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Abstract 36Cl production in the atmosphere is modulated by the magnetic field intensity of both the Sun
and the Earth. The record of 36Cl concentration along with that of 10Be in ice cores may therefore provide
information as to their variability. To better understand the 36Cl signal in glaciological archives, we
measured its concentration in Talos Dome snow samples (mean accumulation rate of 8 g cm−2 year−1 water
equivalent) spanning the 1910 to 1980 CE period with a resolution of one sample every 3 years from 1955
to 1980 C.E., and in Vostok snow samples (mean accumulation rate of 1.96 g cm−2 year−1 water equivalent)
spanning the 1949 to 2007 CE period with a 6‐month resolution that had never before been obtained. Marine
nuclear bomb tests in the late 1950s produced anthropogenic 36Cl, which was injected into the stratosphere
and spread around the globe. In the late 1950s this anthropogenic pulse led to an increase of 36Cl
concentration at Talos Dome that was more than 100 times higher than the prebomb and postbomb values. It
is noteworthy that the atmosphere of Vostok remains polluted by anthropogenic 36Cl today. This pollution
results from gaseous H36Cl mobility at low accumulation sites and implies re‐emission of 36Cl from the
snowpack that is not observed at Talos Dome. The 36Cl/Cl− ratio may be used to discriminate the
stratospheric anthropogenic 36Cl source from the tropospheric natural 36Cl source, which allows us to
discuss the immobile vs. mobile 36Cl in the Vostok snowpack.

1. Introduction

Cosmogenic nuclides such as beryllium 10 (10Be) and chlorine 36 (36Cl) are constantly produced by the
interaction of primary and secondary galactic cosmic ray particles with target atoms of the atmosphere.
Transferred to the Earth's surface, they accumulate in geophysical reservoirs such as polar ice cores
where their concentrations can be measured. The flux of galactic cosmic ray particles reaching the
Earth—and therefore the production rates of the cosmogenic nuclides—is modulated by the magnetic
field intensities of both the Sun and the Earth, and the variation of their concentration in snow or ice
is related to these modulations. 10Be in ice cores has previously been used to reconstruct past solar activ-
ity over the last millennium (e.g., Bard et al., 1997; Beer et al., 1988; Berggren et al., 2009; Raisbeck et al.,
1990). 10Be and 36Cl have both been used to constrain geomagnetic field intensity variations in the past
such as, for example, the Laschamp excursion, which occurred ~40 ka ago (e.g., Baumgartner et al., 1998;
Beer et al., 1992; Raisbeck et al., 1992; Raisbeck et al., 2017; Yiou et al., 1997). Compared to 10Be, fewer
studies treat 36Cl from glaciological archives, mainly because 36Cl is less abundant than 10Be: The global
production 10Be/36Cl ratio is 11 (Poluianov et al., 2016), with the result that a larger sample size is
required and measurement by Accelerator Mass Spectrometry (AMS) is more difficult than for 10Be. In
addition, 36Cl is linked to the chlorine geochemical cycle and can be found in both a particulate
(Na36Cl) and a gaseous (H36Cl) phase, which involves different atmosphere/snow transfer. The 10Be
geochemical cycle is simpler than that of 36Cl because 10Be atoms need to attach to aerosols in order
to fall to the Earth's surface. The increase in aerosols load after stratospheric volcanic eruptions can cause
an increase in the 10Be deposition flux (Baroni et al., 2011, 2019). 10Be is also influenced by atmospheric
circulation (Baroni et al., 2011; Miyake et al., 2019; Pedro et al., 2012). The comparison of 10Be and 36Cl
makes it possible to leave out their specific geochemical cycles in order to better isolate the signal related
to their production in the atmosphere. The aim of this study is to better understand the 36Cl cycle and
36Cl deposition in Antarctica.
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2. Current State of Chlorine Knowledge in Antarctica
2.1. 36Cl production and Distribution in the Atmosphere

In natural conditions, 36Cl (T1/2 = 301 ± 2 ka, Bentley et al., 1986) is produced in the atmosphere through the
spallation of 40Ar atoms. Its mean global production rate is 2.5 × 10−3 at cm−2 s−1 (Poluianov et al., 2016),
with an enhanced production rate in the polar atmosphere (stratosphere and troposphere) that reaches 5.6
× 10−3 at cm−2 s−1. As with 10Be, the main 36Cl reservoir is located in the stratosphere rather than in the tro-
posphere, due to both the higher production rate (e.g., Masarik & Beer, 1999; Poluianov et al., 2016) and the
longer residence time of 10Be and 36Cl, which is estimated at 1 to 2 years in the stratosphere (Heikkila, Beer,
& Feichter, 2009; Raisbeck et al., 1981). This allows 10Be and 36Cl to accumulate, unlike in the troposphere
where the residence time is to the order of a few weeks before 36Cl and 10Be are washed out through dry and
wet depositions (Bentley et al., 1982).

Besides its natural source, 36Cl also has an anthropogenic source related to the marine nuclear bomb tests
from the 1950s to the early 1970s which produced large amounts of anthropogenic 36Cl. Anthropogenic
36Cl is produced through the capture of thermal neutrons emitted during the nuclear bomb tests by 35Cl from
sea salt (NaCl; Bentley et al., 1982; Elmore et al., 1982; Heikkila, Beer, Feichter, Alfimov, et al., 2009).
Anthropogenic 36Cl production is tightly linked to marine nuclear tests as seawater is the only source of
chloride able to produce sufficient 36Cl to be globally recorded (Bentley et al., 1982). This is not the case
for some other nuclides (as for example cesium 137 [137Cs] and tritium [3H]), which were produced mainly
during atmospheric and terrestrial nuclear tests. The marine tests, primarily performed on atolls or barges,
were initiated by the United States in the Pacific Ocean on Enewetak and Bikini Atolls (11.3°N) between
1952 and 1958 (Table 1). These were followed by tests on Christmas and Johnston Islands (2°N and 17°N,
respectively) in 1962. Marine testing ended with the French events on Mururoa and Fangataufa Atolls
(21.5 and 22.1°S, respectively) between 1968 and 1974 (Table 1). The intensity of these marine nuclear tests
permitted 36Cl to reach the stratosphere, where it is thought to be in gaseous form (Zerle et al., 1997), then to
be distributed across the globe before finally transferring to the troposphere. Consequently, the resulting 36Cl
pulse can be observed in both low‐ and high‐latitude ice cores from African (Thompson et al., 2002), Asian,
Alpine, Andean (Heikkila, Beer, Feichter, Alfimov, et al., 2009), and North American (Green et al., 2000) gla-
ciers, as well as in ice cores fromGreenland and Antarctica (Delmas et al., 2004; Elmore et al., 1982; Heikkila,
Beer, Feichter, Alfimov, et al., 2009; Synal et al., 1990). These observations have permitted to estimate the
mean stratospheric residence time of anthropogenic 36Cl at approximately 3 to 4 years (Heikkila, Beer,
Feichter, Alfimov, et al., 2009). This residence time is higher than the 2 years required by naturally produced
36Cl because first, most of the marine nuclear bomb tests occurred near the equator, which increases the time
transfer to higher latitudes where natural 36Cl is mainly produced (Heikkila, Beer, Feichter, Alfimov, et al.,
2009), and second, because the exchanges between the stratosphere and the troposphere are maximum at
high latitudes (Heikkila, Beer, & Feichter, 2009). Approximately 80 kg of 36Cl was injected into the strato-
sphere between 1952 and 1971, resulting in a higher 36Cl deposition flux (100 to 1,000 times higher than
the natural 36Cl deposition flux) in low‐latitude glaciers or Greenland and Antarctica (Heikkila, Beer,
Feichter, Alfimov, et al., 2009).

2.2. Chlorine Transport and Mobility in Snow
2.2.1. Postdepositional Chlorine Mobility
Following the end of marine nuclear bomb testing, 36Cl returned to near prebomb levels in glaciological
archives in the 1980s (Elmore et al., 1982; Heikkila, Beer, Feichter, Alfimov, et al., 2009), except at Vostok
in Antarctica (Delmas et al., 2004). This has been explained by the mobility of 36Cl in its gaseous form
(H36Cl), in firns at low accumulation sites located on the High Antarctic Plateau, such as Vostok (Delmas
et al., 2004). 36Cl mobility is not observed at the Dye 3 and NGRIP (North Greenland Ice Core Project) sites
in Greenland (Delmas et al., 2004; Heikkila, Beer, Feichter, Alfimov, et al., 2009) and is limited at Berkner
Island in Antarctica (Heikkila, Beer, Feichter, Alfimov, et al., 2009). This may be explained by the higher
accumulation rates for these sites compared to Vostok. Snow pit studies at Dome C (Benassai et al., 2005;
Legrand & Delmas, 1988; Röthlisberger et al., 2003) and at Vostok (De Angelis & Legrand, 1995; Wagnon
et al., 1999) evidence an increase of Cl− concentration from the bottom to the surface along the first meters,
which can be attributed to postdepositional mobility. Such a pattern is only evidenced at sites with accumu-
lation rates lower than 4 to 8 g cm−2 year−1 water equivalent (Benassai et al., 2005; De Angelis & Legrand,
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Table 1
Nuclear Bomb Tests Leading to a 36Cl Stratospheric Contribution With Corresponding Location

Year Month Location
a

Project Test Explosive yield (MT)

1952 10 Enewetak Ivy Mike 10.4
11 Enewetak King 0.5

1954 2 Bikini Castel Bravo 15
3 Bikini Romeo 11
4 Bikini Koon 0.11
4 Bikini Union 6.9
5 Bikini Yankee 13.5
5 Enewetak Nectar 1.69

1956 5 Bikini Redwing Zuni 3.5
6 Bikini Flathead 0.365
6 Bikini Dakota 1.1
7 Enewetak Apache 1.85
7 Bikini Navajo 4.5
7 Bikini Tewa 5

1958 5 Bikini Hardtack Fir 1.36
5 Enewetak Koa 1.37
5 Enewetak Yellow wood 0.33
6 Bikini Maple 0.213
6 Bikini Aspen 0.0319
6 Enewetak Walnut 0.0145
6 Bikini Redwood 0.412
6 Enewetak Elder 0.88
6 Enewetak Oak 8.9
7 Bikini Cedar 0.22
7 Enewetak Dogwood 0.397
7 Bikini Poplar 9.3
7 Enewetak Pisonia 0.255
7 Enewetak Olive 0.202
7 Enewetak Pine 2

1962 4 Christmas Island Dominic Adobe 0.19
4 Christmas Island Aztec 0.41
5 Christmas Island Arkansas 1.1
5 Christmas Island Questa 0.67
5 Christmas Island Yukon 0.1
5 Christmas Island Encino 0.5
6 Christmas Island Alma 0.782
6 Christmas Island Truckee 0.21
6 Christmas Island Yeso 3
6 Christmas Island Harlem 1.2
6 Christmas Island Rinconada 0.8
6 Christmas Island Bighorn 7.7
6 Christmas Island Bluestone 1.3
7 Christmas Island Sunset 1
7 Christmas Island Pamlico 3.9
10 Johnston Island Chama 1.6
10 Johnston Island Calamity 0.8
10 Johnston Island Housatonic 8.3

1968 7 Mururoa Capella 0.115
7 Mururoa Castor 0.45
8 Mururoa Pollux 0.15
8 Fangataufa Canopus 2.6
9 Mururoa Procyon 1.3

1970 5 Mururoa Cassiopée 0.224
5 Fangataufa Dragon 0.945
7 Mururoa Licorne 0.914
8 Mururoa Toucan 0.594

1971 6 Mururoa Encelade 0.44
8 Mururoa Rhéa 0.955

1974 7 Mururoa Gémeaux 0.15
8 Mururoa Scorpion 0.096
9 Mururoa Verseau 0.332

Note. All the tests referenced have yields above 100 kilotons (kT), with bold values above 3 megatons (MT) (https://inis.iaea.org/collection/NCLCollectionStore/_
Public/31/060/31060372.pdf).
aEnewetak: 11.35°N, 162.35°E; Bikini: 11.30°N, 162.30°E; Christmas Island (Kiribati): 2.00°N, 157.25°W; Johnston Island: 17.18°N, 169.45°W; Mururoa: 21.50°S,
138.55°W; Fangataufa: 22.15°S, 138.45°W.
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1995; Röthlisberger et al., 2003). Higher accumulation rates may preserve HCl in snow and may therefore
preserve both the deposited anthropogenic and the natural H36Cl (Benassai et al., 2005; Delmas et al.,
2004; Heikkila, Beer, Feichter, Alfimov, et al., 2009). Postdepositional mobility only affects HCl because of
its lower vapor pressure as it is a gas, contrary to NaCl, which is an aerosol, that is, a solid. The outcome
of the Delmas et al. (2004) study underlines the difficulty of using 36Cl at low accumulation rate sites due
to the mobile fraction which may limit the interpretation for past solar activity and geomagnetic activity
reconstruction.
2.2.2. Chlorine Transport and Fractionation in Antarctica
In Antarctica, chlorine originates primarily from the emission of NaCl during sea ice formation (Rankin
et al., 2004; Wagenbach et al., 1998) and from the open sea (Hall & Wolff, 1998; Hara et al., 2004),
before being carried by wind across Antarctica. The percentage of NaCl versus HCl deposited in snow
depends on the site characteristics and, in particular, on both the distance from the ocean and the alti-
tude of the site, since marine aerosols will age with distance from the source and be fractionated while
reacting with acidic species in the atmosphere. Fractionation is a chemical reaction of nitric and sulfuric
acids (HNO3 and H2SO4) with sea salt NaCl to form HCl (Legrand & Delmas, 1988), according to the
following reactions:

2NaClþH2SO4→2HClþ Na2SO4(1)

NaClþHNO3→HClþ NaNO3(2)

The newly formed sodium nitrate (NaNO3) and sodium sulfate (Na2SO4) remain in aerosol form. The degree
of fractionation (in %) from NaCl to HCl is expressed by the Cl−/Na+ ratio and represents the portion of the
initial NaCl that is transformed during transport according to reactions (1) and (2), with the residual portion
remaining in the NaCl form. The natural Cl−/Na+ sea water weight ratio is estimated at 1.9 at the emission
source, with fluctuation from 1.8 in summer to 2 in winter (Legrand et al., 2017). The higher winter values
are due to mirabilite (Na2SO4) precipitation from frost flowers when sea ice is formed (Rankin et al., 2000), as
Na+ is lost from the brine. A ratio of 1.9 indicates no fractionation and the percentages increase as the ratio
moves toward zero.

At the coastal site of Dumont D'Urville (Antarctica), the degree of fractionation is 10% year round (Jourdain
& Legrand, 2002) meaning that NaCl is well preserved, while at the inland site of Dome C, it is 60% (Cl−/Na+

= 0.7) on a yearly average, with variations from 40% (Cl−/Na+ = 1.2) in winter to 95% (Cl−/Na+ = 0.1) in
summer (Legrand et al., 2017). The difference in fractionation between Dome C and Dumont D'Urville is
due to the distance from the sources, with older marine air masses at inland sites compared with coastal sites
(Hara et al., 2014; see Figure 1 for location of the sites). The seasonal variation observed at Dome C is due to
acidic species (mostly sulfate, available in large particles in the atmosphere during summer), enhancing reac-
tion (1) (Legrand et al., 2017).

At Dome Fuji (inland Antarctica, altitude 3,810 m), less than 10% of the initial NaCl remains (Iizuka et al.,
2012, 2016) because of a larger amount of SO4

2− introduced through the stratospheric‐tropospheric
exchanges as opposed to at lower altitudes (Iizuka et al., 2016). However, the amount of dust may limit
the degree of fractionation at these altitudes, as dust neutralizes acidic species (Oyabu et al., 2014). In the
modern period, the level of dust is low and sea salt is modified during transport, which implies that the chlor-
ide arriving on the central Antarctic plateau is mainly in the HCl form (Legrand et al., 2017).

Until now, 36Cl measurements have been reported at only four sites in Antarctica, that is, Vostok, Berkner
Island, Dome Fuji, and Allan Hills (Delmas et al., 2004; Finkel et al., 1980; Heikkila, Beer, Feichter,
Alfimov, et al., 2009; Nishiizumi et al., 1983; Sasa et al., 2010). It is for this reason that the study of anthro-
pogenic 36Cl may provide unprecedented information on the Cl− geochemical cycle in Antarctica and a bet-
ter understanding of Cl− preservation in the ice at low accumulation sites.

To test this, we studied a snow pit dug at Vostok 10 years after the pit sampled by Delmas et al. (2004). Our
objective was to follow the evolution of anthropogenic 36Cl in snow so as to ascertain if all anthropogenic
36Cl is subject to mobility or if, on the contrary, a portion of it is preserved in the snowpack. In parallel,
36Cl analyses were conducted on an ice core from Talos Dome, where accumulation is thought to be high
enough to preserve chlorine as NaCl and HCl and which also spans the period of nuclear bomb tests. The
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comparison between these contrasted sites provides a better understanding of the transport of anthropogenic
36Cl, of its chemical form (Na36Cl versus H36Cl) and also supplies information on how chlorine is recorded in
the snowpack.

3. Material and Methods

The studied snow pit is located near the Vostok station, on the East Antarctic Plateau (78°S, 106°E, 3,488 m,
−55 °C on average; see Figure 1 for location). 10Be, major ions, radio activity (beta and gamma), and 3H and
water oxygen isotopes have previously been measured (Baroni et al., 2011; Fourré et al., 2018; Winkler et al.,
2013) in this snow pit. The mean accumulation rate is 1.96 g cm−2 year−1 water equivalent (Ekaykin et al.,
2004). The pit was dug in 2008 down to a depth of 3.65 m and covers approximately the 1949 to 2008 CE per-
iod (for details of the chronology refer to Baroni et al., 2011). It thus spans the marine nuclear testing period.
For this study, the ages are all expressed in CE.

A total of 104 samples were prepared for 36Cl measurements. After removing 100 g from the initially
melted snow sample for 10Be analysis, the remaining water was frozen in clean bottles for 36Cl analysis.
Some samples from the upper and deeper parts of the snow pit, that is, the parts outside the period of
nuclear bomb testing, were grouped together because of their expected low 36Cl concentration. These
samples were initially collected at ~3‐cm intervals along the snow pit to perform the 10Be analysis.
The other samples were analyzed for their 36Cl concentration with the same resolution as for 10Be.
The concentration of major ions (chloride and sodium for this study) had previously been measured
by Baroni et al. (2011), but since the samples were stored frozen for 6 years in airtight bottles, 16 of
104 samples were analyzed in the frame of this study using ion chromatography at the IGE (Institut
des Géosciences de l'Environnement, Grenoble, France; Ginot et al., 2014) to identify possible variations
of the concentration during storage.

In addition, 13 samples from the Talos Dome ice core (72°S, 159°E, 2316 m, −41 °C on average; Figure 1
for location) were processed for measurement of 36Cl concentration. The mean accumulation rate of this
core is 8 g cm−2 year−1 water equivalent (Caiazzo et al., 2016; Stenni et al., 2011). The core was drilled in
2007 in the framework of the European “TALDICE” project: It is 1,620‐m long and spans more than 150
ka (Bazin et al., 2013; Veres et al., 2013). The first 5 m of the core were not available for analysis, so test-
ing covered only the samples located between 5.25 and 16.5 m, spanning the 1910 to 1979 period

Figure 1. Map of Antarctica representing the different sites listed in this manuscript (dots). Vostok and Talos Dome (stars)
represent the sites at which 36Cl measurements were performed (modified from Google Earth).
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(chronology based on the WD2014 timescale, Sigl et al., 2016). One measurement was performed for
every 3 years between 1947 and 1979 (~150 g of regrouped snow samples) and one every 12 years
between 1910 and 1935 (~680 g of regrouped snow samples). During the chemical preparation for 10Be
measurements, the samples were passed through a cation exchange column that retained Be2+ in the
resin but not Cl−. The solution was stored in clean bottles kept frozen prior to measurement of 36Cl con-
centration. Of the 13 samples, 9 were also analyzed by ion chromatography at IGE to measure the con-
centration of major ions (Ginot et al., 2014).

After being precipitated as AgCl (see the detailed protocol in the supporting information section S7.1), the
samples were measured using the 5MV French AMS national facility ASTER, installed at CEREGE
(Arnold et al., 2013). 36Cl concentration was determined from the measured 36Cl/35Cl ratio, while the
35Cl/37Cl ratio enabled to determine Cl− concentration by isotopic dilution (Bouchez et al., 2015). 36Cl con-
centration was corrected from Cl− natural concentration values determined by isotopic dilution. The accu-
racy of 36Cl and Cl− measurements at ASTER has previously been validated through comparison of
measurements performed on Dome C snow samples at ASTER and DREAMS, a 6MV AMS facility located
in Dresden, Germany (Braucher et al., 2018). In this study, the comparison of Cl− concentrations determined
by isotopic dilution and ion chromatography on the same samples showed that the concentrations measured
and calculated using these two independent methods were consistent (see supporting information section
S7.3).

4. Results and Discussion

The Cl− concentration at Talos Dome ranges from 81 to 203 ppb, with values increasing from 1960 to 1980
(Figure 2e, blue line). The Na+ concentration also increases during this time interval, with values ranging
from 50 to 150 ppb (Figure 2e, gold line). However, the Cl−/Na+ ratio does not vary from 5 to 16.5 m and
remains constant at Talos Dome, with an average value of 1.84 (σ= 0.13; Figure 2f). The stable Cl−/Na+ ratio
measured at Talos Dome is in agreement with the yearly averaged natural ratio from the ocean, estimated at
1.90+/−0.20 by Legrand et al. (2017), meaning either that fractionation is negligible at Talos Dome or that all
the deposited chlorine (NaCl and HCl) is preserved in the snowpack.

At Vostok, the Cl− concentration shows a gradual increase from the deepest part of the snow pit to the top
(Figure 2b, blue line). The values are roughly constant at 20 ppb from 1949 to 1962 (from 3.6‐ to 2.9‐m depth)
then increase with internal variability until they reach 180 ppb at the top of the snow pit (Figure 2b).
However, such an increase is not evidenced regarding sodium concentration, which exhibits constant values
close to 24 ppb (σ = 11 ppb) throughout the entire snow pit (Figure 2b, gold line). This implies values of the
Cl−/Na+ ratio higher than 10 at the top of the snow pit (Figure 2c), which is well above the marine seawater
ratio of 1.9 (Legrand et al., 2017), while below 2.9 m the ratio is 0.76 on average (Figure 2c). The high values
of the Cl−/Na+ ratio close to the surface indicate that there is more chloride than expected in the first meters.
According to Wagnon et al. (1999), this results from an increase in the Cl− concentration toward the surface
which can be explained by HClmobility in snow. Gasmigration in polar ice has also been evidenced for other
elements, such as nitric acid (HNO3, Mayewski & Legrand, 1990), or methanesulfonic acid (Osman et al.,
2017). Both the HCl migrating from the deeper part of the snow pit and the newly deposited chlorine will
thus accumulate within the upper meters (Figure 2b, blue line). This is consistent with observations made
concerning the atmosphere at Dome C, where the gaseous HCl concentration was found to be 3.4 times
higher than the concentration of chloride in the aerosol phase (Legrand et al., 2017). This excess of the gas-
eous phasemay be due tomore efficient transport of gaseous chloride from the ocean to Dome C compared to
sea salt and/or to the re‐emission of a large quantity of HCl from the snowpack which would be a source over
the Antarctic Plateau (Legrand et al., 2017). For comparison, if a gaseous/aerosol ratio of 3.4 (as found in the
atmosphere at Dome C, Legrand et al., 2017) and a Cl− concentration as NaCl set at 10 ppb from Wagnon et
al. (1999) were applied, the HCl concentration at Vostok would be 34 ppb (using the 3.4 value ratio), and the
total chloride concentration would be approximately 45 ppb. This estimate is 4 times lower than the concen-
tration of 180 ppb measured at the top of the Vostok snow pit. This may result either from the accumulation
of HCl in the first meters of Vostok before being re‐emitted or from a higher HCl concentration in the atmo-
sphere at Vostok than at Dome C.
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NoHCl postdepositional mobility is observed at sites with higher accumulation rates, such as South Pole and
Talos Dome (Benassai et al., 2005; Whitlow et al., 1992), because high accumulation rates may prevent HCl
from escaping from the snowpack.

The mobility of chlorine as HCl in the first few meters of the snowpack at Vostok may also influence part of
the anthropogenic 36Cl as H36Cl, as opposed to a nonmobile Na36Cl phase.

Contrary to what is observed at the surface at Vostok, the Cl−/Na+ ratio below 2.9‐m depth is 0.76 on
average, which corresponds to a sea salt fractionation of approximately 60%. The Cl− concentration of
20 ppb in the deepest part of our snow pit at 3.65‐m depth is twice as high as that measured by
Wagnon et al. (1999) below 6‐m depth at Vostok, leading to a Cl−/Na+ ratio of 0.4. A value of 0.4
corresponds to a fractionation of approximately 80%, higher than the 60% found in our study. The
20% difference between the two studies suggests that gaseous chloride persists at 3.65‐m depth but
has been lost at 6‐m depth and that only the NaCl component remains below. This hypothesis is
supported by observations made at Dome C, where the Cl−/Na+ ratio of 0.58 measured in the firn
between 10‐ and 50‐m depth is similar to the value of 0.7 observed in aerosols collected at Dome C
during the 2006–2016 period (Legrand et al., 2017; Röthlisberger et al., 2003).

4.1. 36Cl Nuclear Imprint
4.1.1. 36Cl Signal at Talos Dome
The 36Cl concentration measured at the Vostok and Talos Dome sites is presented in Figures 2a and 2d,
respectively, and the 36Cl fluxes are shown in Figure 3. At Talos Dome, the 36Cl concentration is 2.30 ×
103 at/g between 1910 and 1950 then increases by a factor of 100 to a maximum of 2.59 × 105 at/g in around
1955, before decreasing steadily since then to reach a concentration of 9.30 × 103 at/g in 1979 (Figure 2d),
which is 4 times higher than before 1950. The 36Cl flux profile is similar to that of 36Cl concentration. An

Figure 2. The 36Cl record, Cl− and Na+ concentration and the Cl−/Na+ ratio for Vostok (left) and Talos Dome (right)
reported as a function of time. Na+ concentration data for Vostok have previously been published (Baroni et al., 2011).
The Cl−/Na+ ratio is compared with the marine reference of 1.9 estimated by Legrand et al. (2017) and is represented by
the dotted line. Note that the timescale is different between the two panels, with the Vostok record covering the 1950 to
2010 period, while the Talos Dome record covers the 1910 to 1980 period. The chloride concentration presented here
results from the isotopic dilutionmethod, but the Cl−/Na+ ratio has been estimated using chromatographymeasurements.
For Talos Dome, four samples were not measured using chromatography, as can be observed in the gap between 1910 and
1958 for Na+ concentration and the Cl−/Na+ ratio. The grey line for the Vostok panel represents the limit at which Cl−/Na
+ ratio values seem constant, at depths greater than 2.9 m.
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increase of a factor of 100 in 36Cl concentration and 36Cl flux cannot
be attributed to natural 36Cl production but rather to anthropogenic
36Cl produced from marine nuclear bomb tests. The same amplitude
is observed at Berkner Island (Figure 3, Heikkila, Beer, Feichter,
Alfimov, et al., 2009), a site located in the Weddell Sea in Antarctica
(see Figure 1).

A similar evolution is observed in 36Cl fluxes when comparing Talos
Dome and Dye 3 in Greenland (Synal et al., 1990), where an increase
from 1948 to 1956 followed by a slow decrease since then (Figure 3)
has been observed. The increase in 36Cl flux is 10 times higher at
Dye 3 than at Talos Dome over the 1947 to 1979 period. This may be
explained by the fact that most of the nuclear tests occurred in the
Northern Hemisphere (Table 1), inducing a higher anthropogenic
36Cl flux than in Antarctica. This difference in deposition between
Greenland and Antarctica is consistent with previous 137Cs, 90Sr,
and 240Pu concentration measurements in Greenland and in
Antarctica. Indeed, the fluxes of 137Cs, 90Sr, and 240Pu are 7.6, 6 and
7.5 times higher, respectively, at Dye 3 (Greenland) than at J‐9, a site

located in the Ross Sea in Antarctica (Koide et al., 1979). 137Cs, 90Sr, and 240Pu deposition in fresh snow is
related to the atmospheric thermonuclear tests that occurred between 1955 and 1980. Two main 137Cs,
90Sr, and 240Pu peaks at 1955 and 1965 have been well identified in Antarctic snow (Feely et al., 1966;
Koide et al., 1977, 1979; Pourchet et al., 1997, 2003). These peaks are used as time markers because 137Cs,
90Sr, and 240Pu are immobile tracers associated to the particulate phase in snow.

The peaks in 36Cl flux around 1955 at Talos Dome and Dye 3 are also in phase, while a time lag is
observed at Berkner Island where the maximum 36Cl flux is reached later (Figure 3). This time lag
between Dye 3 and Berkner Island can be explained by sublimation that produces gaseous 36Cl
(Heikkila, Beer, Feichter, Alfimov, et al., 2009), despite an accumulation at Berkner Island, which
exceeds the accumulation rate of 8 g cm−2 year−1 determined as the limit at which HCl preservation
in snow can be assumed by Benassai et al. (2005). However, the Cl−/Na+ ratio of 1.94 (Mulvaney et
al., 2002) agrees with the sea water Cl−/Na+ reference ratio of 1.90+/−0.2 (Legrand et al., 2017), sug-
gesting good preservation of chlorine. Possible explanations for this ~4‐year time lag between Talos
Dome/Dye 3 and Berkner Island include chronological uncertainty and the different resolutions of the
two snow pits.

The stable Cl−/Na+ ratio at Talos Dome and the comparison with the profiles of 36Cl flux at Dye 3 and
Berkner Island during the period of nuclear bomb tests show that chlorine and 36Cl are well preserved at
Talos Dome.
4.1.2. 36Cl Signal at Vostok
The Vostok record also exhibits an increase in 36Cl concentration by a factor of 15 from 1.70 × 104 at/g in
1949.5 to two maxima of 2.41 × 105 at/g and 2.76 × 105 at/g at around 1968 and 1979, respectively. A 36Cl
concentration increase to 2.14 × 105 at/g is also observed in 1957 at Vostok (see discussion section 4.2.1;
Figure 2a). The increase in 36Cl concentration is less pronounced and is delayed at Vostok compared with
Talos Dome. The decrease in 36Cl concentration after the maxima is also slower (Figure 2a). It can be
hypothesized that natural 36Cl levels are not observed at Vostok compared to the Talos Dome record,
which goes back to 1910. The Vostok 36Cl concentration expected from natural 36Cl production can be
estimated at 6.71 × 103 at/g using the mean 10Be concentration of 7.65 × 104 at/g measured in the same
snow pit (Baroni et al., 2011) and the theoretical 10Be/36Cl production ratio of 11.4 (Poluianov et al.,
2016). 36Cl concentration in the deepest part of the snow pit (i.e., 1.70 × 104 at/g in 1949) is still more than
twice as high as the estimated natural 36Cl concentration and more than 10 times higher at the top of the
snow pit (e.g., 7.48 × 104 at/g in 2007).

As already shown by Delmas et al. (2004) regarding a snow pit dug at Vostok in 1998, the mobility of anthro-
pogenic H36Cl affecting the first meters of the Vostok record is clearly evidenced when comparing 36Cl with
137Cs radionuclide measurements performed in the same snow pit (Baroni et al., 2011; Figure 4a green line

Figure 3. 36Cl fluxes measured at Vostok and Talos Dome during the nuclear
bomb testing period compared with 36Cl fluxes at Dye 3 in Greenland (Synal et
al., 1990) and at Berkner Island in Antarctica (Heikkila, Beer, Feichter, Alfimov,
et al., 2009). The 36Cl data of Dye 3 and Berkner Island have been corrected using
the new value of the standard used at ETH Zurich, where the samples were
measured (Christl et al., 2013).
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and Figure 4b). Even if 137Cs and 36Cl were produced during different
nuclear bomb tests, atmospheric for the former and marine for the
latter, they can be compared because they were performed during
the same period. The two 137Cs peaks are well identified in 1955
and 1965, after which 137Cs concentration decreases rapidly,
returning to natural levels by 1972 (Figure 4b). Such a pattern is
not observed in 36Cl concentration evolution at Vostok, where no
return to the prebomb concentration after the end of the nuclear
tests is observed, not even at the top of the core corresponding to
2007 (Figure 4). These differences are also visible with tritium,
which is related to the water vapor cycle in the stratosphere.
Tritium is another marker of nuclear testing whose concentration
tends toward prebomb concentrations soon after the end of the
tests (Fourré et al., 2018, Figure 4c). Migration of H36Cl within
the first meters of the Vostok snow pit has also been confirmed
by the 10Be/36Cl ratio. Its value of 1.13 at the top of the snow pit
is significantly lower than the expected polar production value of
11.4 (Poluianov et al., 2016). This means that the 1949–2008 period
is entirely affected and polluted by anthropogenic 36Cl, probably
when it is in the form of gaseous HCl as discussed in section 4.1,
thus prohibiting a return to the natural level during this time per-
iod at Vostok. Along the record affected by mobility, 36Cl concen-
tration also shows some variability, with observable isolated
increases after 1980 (Figure 2a) in particular. This may be related
to an immobile 36Cl signature (see discussion in section 4.2.2).

After having demonstrated that only Vostok is affected by the mobi-
lity of a fraction of H36Cl, a phenomenon not observed in other
Antarctic and Greenlandic sites with higher accumulation rates, we
compared our Vostok record to that of Delmas et al. (2004) to evi-
dence the evolution of the 36Cl concentration as a function of depth

during the ten years separating the two studies.
4.1.3. 36Cl Evolution in 10 Years at Vostok
Before any comparison, the depth scales of the snow pits sampled in 1997 and 1998 (Delmas et al., 2004) and
in 2008 (this study) were adjusted using the 137Cs concentrations measured along them in order to take into
account the snow accumulated between these two sampling periods (e.g., between 1998 and 2008).
Furthermore, while comparing the 1997 and 1998 snow pits (Delmas et al., 2004), we observed that the second
137Cs peak was not related to the 1955 event, but rather to the intermediate one, also recorded by Baroni et al.
(2011). We therefore shifted the depth scales of the 1997 and 1998 snow pits down by 49 cm to adjust their
chronologies to the 2008 snow pit. For this comparison, we chose to use only the 1998 snow pit which covers
a longer time period than does the 1997 snow pit.
36Cl concentration profiles as a function of time from the 1998 and 2008 snow pits exhibit differences, high-
lighting that a part of the 36Cl initially deposited suffered from postdepositional disturbances. Indeed, during
the ten year lapse between the two records, the two main 36Cl peaks migrated toward the surface, that is,
toward more recent years (Figure 4A, green and black lines). Below 2.9‐m depth corresponding to the
1949–1962 period, the 36Cl budget is similar between the two studies, implying no significant loss or gain
of 36Cl (Figure 4a). These observations suggest that part of the deposited 36Cl signal is preserved below 2.9
m. Over the 1976–1998 period, the integrated 36Cl inventory is twice as high in our study than in the
Delmas et al. (2004) record, while over the 1962–1976 period it is 20% lower (Figure 4). This observation
raises the question of the consequences of the one‐directional mobility of H36Cl toward the surface and its
subsequent re‐emission to the atmosphere. The total balance over the 1962–1998 period is, however, 27%
higher in our study than in Delmas et al. (2004). This may be explained by uncertainties associated with
the dating of the snow pit in Delmas et al. (2004), whose chronology is based on the 137Cs peaks only, while
we use these time markers in addition to markers of two volcanic eruptions (the 1963 Agung event and the

Figure 4. 36Cl evolution through time (a) from this study (green line) compared
to 36Cl concentration of Vostok in another snow pit dug and measured 10 years
prior to our study (Delmas et al., 2004, in black) and also in comparison with
137Cs (b) (Baroni et al., 2011) and 3H (c) (Fourré et al., 2018) from the same snow
pit. The 36Cl model simulation is also represented, with the orange line reflecting
the values of advection and diffusion proposed by Delmas et al., 2004, the red
line illustrating new parameters fitting better with our 36Cl values, and the purple
line representing a reduced diffusion coefficient compared to the other two
simulations.
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1991 Pinatubo eruption), as based on the sulfate record. The resolution is also lower in Delmas et al. (2004)
compared to our work. As illustrated by Delmas et al. (2004) in their study of 1997 and 1998 Vostok snow
pits, this may also be explained by concentration profile differences along different snow pits from the
same site, even if the pits are dug close to each other. This may also highlight the fact that anthropogenic
36Cl is still being deposited in Vostok. It has recently been observed that HCl concentration is twice as
high as the amount of chloride lost by sea salt aerosol in the atmosphere at Dome C, suggesting that
HCl released by the snowpack may be a significant source of chlorine over the Antarctic Plateau
(Legrand et al., 2017). If HCl can be re‐emitted to the atmosphere from low accumulation sites of the
East Antarctic Plateau, anthropogenic H36Cl can also be re‐emitted and may be transported via
atmospheric circulation to Vostok, thus creating a positive mass balance compared with the snow pit
of 1997 studied by Delmas et al. (2004).

4.1.4. Model Simulation of 36Cl Evolution in 10 Years
Considering the 36Cl concentration profile of Delmas et al. (2004) as initial conditions (Figure 4a, black line),
an advection‐diffusion scheme can then be applied to this profile to simulate its evolution from 1998 to 2007.
We have assumed that new layers of snow were free of 36Cl when deposited during this time interval. Three
model results are presented.

First, we applied the advection‐diffusion coefficients as presented in Delmas et al. (2004), that is, an upward
advection of 5 cm/year and a diffusion coefficient of 0.0025 m2/year (Figure 4a, orange line). In this case, the
36Cl concentrations of the model (orange line) fail to reproduce the data (green line). The sharp increase
observed around 1962 rises toward the surface by about 6 years in the model, whereas there is almost no
observed shift between the two experimental snow records of 1998 and 2007. The double‐peak structure
vanishes, mostly under the influence of the strong diffusion. This suggests that the advection and diffusion
coefficients used by Delmas et al. (2004) require adjustment.

For this purpose, we optimized the advection‐diffusion parameters through the comparison of the
modeled profile to the experimental profile of 2008. The multiple iterations allowing to minimize the
root‐mean‐square of differences led to a new set of parameters: an upward advection of 3.9 cm/year
and a diffusion coefficient of 0.0132 m2/year (Figure 4a, red line). Using this new set of parameters,
the modeled 36Cl concentration is lower than the experimental 36Cl concentration (green line) over
the entire sequence, except between 1973 and 1977 (Figure 4a). Here again, the diffusion is strong
and smooths the double‐peak structure. The 36Cl concentration at the surface is still underestimated.
It can also be observed that for the layers between 1930 and 1959, 36Cl concentration remains
unchanged (comparison of black and red curves). In this part of the record, diffusion pushes the signal
toward greater depths (gradient from higher to lower concentrations), whereas advection is directed
toward the surface: the two processes of advection and diffusion counteract each other, leading to an
apparent stability of the record. More importantly, this particular simulation emphasizes the fact that
the amount of 36Cl cumulated in the snow profile in 1998 is not sufficient in comparison to the amount
present in 2007. In our hypothesis above, we postulate that anthropogenic 36Cl may be partially re‐
emitted into the atmosphere (a process not included in the model) at Vostok itself or at nearby
Antarctic sites before being transported to Vostok, and it may also be redeposited in the first meters
of the firn, explaining the higher 36Cl concentration in the more recent years of the 2007 record com-
pared to the model. The Vostok atmosphere may thus remain polluted by anthropogenic H36Cl today.
This phenomenon of re‐emission and deposition is the same as for HCl along the first meters of the firn
(see discussion above), which would explain why natural 36Cl levels have not yet been reached today
and why 36Cl concentrations in the top layers of the firn increased from 1998 to 2007.

A third modeling experiment was conducted by considering a moderate advection velocity of 3.9
cm/year as in the previous experiment and a diffusion coefficient reduced by a factor of 10, that
is, 0.00025 m2/year (Figure 4a, purple line). This combination of parameters allows to maintain
the double‐peak structure, which shifts toward the surface by a reasonable depth compared to the
data. However, the sharp increase around 1962 also shifts toward the surface (whereas it should
not) and concentrations in the top layers remain underestimated. No simple combination of advec-
tion‐diffusion parameters was able to satisfy the transformation of the experimental record from
1998 to 2007.
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The central aspect of these modeling experiments was to question the
mobility of chloride isotopes in snow, based on the advection‐diffu-
sion approach proposed by Delmas et al. (2004). Their modeling
experiment implicitly considers all 36Cl to be in a mobile phase. Yet
this does not allow to maintain the double‐peak structure and the
deep and subsurface concentrations, nor is it entirely compatible with
the fine structures observed in our data. This suggests once again that
a nonmobile phase of chloride is present in snow.

4.2. Mobile Versus Immobile Anthropogenic 36Cl at Vostok
4.2.1. 36Cl/Cl− as an Indicator of Stratospheric Anthropogenic
36Cl Inputs
Despite being affected by major remobilization, the 36Cl concentra-
tion record at Vostok exhibits high‐frequency variabilities similar
to those of the Cl− and Na+ concentrations over the entire
sequence. This is particularly apparent after 1980 when the 36Cl
concentration starts to decrease, with an average 3.3 year variabil-
ity for the more recent part of the record (Figures 5a and 5b). Such
similarities are also evidenced when comparing Na+ concentration
to 10Be concentration along the same snow pit (Baroni et al., 2011;
Figures 5c and 5d) and have likewise been identified with 3H
(Fourré et al., 2018). It has been proposed that these periodicities
within the 3‐ to 7‐year band result from a modulation of atmo-
spheric circulation in the troposphere, induced either by the
Antarctic Circumpolar Wave (ACW; Baroni et al., 2011) or by
the Southern Annular Mode (SAM; Fourré et al., 2018). In this
scenario, the coupling between 10Be/3H and Na+ is seen as an
indirect link related to the influence of modes of atmospheric cir-
culation (ACW or SAM) on stratospheric inputs (Baroni et al.,
2011; Fourré et al., 2018). It has recently been shown that only a

minor contribution of 10Be coming from the stratosphere, on the order of 2%, is sufficient to explain
the 10Be snow signal at Dome C (Baroni et al., 2019). Since the 10Be/36Cl production ratio is close to
10 at all altitudes or latitudes and since the maximum of production is in the polar stratosphere
(Poluianov et al., 2016), we can reasonably assume that the main source of naturally produced 36Cl
deposited at Vostok is the stratosphere. This would also apply to anthropogenic 36Cl because it has been
transported through the stratosphere from the low latitudes to the pole in a way similar to that of 137Cs,
90Sr, 240Pu, and 3H, also produced during the period of nuclear bomb tests. On the other hand, chlorine
(Cl−) originates from the ocean and is transported into the troposphere, while the stratospheric source
of Cl− can be disregarded. In addition, the natural contribution of 36Cl coming from the ocean is neg-
ligible, whereas the 36Cl/Cl− ratio is estimated at 5 × 10−16 in the global ocean (Argento et al., 2010),
which is more than 3 orders of magnitude lower than the 1.30 × 10−12 prebomb 36Cl/Cl− estimated
at Talos Dome.

To overcome this common variability between the concentrations of 36Cl and Cl−, we normalized the 36Cl
data using the Cl− concentrations determined by isotopic dilution. This normalization is based on the use
of the 36Cl/Cl− ratio in order to isolate the anthropogenic 36Cl originating in the stratosphere from the tropo-
spheric 36Cl. Normalization was applied in both the Talos Dome and Vostok snow pits, and the results are
presented in Figures 6a and 6b, respectively.

There is a good correspondence between the 36Cl/Cl− ratio and the inventory of nuclear bomb tests
(Table 1) at both Talos Dome and Vostok, taking into account a 3‐year delay between the emission of
36Cl at the time of the nuclear tests and the measurements of 36Cl concentration in snow (Figure 6).
This 3‐year shift is in agreement with the estimated 3‐ to 4‐year residence time of anthropogenic 36Cl
in the stratosphere (Heikkila, Beer, Feichter, Alfimov, et al., 2009). Details of the nuclear bomb tests
are presented in Table 1, with only explosions with a yield above 0.1 MT being considered. At Talos

Figure 5. Representation of the correspondence of 36Cl and Cl− concentrations
marked with the green vertical lines (a and b), as well as with the sodium con-
centration (c). The 10Be data are also reported (d) and were corrected from the two
main volcanic eruptions of the last 60 years: the Agung eruption in 1963 and the
Pinatubo event in 1991 (Baroni et al., 2011).
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Dome, two main peaks are identified in 1955 and 1961 (Figure 6a),
which can be linked to the two most powerful nuclear projects of
Castel and Hardtack, at Bikini and Enewetak Atolls (11°N; see
Table 1). The values then decrease, reaching the lowest values in
1980, despite being interrupted twice by anthropogenic 36Cl contri-
butions: First, between 1965 and 1967 due to the Dominic project
at Christmas and Johnston Islands (17°N) and then between 1970
and 1974 due to the French tests in Mururoa and Fangataufa
Atolls (22°S; Figure 6a).

The high resolution of Vostok data allows to identify accurately the
major tests of Bikini/Enewetak and Christmas and Johnston Islands
(Figure 6b), with major increases of the 36Cl/Cl− ratio corresponding
to the marine nuclear test periods. The less powerful tests conducted
at Mururoa and Fangataufa (22°S) are more difficult to detect due to
their lower yields, and they cannot be distinguished from other peaks
observed further afield which are not linked to any tests. The 36Cl/Cl−

ratio decreases from 1968 to 2007 albeit at a slower rate than at Talos
Dome and, as discussed previously, evidences postdepositional remo-
bilization of a part of the anthropogenic H36Cl in the firn. The uncer-
tainty related to the Vostok chronology as well as the estimated 3‐year
shift must be kept in mind when interpreting the 36Cl/Cl− ratio. For
example, for the major 36Cl/Cl− increase in 1958, which is assumed to
be related to the 1956 Redwing project tests (Table 1), the delay is only
approximately 2 years.

Along the Vostok record, high 36Cl concentration synchronous
with a transitory increase in Cl− and Na+ concentrations is

observed in 1957 (Figure 7). Although coincidental with the 1956 solar particle event (SPE; Gold &
Palmer, 1956), this 36Cl concentration increase is not reflected in the 36Cl/Cl− ratio record (Figure 7).
This most likely reveals a period favorable to the deposition of both natural sea salt, as shown in a peak
of Na+ concentration up to 78 ppb, and 36Cl at Vostok. An increase of the 36Cl/Cl− ratio is, however,
observed in 1957.5 (Figure 7). Nevertheless, when the 3‐year shift corresponding to the estimated resi-
dence time of anthropogenic 36Cl in the stratosphere is applied, this ratio becomes synchronous with
the 1954 Castel project nuclear tests at Bikini and Enewetak Atolls (Table 1).
4.2.2. Immobile Anthropogenic 36Cl
The detection of the 36Cl/Cl− peaks confirms that part of the deposition of anthropogenic 36Cl is not
mobile in snow. Indeed, the H36Cl remobilization previously presented would completely remove or
smooth the various 36Cl pulses deposited in the 1950s and 1960s and would therefore not be detected
at Vostok. The fact that the detected 36Cl/Cl− ratio peaks are synchronous with the nuclear test inven-
tory shows that when the 3‐year atmospheric transport is integrated, this fraction may be immobile
upon its deposition in snow, with no major time lag registered. Three possibilities may explain this
immobile phase:

1. Part of the nuclear signal deposited is in particulate form, that is, as Na36Cl, contrary to findings by Zerle
et al. (1997), and this portion is not totally transformed into H36Cl during transport or in the snowpack.
The Na36Cl aerosol may be preserved in the stratosphere during its transport to Antarctica, and then only
partially fractionated in the troposphere before being deposited in the snow. This would result in both
anthropogenic Na36Cl and H36Cl in the Vostok snowpack. This Na36Cl is probably transferred to
Antarctica from the stratosphere rather than from the ocean, due to the lengthy ocean circulation which
would prevent 36Cl from reaching Antarctica within 3 years and also because of the estimated low 36Cl
oceanic reservoir that would dilute the anthropogenic 36Cl (Argento et al., 2010).

2. Part of the gaseous H36Cl is not mobile after being deposited and preserved. The presence of dust may
explain this preservation. Indeed, Röthlisberger et al. (2003) have shown that the presence of dust at a
concentration above 20 ppb in the atmosphere prevents NaCl from fractionating by neutralizing HNO3

and H2SO4 acids, thus maintaining a Cl−/Na+ ratio close to the emission value of 1.9 in Dome C snow.

Figure 6. 36Cl/Cl− ratio for Talos Dome (a) and Vostok (b) records in comparison
with nuclear marine bomb tests expressed in MT (see Table 1). We calculated the
sum of the yields when different tests occurred in the same year. All the tests
referenced have yields above 100 kT. The emission dates were shifted by 3 years
from the emission time referenced in Table 1, to take into account the estimated 3
year residence time of 36Cl in the stratosphere prior to deposition in the Antarctic
snow (Heikkila, Beer, Feichter, Alfimov, et al., 2009). Only 10 of the 13 Talos
Dome data points are reported in the upper panel, which focusses on the 1950–
2010 period to enable better visualization of the nuclear bomb period.
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This is particularly visible during the last glacial maximum due
to the fivefold concentration of dust compared with interglacial
levels. The presence of dust deposited in the snowpack may also
allow to neutralize part of the deposited H36Cl, which is an acid
like HNO3 and H2SO4, and prevent its mobility in snow layers.
However, measurements made in this Vostok snow pit show a
low dust concentration level for the last 60 years (at approxi-
mately 10 ppb) and no direct link between the variability of
36Cl and that of the dust with a very low regression coefficient
(r2 = 0.03; J. R. Petit, personal communication (2019)) nor with
Cl− concentration (r2 = 0.07), which prevents us from conclud-
ing that the immobile phase is related to the presence of dust.

3. Na36Cl injected into the stratosphere is partially photolyzed to
perchlorate (ClO4

−) and then deposited at Vostok. Perchlorate is
chemically stable (Parker, 2009) and has been measured in the
ice core records of WAIS (West Antarctic Ice Sheet) Divide in
Antarctica (Crawford et al., 2017). It is naturally produced in the
atmosphere (troposphere and stratosphere) due to the photolysis
of chlorine species (Crawford et al., 2017; Dasgupta et al., 2006;
Jackson et al., 2010; Peterson, Cole‐Dai, Brandis, & Manandhar,
2015; Peterson, Cole‐Dai, Brandis, Cox, & Splett, 2015; Sturchio
et al., 2009). Sturchio et al. (2009) proposed that during marine
nuclear tests, anthropogenic Na36Cl injected into the stratosphere
may have induced a 36ClO4

− bomb pulse that could be detected in
various environments. Considering that perchlorate is immobile in the snowpack after deposition, part of
the immobile 36ClO4

− anthropogenic signal could be identified at Vostok. Nevertheless, perchlorate con-
centration measurements made at WAIS Divide show that the concentration level is at least 1,000 times
lower than the chloride concentration (Crawford et al., 2017). This suggests that the 36ClO4

− fraction may
be negligible compared to the Na36Cl/H36Cl anthropogenic fractions, and therefore not detectable at
Vostok.

The nuclear imprint at Vostok thus includes both a mobile and an immobile signature. Because of the post
depositional issues at Vostok and the presence of two different signatures, it is difficult to make a perfect cor-
respondence between the individual tests and the 36Cl/Cl− ratio values. However, such a correspondence is
expected to be feasible at other sites lacking post depositional mobility, for example, at Talos Dome, provided
that a sufficient sampling resolution is available.

This ratio enables for the first time to accurately identify the most powerful nuclear bomb tests in an ice core/
snow record, which is not possible using the 36Cl concentration only. Because anthropogenic 36Cl is trans-
ported into the stratosphere, it is thought that the 36Cl/Cl− ratio allows to discriminate between the strato-
spheric and tropospheric 36Cl reservoirs. The 36Cl reservoir is located in the polar stratosphere, which
opens perspectives for the interpretation of the 36Cl produced naturally in the atmosphere.

5. Conclusion

In this study, 36Cl concentration evolution as a function of depth in snow pits at Talos Dome and Vostok has
been established over the nuclear bomb testing period. This provides information on 36Cl signal behavior
through the first meters of the snowpack. At Talos Dome, similar to what has been observed at Berkner
Island and Dye 3, the input signal is well preserved. However, at Vostok the recorded 36Cl signal evidences
remobilization of a part of gaseous H36Cl in the first meters of the firn due to its mobility in sites experiencing
low accumulation rates, as is also observed regarding natural chloride concentration. HCl mobility is a major
phenomenon affecting the first meters of the Vostok snow, while another chlorine fraction is immobile and
preserved in the snow. However, the mobile fraction leads to a re‐emission from the snowpack, meaning that
the Vostok atmosphere is still contaminated by 36Cl produced during the nuclear bomb tests from the 1950s
to the 1970s.

Figure 7. Representation of the 1950 to 1965 period exploring the simultaneous
increase in Na+, 36Cl and Cl− concentration in 1957, as observed at Vostok.
The 36Cl/Cl− ratio is also reported with marine nuclear bomb tests in MT (see
Table 1). The tests were shifted by 3 years and a monthly mean was applied from
the nuclear bomb test list referenced in Table 1.
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We also show that it is necessary to compare 36Cl concentrations to Cl− concentrations determined by isoto-
pic dilution. This is because in natural conditions, when 36Cl and Cl− concentrations are significantly corre-
lated, the observed 36Cl variations may be related to tropospheric modulations and not necessarily to 36Cl
production changes in the atmosphere. Knowing the Cl− concentration allows to use the 36Cl/Cl− ratio to
differentiate stratospheric sources from tropospheric sources during the nuclear period and enables for the
first time to detect each major nuclear event.

Finally, this study shows that 36Cl concentration records at sites experiencing low snow accumulation
rates must be handled with care. Indeed, gaseous H36Cl is progressively lost by re‐emission from the
snowpack, which impacts the 36Cl record along the first meters of the firn. However, below a critical
depth which can be determined using the Cl−/Na+ ratio, only the immobile 36Cl remains. 36Cl concen-
tration can therefore be interpreted to evidence natural variation of 36Cl production. More investigation
is required at other sites with low snow accumulation rates that date from outside the period of nuclear
bomb testing in order to permit comparison with sites with higher accumulation rates, which prevent
the loss of gaseous H36Cl.
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