Chemosphere 329 (2023) 138674

Contents lists available at ScienceDirect

Chemosphere

Chemosphere

o %

ELSEVIER journal homepage: www.elsevier.com/locate/chemosphere

n
The 23°Pu nuclear fallout as recorded in an Antarctic ice core drilled at e
Dome C (East Antarctica)

a,b,*

a,b

Mirko Severi
Rita Traversi

, Silvia Becagli ", Laura Caiazzo *°, Raffaello Nardin *", Alberto Toccafondi ¢,

& Department of Chemistry “Ugo Schiff”, University of Florence, Florence, Italy

b Institute of Polar Sciences, ISP-CNR, Venice-Mestre, Italy

¢ Ente per le Nuove Tecnologie, I’Energia e I’Ambiente, Rome, Italy

4 Department of Information Engineering and Mathematics, University of Siena, Siena, Iraly

HIGHLIGHTS GRAPHICAL ABSTRACT

o Nuclear Weapons Tests were responsible
of a global dispersion of radioactivity.

e Antarctic ice-cores preserve a detailed o~
record of nuclear fallout. ‘ T
e An ICP-MS method was successfully ) g Nuclear
used to measure 2>°Pu at fg g~! level. ) < by o
e The nuclear fallout can represent an N ] Fe
useful tool for the dating of an ice-core. \J Fg g
Eg &
g Agungeruption (1963 C.E)  Jy
[P
ARTICLE INFO ABSTRACT
Handling Editor: Milena Horvat Starting from 1952 C.E. more than 540 atmospheric nuclear weapons tests (NWT) were conducted in different
locations of the Earth. This lead to the injection of about 2.8 t of 2>*Pu in the environment, roughly corre-
Keywords: sponding to a total 2*°Pu radioactivity of 6.5 PBq. A semiquantitative ICP-MS method was used to measure this
Antarctica isotope in an ice core drilled in Dome C (East Antarctica). The age scale for the ice core studied in this work was
Ez;iz;:sfallout built by searching for well-known volcanic signatures and synchronising these sulfate spikes with established ice
Plutonium core chronologies. The reconstructed plutonium deposition history was compared with previously published
ICP-MS NWT records, pointing out an overall agreement. The geographical location of the tests was found to be an
important parameter strongly affecting the concentration of 2>Pu on the Antarctic ice sheet. Despite the low
yield of the tests conducted in the 1970s, we highlight their important role in the deposition of radioactivity in
Antarctica due to the relative closeness of the testing sites.
1. Introduction nature have largely and rapidly increased. Deep changes in the Earth
system arose from the higher use of resources and energy, from indus-
Since 20th century the global population and its capacity of changing trialization and from the global economic growth especially since the
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1950’s, when the so-called Great Acceleration began (Steffen et al.,
2007). Nowadays, the human species is known to be the major
geomorphological force (Cooper et al., 2018) and its activities represent
one of the strongest forcing factors directly affecting the on-going cli-
matic change (IPCC, 2014). The discovery of nuclear fission in the late
1930s and its following development starting from Los Alamos in the
1940s, led to the beginning of the ‘atomic age’ with the release of
radiogenic nuclides into the Earth’s atmosphere and, hence, biosphere.
This signature, recorded in several kind of climatic archives, has been
proposed by many scientists as the event marking the onset of the
“Anthropocene” (Sanchez-Cabeza et al., 2021). The radioactive chemi-
cal element plutonium (Pu) is present in the environment mainly as a
consequence of the nuclear weapons testing (NWT) accomplished from
1945 to 1980 Common Era (C.E.) (UNSCEAR, 2000). Among the six
isotopes of Pu (%38py, 239py, 240py, 241py, 242py and 24*Pu), 2°%Pu is the
most abundant in the environment with an half-life of 24,110 years. It is
estimated that approximately 2.8 t of 23°Pu were globally deposited
from the atmosphere as a result of more than 540 atmospheric weapons
tests, corresponding to a total 23°Pu radioactivity of 6.5 PBq (UNSCEAR,
2000).

The radioactive fallout began in 1945 C.E (see Fig. 1). during World
War II due to fission devices which were responsible of just local
contamination. Thermonuclear weapon tests commenced in 1952 C.E.
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and were accomplished in three major phases. The first phase, from
1952 to 1958 C.E., was dominated by US testing at low latitude Pacific
sites (Bikini, Eniwetok and Johnston Island). During this period, one of
the largest tests, with a total yield of 15 Mt, was the Castle Bravo
detonation at Bikini Atoll in 1954 C.E. This phase ended with the Partial
Test Ban moratorium from November 1958-1961 C.E., a period char-
acterized by a lull in nuclear weapon tests (NWT) except for three tests
conducted by France. Phase two ranged between 1961 and 1963 C.E.
and was dominated by the former Soviet Union (USSR) testing at Novaya
Zemlya (Russian Arctic). At this site, the cumulated yield of the deto-
nations conducted during phase two accounts for about 57% of all NWT
carried out between 1945 and 1980 C.E. (UNSCEAR, 2000; Wendel
et al., 2013; Arienzo et al., 2016). In 1963 C.E., the Limited Test Ban
Treaty (LTBT) was signed by the U.S. and USSR. According to this
agreement, NWT were banned in all global environments, except for the
underground tests. Phase three of NWT lasted from 1963 to 1980 C.E.
and was dominated by several above-ground test mainly conducted by
France (Mururoa and Fangataufa Atolls — French Polynesia) and China
(Lop Nor — western China).

The aerosols deriving from NWT can be dispersed on three different
scales: local, regional (tropospheric) and global (stratospheric). Several
factors can influence the partitioning of NWT aerosols (i.e. the yield and
the height of the test, the test location and the local synoptic
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Fig. 1. (a) Number of atmospheric (green bars) and underground (grey bars) nuclear weapon tests run in each year during the studied period. (b-c) Northern and
Southern Hemisphere atmospheric nuclear yields detonations in each year between 1945 and 1980 C.E.
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meteorological conditions). These parameters can strongly influence the
duration of the fallout, which can occur during periods ranging from
minutes (on a local scale) to few years (for radionuclides reaching the
stratosphere) (Alvarado et al., 2014). About 75-80% of global nuclear
fallout occurred in the Northern Hemisphere (Livingston and Povinec,
2000), mostly in mid-latitudes (Waters et al., 2015) with minimum
concentrations of radionuclides at the poles and in the equatorial region
(Hardy et al., 1973).

In the last decades several tracers have been used to reconstruct the
nuclear fallout coming from NWT (i.e. 3h, 36cl, 2%sr, 137 Cs, 210pb, 23%9py,
240pyy/239py, beta-activity). Many kind of archives were analysed
including vegetation (Warneke et al., 2002), dated corals (Benninger
and Dodge, 1986; Lindahl et al., 2011; Sanchez-Cabeza et al., 2021), soil
samples (Hardy et al., 1973; Roos et al., 1994), marine and lacustrine
sediments (Krey et al., 1990; Roos et al., 1994), aerosol samples
(Alvarado et al., 2014; Wendel et al., 2013), mid-latitude ice cores
(Gabrieli et al., 2011; Olivier et al., 2004; Schwikowsky et al., 1999;
Knusel et al., 2003; Wang et al., 2017) and polar ice cores (Arienzo et al.,
2016; Hwang et al., 2019; Wendel et al., 2013; Koide et al., 1985;
Winstrup et al., 2019). All these archives proved to be useful in recon-
structing the history of nuclear fallout and, in particular, ice cores have
been successfully used to achieve information on NWT aerosols depo-
sition at high temporal resolution in the Arctic and in Antarctica (Fourre
et al., 2006). Unlike beta-radiation-based methods, 2>’Pu concentration
in ice cores is stable through time, due to the long half-life (24.1 kyr) of
this radionuclide. The main drawback in measuring this isotope is the
low concentration (in the order of fg g™!) usually found in ice cores
which calls for sensitive instrumentation or large amount of samples.
Typical methods for the analysis of Pu in ice cores are accelerator mass
spectrometry (AMS) and inductively coupled plasma - sector field mass
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spectrometry (ICP-SFMS). AMS technique requires large amounts of
snow or ice (2-3 kg per sample as reported by Olivier et al., 2004),
whereas ICP-SFMS shows the great advantage of using just few mL of
sample and does not require any sample pre-treatment (Arienzo et al.,
20165 Gabrieli et al., 2011; Hwang et al., 2019). Besides being a proxy
for the nuclear fallout reconstruction, 2>°Pu could represent a key tool
for dating purposes and to synchronize different ice-core records
(Arienzo et al., 2016; Winstrup et al., 2019). In this study, we applied an
ICP-SFMS method similar to those used by Gabrieli et al. (2011) and
Hwang et al. (2019) on a shallow ice core drilled in Dome C (East
Antarctica). 2%°Pu concentration was successfully measured and
compared with previous data achieved at several sites by ICP-SFMS or
by radioactivity counting methods.

2. Materials and methods
2.1. Samples

During the 2018-19 Antarctic field campaign a 106 m long ice core
(DC-3D) was drilled in Dome C (East Antarctica, 75°06'S; 123°21’E,
3233 m a.s.]) (Fig. 2) using an electromechanical drill in the framework
of the MIUR-PNRA-3D project. The recent snow accumulation rate at
Dome C ranged between 8.0 and 8.8 cm snow yr! in the period
1964-1992 CE (Traversi et al., 2009).

The ice core sections were logged and accurately weighted to eval-
uate the density of the snow. Afterwards, the ice core sections were cut
in 10 cm sub-samples (roughly corresponding to a time resolution of 1-2
years in the analysed section) and each sub-sample was packed in a
polyethylene bag, sealed and shipped to Italy at —20 °C.

The surface of the frozen samples was removed to clean the possible
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Fig. 2. Ice cores or snow pits locations used for the study of the nuclear fallout in Antarctica. The red star shows the site in Dome C where the ice core of this study
was drilled. Red circles show the six sites used by Arienzo et al. (2016) for the construction of a composite record: James Ross Island (JRI), B40, Aurora Basin North
(ABN), Thwaites Glacier (THW), Pine Island Glacier (PIG) and the divide between Thwaites Glacier and Pine Island (DIV). Blue circles show other sites where the
radioactive fallout was previously measured: Norwegian/U.S. traverse core site NUS_8_5, a site close to Dome C (Old Dome C), Dome Fuji, J-9 and Roosevelt Island

Climate Evolution (RICE).
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contamination inevitably arising from the drilling, cutting, packing and
handling of the ice core. The decontamination technique used for the
preparation of discrete samples was the manual removal of the outer
layers using a ceramic knife under a laminar flow hood (Candelone et al.,
1994). Decontaminated samples were than stored in pre-cleaned plastic
containers and melted at room temperature in a class 10,000 laboratory
just before the analysis.

2.2. Analytical methods

2.2.1. Electrical conductivity

A small amount (2 mL) of each sample was used for the measurement
of the total conductivity; this parameter is often used as a marker,
although not univocal, of acidic layers in ice cores due to the deposition
of HySO4 of volcanic origin. Due to the very low ionic strength of this
kind of samples, this measurement is susceptible to atmospheric CO2
absorption which, in turns, affects the measured total conductivity. For
this reason, we used a Dionex CDM-3 conductivity flow cell with an
active volume of 1.25 pL. Samples were pumped into the flow cell with a
peristaltic pump (Minipulse 3, Gilson, Middleton, WI) at a flow rate of
0.5 mL min~!, avoiding any contact with the laboratory atmosphere.
Between 2.6 and 12.5 m depth, 95 samples covering the period from
1800 C.E. to 1980C.E. were analysed for the determination of their
electrical conductivity and ionic composition.

2.2.2. Ion chromatography

Ion chromatographic analysis was performed on the ice core samples
using a fully automated system described in details in Morganti et al.
(2007). Briefly, two ion chromatographs (Thermo Dionex DX-500 and
ICS-1000) were used for the determination of the anionic (Cl~, NO3 and
SO37) and cationic (Na®, NHZ, K™; Mg and Ca") species. Samples
were injected into the ion chromatographic systems by using a 222 XL
liquid handler automated sampler (Gilson, Middleton, WI, USA) able to
pierce the sample vials with a stainless steel needle in order to minimise
the sample handling and to avoid contact with the laboratory atmo-
sphere. Standard solutions for calibrations were prepared daily by
dilution of stock standard solutions (1000 mg L’l) purchased from
Merck (Darmstadt, Germany), with ultra-pure water (resistivity
>18MQ; Milli-Q IQ 7003, by Merck-Millipore). In this study, we focused
on the use of non-sea-salt sulfate (nss—SO;Z{) to detect historically known
volcanic events with the purpose of building an age scale for the DC-3D
ice core. Nss—SO3~ content was calculated by subtracting from total
sulfate the contribution of primary sulfate (sea-salt sulfate) using ssNa™
concentration as a univocal marker of the sea-spray source, as done by
Severi et al. (2009).

2.2.3. ICP-SFMS

The determination of 2>°Pu concentration was carried out using an
ICP-SFMS (Element2, Thermo Scientific, Bremen, Germany) equipped
with an high-efficiency sample introduction system (Apex HF, ESI, USA).
Before the analysis all the samples were acidified at 1% (v/v) with ultra-
pure HNO3 obtained by a sub-boiling distillation system (Savillex DST-
100, USA). Analyses were performed using a CETAC ASX-510 auto-
sampler placed under a laminar flow hood Class 100 and a Teflon PFA
self-aspirating microflow nebulizer (100 pL min !, Elemental Scientific,
Omaha, NE, USA). The instrument was daily tuned in order to achieve
the maximum sensitivity for the 11%In peak using a concentration of 100
rg mL "1 23%Py concentration was measured in the low resolution (LR)
mode with a mass resolution m/Am ~ 300. Further details about opti-
mised operational and instrumental parameters are summarised in
Table 1 along with the main figures of merit of the method.

Since 23°Pu is a radioactive isotope, a standard reference material is
not available; thus, an indirect calibration was performed using 228U as
an external standard (Gabrieli et al., 2011; Arienzo et al., 2016; Hwang
et al., 2019). Considering that the sensitivity of heavy elements in
ICP-SFMS is linked to their masses and that U and Pu have very similar
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Table 1
Set-up, main measurement parameters and figures of merit of our semi-
quantitative ICP-SFMS for the determination of ?**Pu concentration.

Sampler/skimmer cones Ni cones

Sample injector Sapphire

Desolvation system Apex-HF

Nebulizer PFA microflow (100 pL min 1) self-
aspirating

Cool gas flow rate (L min~1) 16

Auxiliary gas flow rate (L min~') 0.8°

Sample gas flow rate (L. min~') 1.07°

Rinse out time (min) 5

Sample take-up time (s) 90

RF power (W) 1268

Resolution Low (m/Am ~ 300)

Scan type E-scan

Runs and passes 12 x 3

Sample per peak 100

Mass window (%) 20

Integration window (%) 20

Typical sensitivity ~0.8 x 10° cps for a 100 ng L.~* In solution

23%py LOD (fg g™H) 0.14

Background 2*°Pu concentration (fg 0.40

gfl)h
# These values were daily optimised during the instrument tuning.
b Average concentration between 1908 and 1942 C.E.

first ionization energies, 238U and 23°Pu are expected to show a similar
behaviour in the plasma (Lariviere et al., 2006). In the last years, many
studies have proved that this semi-quantitative approach for the deter-
mination of Pu is reliable and this method has been largely used in
different matrices (Rondinella et al., 2000; Baglan et al., 2000; Arienzo
et al., 2016; Winstrup et al., 2019). Standard solutions for U calibration
were prepared by serial dilution of a 1000 pg mL ™! stock solution (Sigma
Aldrich) in 1% (v/v) HNOj acidified ultrapure water. Five standard
solutions ranging between 0.01 and 8.5 pg g~! were daily prepared and
measured at the beginning of every analysis session. In this working
range, a linear calibration curve was obtained with R? always higher
than 0.998.

As reported in other studies (Gabrieli et al., 2011; Arienzo et al.,
2016; Hwang et al., 2019), particular attention must be paid to the
possible isobaric interference by 23®U'H*. The separation between
28yl and 2°°Pu™ in a mass spectrometer would require a resolution
better than 37,000 (Lariviere et al., 2006) and thus, using the low res-
olution mode (m/Am ~ 300), we could just evaluate if the interference
was negligible or not. By analysing different solutions of 238U at con-
centrations ranging between 0.1 and 50 pg g}, we checked the hydride
formation rate finding a mean 238U'H/238U ratio of 8.1 x 107>, Since U
concentrations were always lower than 1.0 pg g~*, the contribution of
B8YH to the 2*?Pu measurement was calculated to be always lower
than 0.08 fg g~ L.

In order to rule out covariability between 228U and 2%°Pu, we eval-
uated their correlation in the period between 1945 and 1985 CE, finding
a Pearson’s r of 0.3064 (n = 24) which is statistically not significant. The
method detection limit for 239Pu, calculated as three times the standard
deviation of ten measurement of the 1% (v/v) HNOs was 0.15 fg g_l. A
blank correction was applied to the full dataset by subtracting the
average 1908-1942C.E. measured ?*°Pu concentrations. The back-
ground concentration measured during this pre-atomic age in the DC-3D
ice core was 0.40 fg g~1. The precision of the method, expressed as RSD,
ranged from 54 to 114% (mean 69%) for Pu concentrations higher than
0.5 fg g~ while for concentrations lower than 0.5 fg g ! precisions were
from 17 to 173% (mean 90%). The uncertainty associated to each
measurement was expressed as the relative standard deviation. A total of
41 samples between 2.6 and 6.9 m depth (covering the period between
1908 C.E. and 1980 C.E.) was analysed with this HR-ICP-MS semi-
quantitative method.
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2.3. Age-scale

A reliable age-scale represents a key tool for the correct interpreta-
tion of chemical profiles achieved from ice-cores. The full potential of
climate archives can be exploited only when accurate dating models are
available. A method often used for the construction of an age/depth
model in ice archives is based on the counting of single annual layers
deposited at the drilling site (Sigl et al., 2016; Nardin et al., 2021). This
approach can be considered the best one for dating purposes but un-
fortunately it is applicable only to ice cores drilled at sites with a rela-
tively high accumulation rate. When the identification of a seasonal
pattern in the chemical or physical properties of ice is not possible, the
use of ice flow models aided by the identification of temporal horizons
(i.e. volcanic eruptions, magnetic anomalies or dust layers) represents
the best dating strategy (Ruth et al., 2007). Due to the relatively low
snow accumulation rate at Dome C and to the low sampling resolution
used for the DC-3D core, the best approach to build an age scale for our
record was a direct synchronisation with well dated ice cores. For this
purpose, we used an ice core previously drilled in Dome C in the
framework of the EPICA (European Project for Ice Coring in Antarctica)
project in 1996/97 (hereafter EDC96). The uppermost section of this
core was analysed in the field at high resolution by Fast Ion Chro-
matographic (FIC) methods (Severi et al., 2015; Traversi et al., 2002)
and was already synchronised via volcanic stratigraphic links with
several other records: EDML (Severi et al., 2007), Talos Dome (Severi
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et al., 2012), Vostok (Parrenin et al., 2012), Dome Fuji (Fujita et al.,
2015) and WDC (Buizert et al., 2018). Since EDC96 core started from a
depth of about 7 m (roughly corresponding to 1907C.E.), we used the
more recent record by Gautier et al. (2016) to cover the more recent
section. Fig. 3 shows the DC-3D, EDC96, Dome C and WDC sulfate
profiles for the last two centuries after their synchronisation via the
major historically known volcanic eruptions: Agung (1963 C.E.), Kra-
katoa (1884 C.E.), Cosiguina (1834 C.E.), Tambora (1815 C.E.) and an
unknown volcano erupting in 1809 C.E. Despite the low resolution of the
DC-3D ice core, these five volcanic horizons can be identified in the
sulfate and conductivity profiles, allowing for an accurate chronology
for our record. Since the time period on which we focused in this study is
limited to the 1910-1980 C.E. interval, we can estimate a maximum
uncertainty of 1-2 years for our chronology.

3. Results

Here we report the semiquantitative measurements of the 23%Pu
concentration in the DC-3D ice core in the depth interval between 2.6
and 6.9 m, corresponding to a time period spanning from 1908 to 1980
C.E. The sample resolution used in the framework of the DC-3D project
was 10 cm, we thus calculated an average time resolution of 1-2 years
per sample. From the semiquantitative concentrations we calculated the
239y results expressed in activity units as well, using the specific ac-
tivity of 2.29 x 10° Bq g ™! for this isotope, as reported by Baglan et al.
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(2000). Fig. 4 shows the concentration profile of 239y (panel a) and the
activity profile (panel b) as recorded in the DC-3D ice core. From 1954 to
1957 C.E. a sharp increase in 239py concentration and activity are
observed. During this period the highest value of the whole dataset was
recorded, with a maximum concentration of 1.35 fg g~ in 1955-56 C.E.
and an average concentration and activity of 1.12 fg g~ and 2.56 mBq
kg~ ! respectively. After this 2°Pu peak, the concentration declined as a
result of the Partial Test Ban moratorium (see Fig. 1); starting from 1961
C.E., a second concentration peak is clearly visible reaching its
maximum between 1962 and 1968 C.E. After this peak, the 2>°Pu con-
centration and activity returned close to background values during the
1970s as a consequence of the ban of atmospheric tests signed in 1963 C.
E. by the U.S. and USSR.

4. Discussion
4.1. Comparison to atmospheric NWT history

In order to better understand the ?>°Pu concentration profile ob-
tained by using the semi-quantitative method, we compared our record

to the total fission yield of NWT. The amount of Pu deposited on ice-
sheets was mostly from atmospheric NWT, as underground NWT is
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expected to represent a negligible contribution to the total amount of
239py deposited in polar areas. Atmospheric NWT eject debris into the
stratosphere followed by wet or dry deposition within 1-2 years. For this
reason, we calculated the cumulative yield for each year only taking into
account the atmospheric tests and then we compared it with the 2*°Pu
concentration record according to our chronology, as shown in Fig. 5.
Most of the NWT run in the Southern Hemisphere were carried out be-
tween 1966 and 1975 C.E. by France in the Southern Pacific Ocean
(~21.8° S, ~139.0° W). The 2*°Pu peak associated to this sequence of
tests is clearly visible in the last part of our record between 1970 and
1977 C.E. The maximum concentration of 23°Pu is 0.31 fg g~'; this value
is much lower than the peaks recorded in 1962-63 C.E. (0.70 fg g 1) and
in 1954-55 C.E. (1.35 fg g’l). The highest 239py concentration (1954-
55C.E.) can be explained as a consequence of the Mike and Bravo tests
(UNSCEAR, 2000) run between 1952 and 1954 C.E. by the U.S. in a
relatively close site in the South Pacific (~11°N). Despite a much lower
nuclear yield (see Fig. 1), these NWT were responsible for a larger 22°Pu
deposition with respect to the one due to the intensive testing in the
Arctic (Novaya Zemlya, ~74°N) by the USSR in 1961-1962 C.E. Our
results show that, as expected, the geographical location of the nuclear
tests is not the only parameter affecting the amount of radionuclides
deposited on the ice-sheets. In fact, the distance dependence of the
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Fig. 5. Comparison between our 2*°Pu
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transport of radionuclides holds true for the troposphere but it weakens
for the stratospheric transport (Hwang et al., 2019), for which the
residence time is expected to be 1.5 + 0.5 years (Hirose and Povinec,
2015). In turn, the height reached by radioactive products after NWT
depends on the yield of the nuclear test. It was observed that an ex-
plosion of tens to hundreds of kilotons produces a mushroom cloud that
can reach an height close to the tropopause, while smaller tests can
spread the radioactive products just in the troposphere (Hwang et al.,
2019). It follows that the main factors affecting the deposition of Pu at a
certain site are the geographical location of the NWT and its total yield,
which can trigger a stratospheric distribution.

4.2. Comparison to other fallout records

A further evaluation of the dataset obtained using our method was
carried out by a comparison with the available published records of
nuclear fallout on the Antarctic ice sheet (see Fig. 2). Unfortunately,
only few studies have been performed so far on Antarctic ice cores or
snow-pits. In particular, we compared our record with:

1. A composite Antarctic record produced by Arienzo et al. (2016)
obtained by calculating the geometric mean of six well dated
ice-cores

2. An additional ice core analysed by Arienzo et al. (2016) at a site with
an accumulation rate close to Dome C (NORUS_8_5, recent accu-
mulation rate of 35 mm yr~! water equivalent)

3. A 4 m snow pit dug close to Dome Fuji (Hwang et al., 2019)

4. An ice core drilled in Roosevelt Island in the framework of the RICE
project (Winstrup et al., 2019)

5. A 6 m snow pit dug at J-9 in November 1976 (Cutter et al., 1979;
Koide et al., 1985)

6. A 5 m snow pit dug at Old Dome C in January 1977 (Koide et al.,
1979, 1985).

While in the first four records the history of NWT was reconstructed
by measuring 2*°Pu with an ICP-MS, the J-9 and Old Dome C snow pits
studied in the 1970s were analysed by measuring the 23°+24py activity
on large samples by alpha spectrometry. In order to obtain the con-
centration of 23°Pu, we subtracted the contribution of 2*°Pu from the
total activity by using its specific activity (8.39 x 10° Bq g~!; Baglan
et al., 2000) and the different 240py; /239py atomic ratios reported in
Koide et al. (1985). Finally, we calculated the 23°Pu concentrations
corresponding to the residual activity by using the 23°Pu specific activity
of 2.29 x 10° Bq g~! (Baglan et al., 2000). Fig. 5 shows the comparison
of our new profile with the aforementioned records. All the records are
plotted on their original age scale except for the J-9 snow pit, whose age
scale was shifted by adding 2.1 years to the original chronology, as
proposed by Hwang et al. (2019). We observe an overall agreement
among the available 2*°Pu concentration trends, with the highest values
occurring between 1952 and 1956 C.E. After a low concentration period
during the Moratorium, a second peak is visible between 1962 and 1968
C.E. This second peak reaches about half the concentration of the first
one at each site. This concentration maximum is in turn followed by a
third one showing slightly lower concentrations and starting in the early
1970s as a consequence of the French low-latitude nuclear weapons
testing. Although this main pattern is common to all records, some
differences appear when looking into details. Several issues affecting the
plutonium records can preclude the possibility to link these differences
to a spatiotemporal heterogeneity in the 239py fallout. In fact, each re-
cord has an age uncertainty which could explain the lead or lag of the
plutonium deposition with respect to other archives. Furthermore, the
low accumulation rate at Dome C represents a drawback when studying
archives at high resolution since the wind-driven reworking of snow can
heavily disturb the stratigraphy of annual layers (Gautier et al., 2016).
For these reasons it is not possible to discuss further about the spatio-
temporal distribution of ?*°Pu over Antarctica. In order to accomplish
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this task high resolution and accurately-dated records are mandatory.
Finally, we evaluated the post-moratorium (1962-1965 C.E.) to
pre-moratorium (1955-1959 C.E.) ratio for 23°Pu deposition by inte-
grating the 2%°Pu concentration during these two time intervals and
calculating their ratio. On the basis of the total atmospheric NWT yields
during these two periods, this ratio is about 70:30% (Koide et al., 1982).
The ratio calculated in our DC-3D record is 37:63%, which is perfectly in
agreement with the values of 36:64% and 38:62% found at Dome C
(Koide et al., 1982) and in an Antarctic composite record (Arienzo et al.,
2016) respectively. These ratios are rather offset from the expected
post-moratorium to pre-moratorium ratio of 70:30%. This discrepancy
can be explained considering that Pu is not a fission product and its
production is strongly dependent on the type of weapon tested (Koide
et al., 1982).

5. Conclusions

In this work we demonstrated the reliability of an ICP-SFMS method
for the quantification of ?**Pu in an ice core drilled on the Antarctic
Plateau. The only isobaric interference (338yH") was found to be
negligible at this site, but caution must be used at sites with high dust
content since high U concentrations are to be expected. Our semi-
quantitative method allowed us to reconstruct the nuclear fallout
deposition between 1940 and 1980 C.E., representing a useful tool for
building chronologies for ice cores difficult to date. The obtained results
were compared with existing 22°Pu records pointing out a good overall
agreement among ice cores drilled at different sites across the Antarctic
continent. The new 2*°Pu deposition data at Dome C represent a valu-
able information to better understand the mechanisms involved in the
transport processes of aerosol towards high latitudes. For instance,
assuming a similar behaviour between volcanic sulfate injected into the
stratosphere and the radioactivity coming from bomb tests, this Pu
concentration profile could be used to better model the forcing exerted
by volcanic aerosol on a global scale (Sigl et al., 2022).
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