - 3. Punta Descubierta Penguin Colony 129.7 + <0.20
3.5
in the 22Th chain in any soil sample, not even in samples 6 and 7, where 4. Surroundings of the Spanish research station 153.1 + 0.50 +
. e . 238 . . “Gabriel de Castilla” 3.6 0.05
we observed disequilibrium in the “°°U chain. We have summarized our
i i K L. 208 208 298 5. Lobera beach 160.8 + <0.25
results in Fig. 6, plotting the activities of ““*Ra (““°Ac) and ““°Th 41
(weighted mean of 2!2pb, 212Bi and 2°®Tl corrected by her branching 6. Norwegian Aktieselskabet Hektor whaling station 181.0 + 0.40 +
ratio). ) 4.3 0.05
Additional studies have been conducted for the natural isotope “°K 7. Surroundings British research station “Base B ;252'5 * 8'?(1) +
(Table 3). /.\ll results are lower than the average concentration of the 8. Whalers Bay 148.4 + <0.25
upper continental crust, 850 Bq/kg [19], which corresponds to the 3.7
average abundance of K in the upper continental crust, 2.7 % [43]. The K 9. Colatinas Beach 175.1 + <0.27
content of the dominant rock at the sampling area is approximately 0.5 10, Obsidiana Beach ‘2"110 o 0.96
%, fitting well within the range of K abundance in Earth rocks, from - Dbsidiana Beac 48 <
0.001 % for dunite or peridotite to 4.5 % for granodiorite [43]. 11. Eruption Crater 1970 184.5 + <0.26
The measurements of 1*’Cs for all samples highlighted the impact of 4.3
humans on the Antarctic region. Only in specific areas and surroundings 12. Surroundings Argentinian research base 125.7 + 0.88 +
where human settlements are or have been placed, 1¥’Cs was detected 13 E\’/ece"cmg | :13267 - 2‘(1)326
. . . . Vapour Co . 5
(Table 3). We have not found the other anthropogenic radionuclide P 33
searched for, 6OCo; its specific activity is less than 0.22 Bq/kg (95 % C.L.) 14. Chilean Shelter 153.5 + <0.26
for all soil samples. 4.1
As mentioned, '*7Cs is an artificial radionuclide, and due to its half- 15. Punta Entrada Penguin Colony 118.8 + <0.26
. o . ; . 3.6
life .Of 30.1 ye.ars, it is li)artllcularly con?ermflg [44]. Fn fact, it is 16. Baily Head Beach 185.8 + <0.96
considered an important indicator of radioactive pollution. In these 4.2
terms, '%7Cs can persist for a long time in soils and deeply affects the 17. Baily Head Col 142.9 + <0.26
human population and their food chain. '3’Cs can travel and be finally 4.3

carried to the surface of soils by several mechanisms such as direct
deposition (wet and dry) from the atmosphere, wash-off from

Specific activity (Bqg/kg)
Ul ()] ~ (o] (s}

o P N W B

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16 17

Location number

Fig. 6. Specific activities of 2*®Ra (blue) and *?Th (grey) in the soil samples. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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vegetation, and deposition from water on floodplains and regions along
the coast. Based on the sample locations, 137Cs can even come from the
materials used in the infrastructures themselves [49]. In addition, the
adsorption of contaminated particles by organic matter, which is less
mobile than inorganic matter, reduces the loss of 13’Cs due to erosion
and can partially explain the 3’Cs contamination of human settlements.

Our results suggest that the 1*’Cs fallout from the second half of the
twentieth century nuclear weapon tests was low in the analysed area.
They agree with previous studies estimating that the deposition of '*”Cs
in the Antarctic was a small fraction, 0.09 % [34] or 0.08 % [35] of its
total deposition in the world.

3.2. ICP-MS of soils samples

Deeper studies based on ICP-MS were performed in the samples
where anthropogenic 1¥Cs was detected (samples 4, 6, 7 and 12). In
samples 6 and 7, we observed the 238U chain disequilibrium. The ICP-MS
(Table 4) studies were also focused on elements having natural radio-
active isotopes (U, Th, K), Cs, and Pb because we detected 137Cs and
unsupported 21°Pb and, finally, Sn in sample 7 because it has the
greatest concentration of 2!°Pb, a usual contamination of tin [16]. The
observed 1%7Cs activity (Table 3) was not correlated with the caesium
concentration in soils (Table 4), as expected, because 137¢s is a wide-
spread fission product.

The concentrations of U, Th, and K in soils have been converted to
their corresponding specific activities (last three rows of Table 4) to
deepen the study of the equilibrium of 238U and 232Th series (Fig. 7),
because mass spectrometry provides precise measurements of the ac-
tivity of both parents, with uncertainties ranging from 1 % to 3 %.
Furthermore, the K concentration provides a cross-checking of gamma
spectrometry because of the constant isotopic abundance of 40K, (1.1668
+ 0.0008) x 107* [26]. The *°K data of Table 4 and Table 3 are
compatible except for sample 6, showing a significant difference > 3o,
that can indicate some inhomogeneity in that sample because we took
200 g of soil in every location, but less than 1 g was used in ICP — MS. A
small coefficient of variation of 3 % in the potassium concentration

Table 4

ICP-MS results (ug/g) of soil samples from locations 4, 6, 7 and 12. The last three
rows list the specific activities (Bq/kg) of *°K, 238U and #*2Th deduced from the
ICP-MS results for K, U, Th and Sn* respectively.

Element 4. 6. Norwegian 7. 12.
Surroundings Aktieselskabet Surroundings Surroundings
of the Spanish Hektor whaling  British Argentinian
research station research research base
station station “Base “Decepcién”
“Gabriel de B”

Castilla”

K (ug/g) 4798 + 27 5274 + 82 4318 + 50 4282 + 39

Cs (ug/ 0.223 + 0.004 0.276 + 0.004 0.334 + 0.007 0.224 + 0.001
g)

Pb (ug/ 3.75 £ 0.15 21.73 £ 0.28 252.90 £+ 0.15 159+ 2.2
g)

U (ug/ 0.508 + 0.007 0.529 + 0.005 0.539 + 0.006 0.498 + 0.010
g)

Th (ug/ 1.354 + 0.045 1.219 £+ 0.013 1.85 £ 0.18 1.505 + 0.040
)

Sn (ug/ 18.8 £3.1
g)

40 148.54 £ 0.84  163.3 £ 2.5 133.7 £ 1.5 132.6 + 1.2
(Bg/
kg)

=8y 6.272 +0.086  6.531 + 0.062  6.654 + 0.074  6.15 + 0.12
(Bq/
kg)

22T 5.50 + 0.18 4.955+0.053  7.52 +0.36 6.12 + 0.16
(Bq/
kg)

* The concentration of Sn was measured only for sample 7 (see text).
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would solve the disagreement between the “°K activity and the potas-
sium concentration in sample 6. Note that gamma spectrometry is less
affected by inhomogeneity because we used approximately 150 g of
sample mass in every measurement.

The ICP-MS values confirm the equilibrium 238y7_226R4 (Fi g.7) in
the four samples within the uncertainty (~7%) of the 2?°Ra activity,
estimated with the weighted mean of 21*Pb and 2'*Bi activities. It also
confirms that the unsupported activity of 2!°Pb in samples 6 and 7 comes
from the increase of 2!°Pb, but not from a decrease in of 2?°Ra with
respect to the equilibrium value of the parent, 23®U. Indications of un-
supported 2!°Pb appear in samples 4 and 12, although they are not
statistically significant.

According to Equation (1)

210
_ Bg (*°Pb ) D
g (Pb)

The unsupported activities of 2°Pb found in soil samples 6 and 7
(Table 2) are 161 + 55 Bq/g (Pb) and 23 + 5 Bq/g (Pb), respectively.
The value of sample 7 is not an uncommon 2!°Pb contamination in fresh
lead [19], in solder alloys containing lead [8], or even in lead-free sol-
ders [16]. Considering that it has the highest lead mass fraction
(Table 4), the result indicates that fresh lead is the main material con-
taining 2!°Pb. Tin is not the main element with 2!°Pb because the mass
fraction of tin in soil 7 (Table 4) would give a rather high contamination
of 2'%Pb in tin. On the other hand, in location 6, the deposition of
airborne 21°Pb [25] should be the main cause of the unsupported 210py,
Iznleocause 161 + 55 Bq/g (Pb) would be too large if only the lead had

Pb.

The ICP-MS results for Th (Table 4) indicate that 2>2Th activities are
not compatible (Fig. 7, right) with those of their daughters 2?®Ra
(samples 6 and 7) and 2281 (all four samples). Note the gamma spec-
troscopy was unable to detect the disequilibrium ?2°Ra—2?%Th at 36
level (Fig. 6), mainly because of the low precision of 22®Ra activity (~10
%). One possible explanation for samples 4, 7, and 12 is the loss of a
large fraction of radium several years ago, but this is not possible
because there is no evidence of any disruption of the 238U—2?°Ra equi-
librium (Fig. 7, left). Sample 6 could be explained if a different process
had produced the deficit of a large fraction of thorium; as this thorium
loss does not affect the current equilibrium 238y_226R4 because of the
226Ra long half-life (1600 y), we can understand only one of the four
broken equilibria. However, all the disequilibria could be explained by
inhomogeneities of 10 % (samples 4 and 6) and 20 % (samples 7 and
12). We performed an exploratory analysis measuring the thorium in
four aliquots of sample 7, finding a coefficient of variation of 10 %
(Table 5).

The true distribution of thorium in sample 7 is unknown. If we as-
sume it is normal, we use Eq. (2) connecting the variance,s? the y?
distribution and the sample variance s? of a sample of size n, to estimate
the coefficient of variation for the sample 7 within the interval [6 %, 28
%] at 90 % C.L. Probably, the thorium inhomogeneity of 20 % in sample
7 is also possible for another plausible distribution.

210pp specific activity (Bq kg™ of soil)
Pb concentration (g kg=' of soil)

52

(=)=~ @)

3.3. Radionuclide activity studies in water samples

The same methodology and radionuclides were measured in six
water samples (Fig. 1). The results were quite different because, in water
samples, we did not register any gamma emitter from the 238U decay
series; the minimum detectable activities (95 % C.L.) for 214Bj and 2'“pb
ranged from 0.40 to 0.71 Bq/L. The 2*2Th daughters were only found in
the snow sample, probably contaminated by soil or dust. As shown
Table 6, “°K was detected in the four salty water samples, whereas in the
two fresh water samples (2 and 5), their activity values were less than
the minimum detectable activity.
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Fig. 7. Specific activities of 2381 and its descendants 23*Th, 22°Ra and 2'°Pb (left) and 2*?Th and its descendants ??®Ra and ?2°Th (right). The activities of 238y and
232Th are deduced from ICP-MS; the activities of their progeny are measured by gamma spectrometry (see text).

Table 5

ICP-MS results (ug/g) of Th for 4 aliquots from location 7. The sample mean and
the standard deviation of four samples are the values listed in Table 4 for sample
7.

7-1 7-2 7-3 7-4 Sample mean Standard
(unweighted) deviation
1.966 + 1.667 + 1.739 + 2.032 £ 1.85 0.18
0.031  0.025 0.033 0.047
Table 6
Gamma emitter specific activity in the water samples.
Sample O @Bq/ CoBq/ Cs 2087] 212pp
Locations L) L) (Bg/L) (Bgq/L) (Bg/L)
1. Port Foster 8.5+ <0.30 <0.31 <0.33 <0.55
1.8
2. Irizar Lake <2 <0.23 <0.20 <0.24 <0.50
3. Whalers Bay 11.4 + 0.32 + 0.30 + <0.21 <0.50
1.3 0.11 0.11
4. Fumarole Bay 10.0 + <0.24 <0.24 <0.26 <0.41
1.5
5. Vapour Col <2 <0.21 <0.21 0.66 + 1.87 +
(Snow) 0.10 0.17
6. Chilean 17.0 + <0.24 <0.26 <0.26 <0.41
Shelter 4.0

Additionally, the analysis of gamma-ray emitting radionuclides in
water samples, showed that 137¢s and %°Co coexist in one location,
Whalers Bay. The presence of ’Cs and ®°Co indicates anthropogenic
contamination because, both radionuclides are artificial. The results
were not shocking since, in this location, abundant human activities
such as hunting, fishing, and even human settlements have taken place.
However, it has been more than 90 years since the whaling base was
closed [31], when there was no artificial production of 137¢s or *°Co.
Most likely, 137Cs and ®°Co in Whalers Bay water come from dissolved
salts. 137Cs can come from the soil (note that the sampled water is close
to the contaminated soils samples 6 and 7), from steel (note that also
there is %°Co in the water sample), or from any other contaminated
building materials that arrived in that area after World War II

As they were performed with soil samples, quantification studies
were conducted. Nevertheless, because of the higher abundance of K in
the samples, ICP-OES studies were now conducted (Table 7). The 40g
activities deduced from them (last column of Table 7) are compatible
with the gamma spectrometry values (first column of Table 6). The
obtained results show that the K concentrations in seawater at Deception
Island are close to the mean value of 399.1 g/kg for the Atlantic surface
waters [24] and within the range of seawater samples from the Atlantic
and Pacific oceans [45]. Regarding the two freshwater samples, the K
content of the Irizar lake is typical in the Antarctic lakes [33], and the K
concentration in the snow sample reported here is similar to the

Table 7
ICP-OES results of the water samples. The last column lists the specific activities
(Bq/L) of *°K, as deduced from the ICP-OES results.

Sample Locations K (mg/L) 40 (Bq/L)

1. Port Foster 375.9 + 4.9 11.64 + 0.15
2. Irizar Lake 11.71 £ 0.85 0.36 = 0.03
3. Whalers Bay 389.8 + 6.6 12.07 £ 0.21
4. Fumarole Bay 410.6 + 9.7 12.71 £+ 0.30
5. Vapour Col (Snow) 1.14 + 0.07 0.035 + 0.002
6. Chilean Shelter 377.6 £+ 7.0 11.69 + 0.22

potassium in the snow in other Antarctic regions [6,38].
3.4. Radionuclide activity studies in air filter samples

To increase our understanding and knowledge about the human
impact on the Antarctica ecosystem, additional studies were conducted
with air filter samples. The analysis of the radionuclides present in
Antarctic air is a powerful tool to study the atmospheric chemistry [13],
and its influence on all ecosystems and human health. For these studies,
we used six air samples collected for 24 h on quartz filters, and the
deposited radionuclides were measured by gamma spectrometry. The
obtained results are listed in Table 8, where significant variability of the
results from one day to another can be observed.

Over the Antarctic region, strong wind events are notable and play an
important role in atmospheric distribution and circulation [47].
Consequently, the composition of aerosols can be drastically modified
from one day to another. This fact is perfectly visible in the air mass back
trajectory analysis conducted (Fig. 8), where the origin of every studied
current varies from one day to another. In these studies, the influence of

Table 8
Concentration activity (mBq/m®>) of air samples for 6 days in the Spanish base
“Juan Carlos I” during the 2019-2020 campaign.

Samplmg 214Bi 214Pb 212Pb 208T1 137Cs GOCO 40K
date
26/01/ 0.40 <0.20 <0.11 <0.20 0.38 <0.22 <2.0
2020 +0.15 +0.09
27/01/ 2.57 1.72 <0.13 <0.22 <0.23 <0.30 <2.0
2020 +0.37 +£0.31
28/01/ 0.90 0.48 <0.07 <0.20 0.29 0.26 1.98
2020 +0.16 +0.11 +0.08 +0.10 +
0.74
29/01/ <0.40 <0.20 0.19 0.36 <0.23 <0.26 <2.6
2020 + 0.06 +0.12
07/02/ <0.40 <0.40 <0.06 0.10 <0.20 <0.22 3.13
2020 +0.06 +
2.07
08/02/ <0.40 <0.24 <0.12 <0.20 <0.22 <0.24 3.69
2020 +
2.77
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Fig. 8. Total 10-day air mass analysis of air mass back trajectories arriving at
Gabriel de Castilla Station using GDAS1 dataset (Global data assimilation sys-
tem) A) at a height of 542 m (highest point of Deception) B) at a height of 40 m
(height of the volume sampler location).

height was evaluated and studied.

According to the calculated trajectories, when the operating wind
currents only passed through the ocean, no evidences of anthropogenic
radionuclides was detected (Fig. 8, lines blue/pink/orange). Neverthe-
less, some levels of 1*’Cs and %°Co potentially come from South America
as aresult of long-range transport (Fig. 8, line yellow). In addition to day
28/01/2020, the filter corresponding to day 26,/01/2020 also recorded
some levels of 137Cs (Fig. 8, line green). According to the air mass back
trajectories study conducted, some long-range transport may occur since
no evidence of a local or nearby source has been observed in the period
analysed.

In the studies published by Gorzkiewicz et al. in different Antarctic
bases [17], they found some traces of the radionuclides presented here,
but in much lower concentrations. In fact, they did not find %7Cs activity
concentrations above their MDC levels. Moving to a more abundant
radionuclide, “°K, Gorzkiewicz et al. registered an average value of 40
uBq/m3, which is almost 50 times less than we detected.

For this reason, the distance between the volume sample collector
and the soil may be not enough (1.20 m), to prevent the collector from
absorbing resuspended aerosols. In these terms, this is still important
because, due to their small dynamic diameter, these aerosols can
potentially be breathed by humans or the rest of the Antarctic fauna.

4. Conclusions

A study on potential radioactive pollution in Deception Island
(Antarctica) was conducted during this research. This study analysed the
natural radioactivity in soil samples collected from different points on
Deception Island. The major contributors were 2!°Pb and “°K, where
unsupported levels of 2!°Pb were found in two specific places, both old
housing aircraft facilities. The average “°K radioactivity registered
(149.11 Bqg/kg) was lower than the average concentration of the upper
continental crust, 850 Bq/kg. However, it is consistent with the domi-
nant rock at the sampling area. Additionally, detectable levels of
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anthropogenic '¥’Cs radionuclide were found in old settlements for
hunting. The specific activities obtained by gamma spectrometry com-
bined with the mass fractions U and Th obtained by ICP-MS show that
the unsupported 21°Pb is the only breakage of the 233U chain. In terms of
232Th chain, ICP-MS analysis was essential to detect the disequilibrium
of the chain ?Ra—2%8Th at 30 level.

The human radioactive pollution also spread to water, since 232Th
daughters were only found in the snow sample. Besides, significant
levels of 137Cs and ®°Co coexist in one particular location, Whalers Bay.

Additional analyses were conducted on air filter samples together
with the air mass back trajectory studies. It is believed that the main
source of the detected elements is the resuspension of local species.
Antarctica is one of the last regions on Earth that remain isolated from
industries and traffic, but it is still damaged and in recovering from
human activities performed in the past.

The highlight of the study is the natural radioactivity in both soil,
water, and air samples of the region. The study also shows anthropo-
genic radionuclides such as ®°Co and '%’Cs, and 2'°Pb pollution in some
places. According to this, the self-cleanness of the Antarctica seems to be
not as efficient as expected, since pollution from more than 90 years
remains. Therefore, more restrictive laws must be implemented to pro-
tect the Antarctic region from remote pollution and give it time to
recover its unspoiled condition.
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