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Persistent Draining of the Stratospheric '°’Be Reservoir
After the Samalas Volcanic Eruption (1257 CE)

Mélanie Baroni® ("), Edouard Bard® (), Jean-Robert Petit?, Sophie Viseur® ("), and ASTER Team®,"

! Aix Marseille University, CNRS, IRD, INRA, Coll France, CEREGE, Aix-en-Provence, France, 2IGE, Université Grenoble
Alpes, CNRS, IRD, Grenoble INP, Grenoble, France

Abstract More than 2,000 analyses of beryllium-10 (*°Be) and sulfate concentrations were performed at
anominal subannual resolution on an ice core covering the last millennium as well as on records from three
sites in Antarctica (Dome C, South Pole, and Vostok) to better understand the increase in °Be deposition
during stratospheric volcanic eruptions. A significant increase in '°Be concentration is observed in 14 of the
26 volcanic events studied. The slope and intercept of the linear regression between 19Be and sulfate
concentrations provide different and complementary information. Slope is an indicator of the efficiency of
the draining of '°Be atoms by volcanic aerosols depending on the amount of SO, released and the altitude it
reaches in the stratosphere. Intercept gives an image of the '°Be production in the stratospheric reservoir,
ultimately depending on solar modulation. The Samalas event (1257 CE) stands out from the others as the
biggest eruption of the last millennium with the lowest positive slope of all the events. We hypothetize that
the persistence of volcanic aerosols in the stratosphere after the Samalas eruption has drained the
stratospheric '°Be reservoir for a decade, meaning that solar reconstructions based on '°Be should be
considered with caution during this period. The slope of the linear regression between ‘°Be and sulfate
concentrations can also be used to correct the '°Be snow/ice signal of the volcanic disturbance.

1. Introduction

The cosmogenic nuclide of beryllium 10 (*°Be) measured in ice cores is an indirect proxy for past solar
activity (e.g., Bard et al., 1997; Beer et al., 1990; Berggren et al., 2009; Cauquoin et al., 2014; Delaygue &
Bard, 2011; Horiuchi et al., 2008; Raisbeck et al., 1990; Steinhilber et al., 2012; Wu et al., 2018) and for
geomagnetic excursions or reversals (e.g., Beer et al., 1988; Finkel & Nishiizumi, 1997; Raisbeck et al.,
2017, 2006; Yiou et al., 1997). In the atmosphere it is produced from spallation reactions on oxygen and
nitrogen atoms induced by primary cosmic rays, whose flux is modulated by the magnetic fields of the
Earth and the Sun.

Unlike the cosmogenic isotope of carbon-14 (**C), which is globally mixed through the gaseous form of
carbon dioxide (CO,), '°Be atoms attach onto aerosols to fall to the Earth's surface (e.g., Raisbeck et al.,
1981). One of the consequences of this peculiarity is the increase in '°Be deposition, which can be observed
in glaciological archives corresponding to periods of stratospheric volcanic eruption (Baroni et al., 2011).

Volcanic eruptions release large amounts of sulfur dioxide (SO,) which oxidizes over the course of a few
months to sulfate (e.g., McCormick et al., 1995), itself a primary chemical component for aerosols formation.
The stratospheric burden of sulfate aerosols always exceeds that of '°Be, even in nonvolcanic conditions
(Heikkili et al., 2013). However, the mechanism behind the increase in '°Be deposition flux is not linked
to the balance between the amount of sulfate and '°Be but rather to the microphysics of aerosols, that is
to say, to their dynamic (Baroni et al., 2011; Delaygue et al., 2015). Aerosol microphysics can be described
in four steps: heterogeneous nucleation, condensation of sulfuric acid and water, coagulation, and
gravitational sedimentation (e.g., Bekki & Pyle, 1992). Volcanic eruptions generate supplemental sulfate
aerosols on a short time scale, accelerating this four-step cycle and, in particular, the gravitational
sedimentation because of a higher collision rate making larger aerosols than in nonvolcanic conditions
(e.g., Pinto et al., 1989; Timmreck, 2012), and finally impacting 10Be atoms deposition (Baroni et al., 2011).

Increases in '°Be concentration observed in measurements obtained in a snow pit at Vostok (Antarctica)
correspond to the period of sulfate deposition associated to the stratospheric eruptions of the Agung (1963
CE) and Pinatubo (1991 CE). (Baroni et al., 2011). '°Be and sulfate concentrations were measured in the
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same sample, allowing for their direct comparison. A linear relationship could be inferred, and a correction
based on the slope of the line was applied in order to remove the volcanic contribution from the '°Be record
(Baroni et al., 2011) to better isolate the solar component.

There is only one study to date which covers the last 60 years and which was designed for that purpose
(Baroni et al., 2011). Other Greenlandic and Antarctic ice core records exhibit '°Be peaks corresponding
to dates of known volcanic eruptions such as Kuwae (1459 CE) or Tambora events (1815 CE) (Bard, 1997;
Berggren et al., 2009; Horiuchi et al., 2008), but the interpretation is limited because either (i) the resolution
is too low, and/or (ii) the sulfate concentration is not always available and has not been measured from '°Be
samples preventing from direct comparison between both proxies.

Volcanic eruption source parameters (e.g., amount of SO, emitted, plume height, eruption season, and geo-
graphic location) all differ, and eruptions may occur at any phase of solar activity. For this reason, we inves-
tigate 26 volcanic events recorded over the last millennium, at three sites in Antarctica (Dome C, Vostok, and
South Pole) in order to better understand their impact on the '°Be deposition. Only two of them, Pinatubo
(1991 CE) and Agung (1963 CE), benefited from direct observations. Petrological studies exist for some older
eruptions such as the Cosiguina event (1835 CE), which may have been comparable to the Pinatubo eruption
(Longpré et al., 2014), and the Tambora event (1815 CE) (Self et al., 2004; Sigurdsson & Carey, 1989).
However, most volcanic eruptions of the last millennium are little understood and lacking in direct or pet-
rological observations. For these unknown eruptions, we will interpret our '°Be data using information on
the stratospheric/tropospheric nature of the eruptions provided by two independent methods, namely, (i)
the bipolar deposition of volcanic sulfate (henceforth bipolar events) and (ii) the sulfur isotopic composition
of sulfate.

Bipolar events are interpreted as a result of tropical stratospheric eruptions (Gao et al., 2007; Langway et al.,
1995; Sigl et al., 2013, 2015) whose volcanic sulfate aerosols are spread out all over the globe before being
deposited in Greenland and Antarctica. However, if two eruptions (tropospheric or stratospheric) occurred
in the same year in the middle or high latitudes of each hemisphere, peaks of sulfate will also be recorded in
Greenland and Antarctica (Cole-Dai et al., 2009; Yalcin et al., 2006). A reliable method for identifying a
stratospheric eruption is the presence of a sulfur isotopic anomaly (A**S) in volcanic sulfate. Due to non-
mass-dependent fractionation, this isotopic anomaly appears when sulfured gases such as SO, are exposed
to wavelengths lower than 310 nm (Farquhar et al., 2001; Ono et al., 2013; Whitehill et al., 2015), which cor-
responds to a spectral window available in the stratosphere in today's atmosphere. Several studies have used
this peculiarity to identify stratospheric eruptions in ice core records (Baroni et al., 2007, 2008; Cole-Dai
et al., 2009, 2013; Gautier et al., 2018, 2019; Lanciki et al., 2012; Savarino, Romero, et al., 2003).

Finally, we focus on the most important volcanic eruption of the last millennium, the Samalas event (1257
CE), which released (158 + 12) Tg of sulfur dioxide (SO,) to an altidude of 43 km in the stratosphere (Lavigne
et al., 2013; Vidal et al., 2016). The discussion will consider the impact of this massive eruption on the °Be
ice core signal and its implications for solar reconstructions because at annual resolution, a '°Be peak
induced by a volcanic eruption may be confused with a solar particle event, such as those of 775 CE and
993 CE which have been previously detected in ice cores (Mekhaldi et al., 2015; Miyake et al., 2015; Sigl
et al., 2015). It also alters the preservation of the 11-year solar cycle (Baroni et al., 2011). The interpretation
of '®Be ice core records in terms of solar activity requires proper identification of volcanic disturbances and a
better understanding of the mechanism behind the washout of °Be atoms from their stratospheric reservoir
located between 10 and 17 km altitude where '°Be production and '°Be concentration are the highest,
respectively (Delaygue et al., 2015; Kovaltsov & Usoskin, 2010).

2. Method

2.1. Sites and Samples Description

As part of the French VOLSOL project (Acronym for 'Forcages climatiques naturels volcanique et solaire’),
six ice cores of 90-100 m depth were drilled 1 m apart at the Italian-French station of Concordia-Dome C, in
Antarctica, in 2010/2011 (75°60'S, 123°21’E; elevation 3,240 m; mean annual temperature —54.5 °C; accu-
mulation 2.5 cm water equivalent/year (we/year); EPICA community members, 2004). Five ice cores were
used for the isotopic composition of volcanic sulfate (Gautier et al., 2016, 2018, 2019), and one was
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dedicated to the study of cosmogenic isotopes of '°Be and *°Cl. The latter is named VOLSOL-6. Both °Be
and sulfate concentrations were measured in identical samples in the first 54 m of the ice core, cut into 3-
cm slices. More than 1,600 °Be samples were analyzed, allowing to reach a nominal subannual resolution.

The WD2014 chronology (Sigl et al., 2015) was applied to the Dome C ice core by matching the peaks in sul-
fate concentration relating to volcanic eruptions with those of the WAIS Divide ice core. The 54 m of the
Dome C ice core covers the period 882-2008 CE.

In addition to the Dome C ice core, other, shorter records were also studied: a 2-m snow pit dug at Dome C in
2012, sampled every 3 cm and going back to 1987 CE, as well as samples from a 30-m deep ice core drilled in
1983-1984 at the South Pole (89'59°S, 139'16°W; elevation 2,835 m; mean annual temperature —49 °C; accu-
mulation 7 cm we/year). The South Pole ice core was sampled between 17.5- and 24.7-m depths, covering the
period from 1800 to 1865 CE; 101 samples were subsequently measured for their '°Be and
sulfate concentrations.

Finally, a 3.6-m Vostok snow pit (accumulation 2.2 cm we/year; Touzeau et al., 2016) sampled every 3 cm,
covering the period 1949-2008 CE, described in a previous study (Baroni et al., 2011), is presented here again
and reinterpreted in the context of this study.

2.2. Sample Preparation and Measurements

19Be samples (= 100 g) were prepared according to the procedure described in Baroni et al., 2011; Raisbeck
et al., 2007 and were measured using the French Accelerator Mass Spectrometer national facility, ASTER
(Arnold et al., 2010). The '°Be concentration was calculated from the '°Be/°Be ratio provided by the
Accelerator Mass Spectrometer and normalized to the National Institute of Standards and Technology
4325 Standard Reference Material ((2.79 + 0.03) 10™!; Nishiizumi et al., 2007) for a '°Be half-life of
(1.387 + 0.012) Ma (Chmeleff et al., 2010; Korschinek et al., 2010). A commercial beryllium 9 (°Be) carrier
(™Scharlau), having a 19B¢/°Be ratio of 4.2 x 10™'% (standard deviation (SD) = 0.7 x 10", 130 samples),
was used for the sample preparation and the processing blanks. The ice core samples showed mean '°Be/
°Be ratios of 4.5 x 107** (SD = 1.3 x 10™**) at Dome C, 4.4 x 10™*3 (SD = 1.0 x 10™*?) at Vostok, and 5.2
x 10713 (SD = 1.2 x 107*3) at the South Pole. These ratios are above the quantification limit which corre-
sponds to 10 times the standard deviation on processing blanks measurements (quantification limit = 10
X 0.7 X 107 =7 x 10_15). The 20 error on counting statistics is 6.4%. The Dome C, South Pole, and
Vostok sulfate concentration was measured by ion chromatography at the Institut des Géosciences de
I'Environnement (Ginot et al., 2014) from a 5-g aliquot taken when the ice sample was melted and before
the carrier was added.

Mean '°Be concentration of 6.2 x 10* atoms per gram (at./g) (SD = 1.5 X 10* at./g) and 3.9 X 10*at./ g(Sh =
0.8 x 10* at./g) were obtained in the ice cores of Dome C and South Pole, respectively, and values of 5.2 x 10*
at./g (SD = 1.2 x 10* at./g) and 7.9 x 10* at./g (SD = 1.8 x 10* at./g), were measured in the snow pits of Dome
C and Vostok, respectively.

3. Results and Discussion

3.1. Identification of Volcanic Eruptions and Their Imprint in the '°Be Records

Under nonvolcanic conditions (i.e., background conditions), the main source of sulfate on the High
Antarctic Plateau is of marine and biogenic origin (Legrand, 1995), it contributes to a background sulfate
concentration determined for each site. The detection of volcanic imprints in ice cores was set above the sul-
fate background concentration. At Dome C this limit was determined to be 80 ng/g from 1900 CE to 2008 CE,
and 130 ng/g before 1900 CE. At South Pole and Vostok, the limits were 74 and 103 ng/g, respectively. Based
on this, 26 volcanic eruptions were detected and studied (Table 1 and Figures 1-7). The identification and
ages of the volcanic events are based on the WAIS Divide (Antarctica) and the NEEM (Greenland) ice cores,
annually dated (Sigl et al., 2013, 2015). All ages are given in CE. The nomenclature used here for unknown
events (UE) is “age UE”. For example, “1809 UE”, refers to an unknown event recorded in 1809 CE.

The comparison between '°Be and sulfate profiles shows a near systematic concomitance between the two at
the time of volcanic eruptions on all sites (Figures 1-7). Only two volcanic eruptions, in 1269 and in 1276,
stand out from the others, showing a decrease in '°Be concentration at the time of sulfate peaks.
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The increase in '°Be concentration calculated from the average over the entire time range of each '°Be
record vary between 31% and 112%, which corresponds to the extreme values reached during the
Pinatubo and the Kuwae eruptions, respectively (Table 1). It is higher than that expected for the modulation
of global (15%) and polar (22%) '°Be production, as modulated by the 11-year solar cycle over the last 60
years (Poluianov et al., 2016). The increase in 10Be concentration of only 18% from the Pinatubo eruption,
as recorded in the Dome C ice core, is exceptionally low, with higher values of 33% and 31% found in the
Dome C and Vostok snow pits, respectively. At Dome C, the mean '°Be concentration is higher in the ice
core than in the snow pit; as a result, the increase, calculated relatively to it, is lower in the ice core than
in the snow pit. This difference is due to the numerous solar minima of the last millennium (Dalton,
Maunder, Spérer, Wolf, and Oort) which cause increases in '°Be production and therefore increases in mean
9Be concentration in the Dome C ice core, as compared with that of the Dome C snow pit, which covers only
the last 20 years with no solar minimum. Only Cosiguina shows slight increases of 12% and 14% in '°Be con-
centration in Dome C and South Pole records, respectively.

The relationship between ‘°Be and sulfate concentrations was studied for each of the 26 eruptions detected in
the different records to determine whether a volcanic eruption affected the 10pe signal and, if so, whether the
eruption was stratospheric or tropospheric. A linear regression analysis was performed for each volcanic
eruption. The uncertainties, given with a 95% confidence level on slopes and intercepts, are shown in
Table 1. The significance of the linear regression depends on the number of points and their dispersion; it
was tested with a Fisher-Snedecor test for a 95% confidence level.

A significant correlation between the '°Be and the sulfate concentrations was detected in 14 of the 26 volca-
nic signals studied (Table 1). They are as follows: the Pinatubo eruption (Dome C ice core and Vostok snow
pit; 1991), the Agung eruption (Vostok; 1963), the Cosiguina event (South Pole; 1835), the 1809 UE (Dome
C), the 1695 UE (or Serua), the Kuwae event (1459), the 1286 UE, the 1269 UE, the Samalas event (1257), the
1241 UE, the 1172 UE, the 1110 UE, and the 1040 UE all recorded at Dome C.

The 12 volcanic events that do not show a significant relationship between '’Be and sulfate concentrations
are as follows: the Pinatubo (Dome C snow pit), Agung (Dome C ice core), Cosiguina (Dome C), the
Tambora (Dome C and South Pole), the 1809 UE (South Pole), the 1762 UE, the 1621 UE, the
Huaynaputina (1600), the 1276 UE, the 1230 UE, and the 1190 UE recorded at Dome C.

We can see that some events were studied from two sites but were found to be significant at only one site
(Pinatubo, Agung, Cosiguina, and 1809 UE). Variability in sulfate concentration for the same event may
exist between different sites (Gao et al., 2007; Sigl et al., 2015) and even at a single site (Gautier et al.,
2016). This has been shown for the eruption of Tambora, one of the three most important volcanic erup-
tions of the last millennium (Toohey & Sigl, 2017), which is recorded in only three of the five ice cores
drilled, 1 m apart, in 2010/2011 (Table 1) on the Dome C site (Gautier et al., 2016), such as that used for
this study. Dome C is a low-accumulation site; consequently, snow drift and surface roughness explain
variability in the record of volcanic events (Gautier et al., 2016) and probably the lack of correlation
between the '°Be and the sulfate concentrations for some events. This may apply to the Pinatubo, the
Agung, the Cosiguina, the Tambora, the 1762 UE, the 1621 UE, the Huaynaputina (1600), and the 1190
UE which exhibit a high variability in their record on the five ice cores of the VOLSOL project (Gautier
et al., 2016; Table 1). As a consequence, the stratospheric nature of the Tambora, the 1762 UE, the
Huaynaputina (1600), and the 1190 UE, inferred from the presence of a sulfur isotopic anomaly (Baroni
et al., 2008; Gautier et al., 2019) and by their bipolar sulfate deposition (Sigl et al., 2013, 2015), is not seen
in the °Be records. The 1621 UE is only visible in Antarctica (Sigl et al., 2013, 2015) and has no sulfur iso-
topic anomaly suggesting it is tropospheric (Gautier et al., 2019); it might also be the reason that there is no
correlation between '°Be and sulfate concentrations. Only the 1276 UE and the 1230 UE are recorded in the
five VOLSOL ice cores but do not show a significant correlation between '°Be and sulfate concentrations
despite their stratospheric nature (Gautier et al., 2019).

Volcanic events with a significant relationship between sulfate and 19Be concentrations correspond to strato-
spheric eruptions identified by the presence of a sulfur isotopic anomaly in the volcanic sulfate, for the fol-
lowing: the Pinatubo event (1991), the Agung event (1963), the Cosiguina event (1835), the 1809 UE, the
1695 UE (or Serua event), the Kuwae event (1459), the 1286 UE, the Samalas event (1257), the 1172 UE,
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Figure 1. Period: 1950-2010 CE. 19Be and sulfate concentrations, shown as
a function of time (a) at Dome C (DC) and (b) at Vostok (VK) (a) 08¢ con-
centration from the Dome C ice core and from the Dome C snow pit are
shown in black and pink, respectively. When available, solar proxies are
represented for comparison. Polar 10 production from Poluianov et al.
(2016) is shown for the 1950-2010 CE period covering the neutron monitor
era. Yearly averaged sunspot numbers are represented from 1950 CE to 2010
CE (http://www.sidc.be/silso).

the 1110 UE, and the 1040 UE (Table 1; Baroni et al., 2008, 2007; Cole-Dai
et al., 2009, 2013; Gautier et al., 2019; Lanciki et al., 2012; Savarino,
Romero, et al., 2003). All these volcanic events are bipolar except the
1040 UE which is detected only in Antarctica (Sigl et al., 2013, 2015).

Based on the °Be record of Dome C, the 1269 UE and the 1241 UE,
detected only in Antarctica (Sigl et al., 2013, 2015), are classified as strato-
spheric. Because of its sulfur isotopic composition, the 1269 UE has been
classified as tropospheric by Gautier et al. (2019); however, among the
three samples analyzed, one exhibits a A**S value of 0.10 + 0.09%o which
might be interpreted as a stratospheric signature. The difference between
the classification of a volcanic event as tropospheric based on the sulfur
isotopic anomaly of sulfate and as stratospheric based on '°Be records
could provide information on the altitude reached by SO, emitted by a
volcano. The sulfur isotopic anomaly is expected to disappear below the
ozone layer where wavelengths are longer than 310 nm, while the '°Be
reservoir is located in the lowermost stratosphere between 10 and 15 km
of altitude (Poluianov et al., 2016). Therefore, a volcanic eruption that
would have reached the lowermost stratosphere would leave an imprint
in '°Be records but no sulfur isotopic anomaly in the sulfate.

Our study provides evidences on the stratospheric nature of the 1269 UE
and the 1241 UE, detected only in Antarctica (Sigl et al., 2013, 2015) and
newly identified as stratospheric.

The near-systematic increase in '°Be concentration at the time of sulfate
peaks corresponding to stratospheric eruptions, and the agreement
between three different, complementary, and independent methods,
show that '°Be can also be used as an indicator for the detection of
stratospheric events.

3.2. Stratospheric Volcanic Eruptions and '°Be
Deposition: Mechanism

Now that the impact of stratospheric eruptions on *°Be deposition has
been shown, the question of the mechanism arises. As proposed by
Baroni et al. (2011), the underlying mechanism is the acceleration of the
sedimentation of sulfate aerosols in the stratosphere, which drags '°Be
atoms along in their path. However, this is just part of the explanation,
and the reason that this volcanic imprint is so visible in *°Be ice core
records is that (i) the '°Be reservoir is in the polar stratosphere at altitudes
of between 10 and 15 km (Delaygue et al., 2015; Poluianov et al., 2016) and
(ii) the '°Be snow signal is controlled by stratospheric intrusions even in
nonvolcanic conditions. This last point is the keystone of the mechanism
and is discussed here alongside the literature concerning '°Be deposition
on the High Antarctic Plateau under nonvolcanic conditions. We propose
here a new interpretation of existing data before extending the interpreta-
tion of the linear relationship between '°Be and sulfate concentrations at
the time of volcanic eruptions.

As observed by in situ air measurements (Jordan et al., 2003; Raisbeck et al., 1981) and as predicted by a 2-D
chemistry-transport model (Delaygue et al., 2015), the 19Be polar stratospheric reservoir is roughly 100 times
more important than in the polar troposphere, despite an expected factor of 10 given by production models
(e.g., Poluianov et al., 2016). In nonvolcanic conditions, aerosol lifetime is on the order of 1 to 2 years in the
stratosphere and a few days in the troposphere. Consequently, °Be atoms can accumulate and thus render
the stratospheric reservoir much more important than production alone can predict (e.g., Delaygue

et al., 2015).
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Figure 2. Period: 1800-1850 CE. 1086 and sulfate concentrations, shown as
a function of time, (a) at Dome C (DC) and (b) at South Pole (SP). When
available, solar proxies are represented for comparison. Yearly averaged
sunspot numbers are represented from 1800 CE to 1850 CE (http://www.
sidc.be/silso).

Based on '°Be and “Be concentrations measured in the air, in the polar
stratosphere and at the South Pole station, Raisbeck et al. (1981) esti-
mated a contribution of air from the stratosphere at 5%, but until today
there has been a lack of information for the Dome C station. Recently,
98¢ concentration was measured in air filters collected during the year
2008 at Dome C (Legrand et al, 2017). A strong seasonality was
observed in the atmospheric '°Be concentration, varying from 5 x 10°
at./m? in winter to 6.65 x 10* at./m? in summer. The ‘°Be/’Be ratio also
exhibits a seasonal variation, with values ranging from 0.6 in winter to
1.5-2 in summer. On this basis, Legrand et al. (2017) conclude that sum-
mer values are due to stratospheric intrusions at Dome C being twice as
large as in winter. However, the local 10pe production, which may
explain the low winter 0Be values, was not considered. Dome C is
located at 3.2 km altitude and has an atmospheric pressure of approxi-
mately 630 hPa. The expected °Be polar production at that site would
be 5.1 x 10° at.-m~>-week ™! (Poluianov et al., 2016), for a modulation
potential of 450 MeV prevailing in July/August 2008 (Usoskin et al.,
2017). This is in agreement with the values of 5 x 10> at./m> obtained
from the aerosols, collected weekly at Dome C (Legrand et al., 2017)
during this period. The low '°Be concentration in the winter atmo-
sphere at Dome C may indicate a local, tropospheric °Be production.
In this case, stratospheric intrusions seem to occur almost exclusively
in summer.

A mixing ratio can be calculated from local tropospheric *°Be produc-
tion at Dome C given by the winter value of 5 x 10* at./m> (Legrand
et al., 2017) and from the '°Be concentration in the low polar strato-
sphere when °Be atoms attached to aerosols are ready to enter the tro-
posphere. Of the only two studies to have reported '°Be concentration
in the polar stratosphere (Jordan et al., 2003; Raisbeck et al., 1981), we
chose that of Jordan et al. (2003) because samples were collected in
October 1997 (3.7 x 10° at./m®), at which time the modulation poten-
tial was close to that prevailing in June/July 2008, when air samples
were collected at Dome C (Legrand et al., 2017). With these two end-
members, the summer '°Be concentration of 6.65 x 10* at./m> in the
Dome C atmosphere would be the result of a 2% stratospheric intru-
sion. This value is consistent with an independent estimate of 4%,
based on activity of **S (half-life = 87 days) measured from sulfate
in aerosols year-round collected at Dome C, in 2010 (Hill-Falkenthal
et al., 2013).

The '°Be snow/ice signal at Dome C, South Pole, and probably at
Vostok, all three of which are located on the High Antarctic Plateau,
is controlled by a few percent of stratospheric intrusions, meaning that
any change in the aerosols load in the stratosphere will be seen in '°Be
time series. This explains the role played on '°Be deposition by volcanic
aerosols formed in the stratosphere.

3.3. Meaning of the Slope and the Intercept

Based on the conclusions of the previous section, we will now consider the results obtained in this
study to investigate the meaning of the linear correlation between the °Be and the sulfate concentra-
tions of the 14 significant volcanic events (Table 1). Using a linear regression may seem simplistic since
the processes underlying the relationship between '°Be and sulfate concentrations in snow are not lin-
ear as they involve the microphysics of aerosol transport under unique volcanic eruption source para-
meters. Since each volcanic event is represented by five points on average, using a polynomial
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Figure 3. Period: 1680-1770 CE. 19Be and sulfate concentrations from
Dome C, shown as a function of time. Yearly averaged sunspot numbers are
represented from 1700 CE to 1770 CE (http://www.sidc.be/silso).

3.3.1. Slope values

hand, we interpret the slope values as an indicator of the efficiency of
the '°Be washout from its reservoir, according to the characteristics of
the volcanic eruption inducing trends and groups of values that we will
analyze using statistical tests. On the other hand, intercept values seem
to provide information on the load of the '°Be polar stratospheric reser-
voir and on '°Be production.

It is proposed to combine hypothesis testing and clustering as used in Viseur et al. (2014). The hypothesis
testing between two regression slopes of independent samples (Clogg et al., 1995; Cohen, 1983) provides
the observed values of the statistic test ¢; between slope pairs d; and d;. Then, ¢; is chosen as the distance
metric in a hierarchical agglomerative clustering algorithm to cluster statistically similar slopes. The average
link was tested as aggregation criteria in the hierarchical agglomerative clustering. Four groups of slopes
have been defined; they are distributed as follows:

1. Group 1 is made up of the highest number of volcanic events (7) which are the Pinatubo (with merged
data from Dome C and Vostok), Agung, Cosiguina, Serua, 1286 UE, 1172 UE, and the 1110 UE. Slopes
vary within a factor of 1.6, from (150 + 54) at./ng to (247 + 72) at./ng for the 1286 UE and Agung event,
respectively (Table 1). As Pinatubo exhibits a significant correlation between the '°Be and sulfate concen-
trations at two sites, Dome C and Vostok, all the data have been merged in order to increase the total
number of points (from 5 for each site to 10 for merged data). Using the '°Be and sulfate concentrations
from merged data for Pinatubo at Dome C and Vostok, the slope is (219 + 25) at./ng and (184 + 36) at./ng
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Figure 4. Period: 1590-1630 CE. 19B¢ and sulfate concentrations from
Dome C, shown as a function of time

when using fluxes to take into account the slight difference in accumu-
lation rates between both sites (2.5 cm we/year at Dome C and 2.2 cm
we/year at Vostok) (Figure 8). In both cases, the slope values are con-
sistent within uncertainties.

Considering all the volcanic events of Group 1, the mean slope is 206 at./
ng (SD = 42 at./ng) when using '°Be and sulfate concentrations for
Pinatubo or 201 at./ng (SD = 42 at./ng) when using fluxes for Pinatubo.

In this group, the Pinatubo and Agung events are known to have injected
similar amounts of SO, at similar altitudes (13 to 15 Tg of SO, to an altitude
of 25km (Guo et al., 2004) and 6 to 12 Tg of SO, to heights of 20 km or even
26 km (Cadle et al., 1976; Mossop, 1964; Self & Rampino, 2012), respec-
tively. The Cosiguina event appears to be comparable to Pinatubo
(Longpré et al., 2014). All the eruptions of Group 1 have one aspect in com-
mon, which is their bipolar sulfate distribution (Sigl et al., 2013, 2015).

2. Group 2 is made up of three events (the 1809 UE and the Kuwae and
Samalas eruptions), which have lower slope values than in Group 1.
These values range from (60 + 24) at./ng to (102 + 32) at./ng for the
Samalas and the Kuwae events, respectively (Table 1). The mean
slope of Group 2 is 78 at./ng (SD = 22 at./ng).
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Figure 5. Period: 1440-1480 CE. 198 and sulfate concentrations from

Dome C, shown as a function of time.

3. Group 3 comprises two events, the 1241 UE and the 1040 UE, which have
the highest slopes of all the volcanic events. The mean slope of this group
is 612 at./ng (SD = 127 at./ng). It is interesting to note that the 1241 UE
and 1040 UE are only visible in Antarctica (Sigl et al., 2013), which sug-
gests that the volcanoes were located in the Southern Hemisphere.

4. Group 4. Finally, the 1269 UE is of its own: it is the only one with a negative slope of (—202 + 68) at./ng. It,
too, is only visible in Antarctica (Sigl et al., 2013), and this event took place 10 years after the massive vol-
canic eruption of Samalas.

Various trends emerge from these four groups of slope values. Slope values decrease from Group 1 to Group
2, and we know that volcanic eruptions in Group 2 released more SO, and at higher altitudes than did those
in Group 1. This suggests that slope values decrease with increasing amount of SO, and altitude and finally
with an increasing aerosol load. The Group 3 1241 UE and 1040 UE were probably located in the Southern
Hemisphere inducing a proximity between the eruption site and the stratospheric polar reservoir of '°Be. It
would have provoked an effective draining resulting in the highest slopes values among all the events stu-
died here. In other words, it confirms that the slope would provide information on the efficiency of the drain-
ing of the '°Be from its stratospheric reservoir.

The Samalas event (1257) recorded in 1258-1259 in the ice and the 1269 UE occurred within a decade. They
exhibit the lowest positive slope, (60 + 24) at./ng and the only negative slope, (—202 + 68) at./ng, respec-
tively, and thus represent the extreme case of draining of the '°Be stratospheric reservoir. The mechanism
is described below in section 3.4.
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3.3.2. Intercepts

As the '°Be snow signal on the High Antarctic Plateau is controlled by the
stratospheric source (section 3.2.), the intercept may provide direct infor-
mation on the load of the 'Be stratospheric reservoir and as a result of the
solar modulation at the time of the eruption for a given value of the geo-
magnetic field. This hypothesis can be tested on the Pinatubo and the
Agung eruptions which occurred during the neutron monitor era con-
straining the '°Be production rate.
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- The intercepts of the Pinatubo eruption are (2.23 + 1.33) 10* at./g and
(1.58 + 1.41) 10* at./g, at Vostok and Dome C, respectively (Table 1);
for the Agung event, the values obtained at the same sites are (5.16
+ 1.88) 10* at./g and (5.29 + 1.39) 10* at./g, respectively (Table 1).
The intercept of the Pinatubo event is roughly 2 times lower than that
of the Agung event. The Pinatubo eruption has one of the three lowest
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Figure 7. Period: 1035-1045 CE. 198 and sulfate concentrations from

Dome C, shown as a function of time.

1045 low '°Be production. This would be consistent with the modulation
coefficient of 1,360-1,334 MeV prevailing in June-July 1991, at the
time of the Pinatubo eruption and the highest values ever reached over
the last 60 years (Usoskin et al., 2017). A modulation coefficient of
1,360 MeV would have induced a °Be production of 2.4 X 1078
at.-cm™>-s~! at an altitude of between 10 and 15 km, while at the time of the Agung eruption, which
occurred at a minimum of the 11-year solar cycle, the modulation coefficient was 629 MeV producing
4.0 x 107% at.cm™>s™" (Poluianov et al., 2016; Usoskin et al., 2017). The '°Be polar stratospheric
production between these opposite phases of the 11-year solar cycle (Figure 1) is thought to have
changed by a factor of 1.7, which is in agreement with the difference between the intercepts of these
two eruptions within uncertainties. This would explain, for example, why the intercept of the 1809
UE at Dome C is (6.20 + 0.45) 10* at./g, which is the highest value of Groups 1 and 2 and is consistent
with the low solar modulation prevailing during the Dalton Minimum (1800-1820 CE), which would
have caused supplemental °Be production. The increase in '°Be production during the Dalton
Minimum is beyond the scope of this study and will not be discussed in this paper.

3

The intercept values of the 1241 UE and the 1040 UE are both negative; unfortunately, there is no ready
explanation for this. When merging all the data points for the complete set of significant volcanic events
recorded at Dome C, events which are randomly distributed over the last millennium (with the exception
of the Samalas event and the 1269 UE; see section 3.4.), the intercept is (5.3 + 0.5) 10*at./ g (Figure 9), a value
similar to the mean '°Be concentration of 5.2 x 10* at./g (SD = 1.2 x 10* at./g) in the Dome C snow pit which
covers the last 20 years. The value of intercept obtained for nine volcanic events recorded at Dome C would
represent the load of the stratospheric reservoir.

3.4. Persistent Draining of the '°Be Stratospheric Reservoir After the Samalas Eruption (1257 CE)

We focus on the Samalas eruption, which has the lowest positive slope (60 + 24 at./ng) of the eruptions we
study, and on the 1269 UE, which alone exhibits a negative slope (—202 + 68 at./ng).

The lowest positive slope obtained for the Samalas eruption is thought to be the result of a long-lasting drain-
ing of '°Be atoms from their stratospheric polar reservoir. The slope of the 1269 UE, which occurred a decade
after the Samalas event, is significantly negative (—202 + 68 at./ng), which seems to indicate that regardless
of the presence of volcanic sulfate in the stratosphere, the '°Be washout is not efficient because the '°Be
reservoir is no longer in its steady state. Even if it is not significant, the 1286 UE still has a negative slope
(=76 + 65 at./ng), which means that the '°Be reservoir may have been impacted over 20 years after the mas-
sive Samalas event.

Even if the sulfate peak at the time of Samalas deposition is seen to persist for 3 years in the Dome C ice core
before returning to background values, '°Be could have been washed out 10 years after. This is observed in
the sulfur isotopic composition of the Samalas sulfate, with a A*>S value of (—1.21 + 0.14)%, 8 years after the
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beginning of the Samalas deposition, even if the sulfate concentration is
121 ng/g almost at a background sulfate concentration set at (85 + 30)
ng/g (supplementary material of Gautier et al., 2018; Gautier et al.,
2016). This means that there were still Samalas volcanic aerosols in the
stratosphere nearly a decade after the eruption, although the contribution
to the sulfate snow signal became minor. This would run counter to mod-
elling studies that predict the formation of large particle sizes and their
rapid fall out, due to the large amount of SO,, limiting the climatic impact
of Samalas-type eruptions (Pinto et al., 1989; Timmreck et al., 2010, 2009).
However, large amount of SO, can also increase its lifetime and explain
["Be]= 219 (SO, + 36 587 the persistence of an anomalous high level of sulfate aerosols in the

R=0.95 stratosphere after the Samalas eruption. This phenomenon has been
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chemistry model (Bekki, 1995; Bekki et al., 1996; Bekki & Pyle, 1994;
Savarino, Bekki, et al., 2003).

Before detailing the different mechanisms that can lead to increased SO,
lifetime, it is necessary to recall that oxidation of SO, in the stratosphere
occurs in the gaseous phase by action of hydroxyl radicals (OH) according
to the following reactions (Seinfeld & Pandis, 1998):

SO,(g) -+ OH—HOSO, (R1)

1.6x10°
HOSO; + 0,505 + HO, (R2)

°
1.2x10° 1 F(""Be)= 184 F(SO,2) + 100 395 SO3(g) + H,0—-H,S04 (R3)
R=0.88

200 ' 3(',0 ' 4:;0 j 5:30 ' s(')o l 7('30 In non-volcanic conditions, SO, lifetime is approximately 2 months
Sulfate flux (ng.cm2.yr) (Bekki, 1995) but this can increase dramatically in volcanic conditions

Figure 8. Linear regressions for Pinatubo based on merged data from
Dome C and Vostok, given for (a) the 08¢ and sulfate concentrations
([*°Be] = 219 (+25)[S04> "] + 36,587 (+4,770)) and (b) the "°Be and sulfate
fluxes (['°Be] = 184 (+36)[SO,> "] + 100,395 (+15,419)).

under influencing factors: first, a massive amount of SO, which leads to
the exhaustion of OH radicals, and second, the altitude at which the gas
is injected. Both effects will delay the oxidation to sulfate and thus allow
the persistence of sulfate aerosols in the stratosphere and the continuous
draining of OBe atoms from their reservoir, as in the case with the
Samalas event.

The OH reservoir could have been exhausted if it became smaller compared with the amount of SO,. Ozone
destruction may also have restrained the formation of OH radicals (Bekki, 1995) because the absorption
band of SO, peaks at 200 nm which is a sensitive wavelength for the O, photolysis necessary for ozone for-
mation (Bekki, 1995) and because of the release of massive amount of halogens, such as chlorine or bromine.
The Samalas eruption is thought to have injected (227 + 12) Tg of chlorine and (1.3 + 0.3) Tg of bromine into
the atmosphere, multiplying preindustrial concentrations by factors of 65 and 18, respectively (Vidal et al.,
2016). Even if only 2% of these halogenated gases reached the stratosphere, massive ozone destruction would
have been induced (Cadoux et al., 2015), and this would have been further compounded by the blocking of
O, photolysis by the 158 Tg of SO, released by the Samalas event.

Simulations of the (R1)-(R3) cycle for the Pinatubo eruption (i.e., 15 Tg of SO, injected between 20.5 and 31
km altitude), and for the Samalas eruption (i.e., 320 Tg of SO, injected at heights of between 26.5 and 38 km),
show that SO, lifetime increases to more than 4 and 24 months after these eruptions, respectively (Savarino,
Bekki, et al., 2003). This compares to 2 months for nonvolcanic conditions. The results for the Samalas erup-
tion require careful interpretation owing to the fact that halogens are not taken into account in the simula-
tion, the amount of SO, is overestimated (320 Tg instead of 158 Tg; Lavigne et al., 2013; Vidal et al., 2016),
and the altitude of injection is underestimated (38 km instead of 43 km; Lavigne et al., 2013; Vidal et al.,
2016). However, these results do show that the SO, lifetime can increase dramatically after an eruption
and that of aerosols probably was.
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10Be concentration (at.g-1)

0.0 T

[10Be] = 112 [S042"] + 52 821 A . . .
R=0.68 Evaporation followed by photolysis of gaseous sulfuric acid back to SO, at

altitudes higher than 30 km (Delaygue et al., 2015; Rinsland et al., 1995)
(1086] = 60 [S0427] + 31 126 may also prolong the formation of sulfate aerosols. In addition, the life-
R=069 time of air masses increases to 5 years above 30 km altitude compared
with 1 year for aerosols and air masses in the lower stratosphere
(Delaygue et al., 2015). When this high-altitude SO, finally returns below
the limit of 30 km, it is oxidized back to sulfate and forms new sulfate
aerosols, which suggests that the '°Be reservoir may wash out over a long
time period following the end of the eruption of Samalas.

Further modelling studies are needed to distinguish the “amount” effect
— from the “altitude” effect, but both are also evident in the sulfur and oxy-

200

Sulfate concentration (ng.g-1)

T
400

600 800 1000 gen isotopic composition of the Samalas sulfate. Samalas sulfate has the
highest A>3S values (Gautier et al., 2018; Lanciki et al., 2012) of all the vol-

Figure 9. '°Be concentration as a function of sulfate concentration for the canic events studied (Baroni et al., 2008, 2007; Cole-Dai et al., 2009, 2013;
nine volcanic eruptions exhibiting significant correlation between these Gautier et al., 2018; Savarino, Romero, et al., 2003) and may be the result
proxies (Table 1, “significance” column), for the Dome C site (black of enhanced SO, photolysis between 34 and 43 km altitude (Whitehill

squares). The 1269 UE is not taken into account (see section 3.4.). The
equation of the corresponding line is [loBe] =112 (116)[5042_] + 52,821
(+4,990). The red dots correspond to the Samalas volcanic eruption in 1257
CE (Lavigne et al., 2013) recorded at Dome C: the equation is [10Be] =60
(124)[8042_] + 31,126 (+£13,626) (Table 1). UE = unknown event.

et al., 2015). This A**S signature will be preserved once SO, is oxidized
to sulfate at lower altitudes.

The Samalas sulfate also has a near-null oxygen isotopic anomaly (AY0)
(Gautier et al., 2019; Savarino, Bekki, et al., 2003). Conversely to the
wavelength-dependent sulfur isotopic anomaly, A'’O is transferred by
oxidative chemical species such as ozone, hydrogen peroxide, or OH radicals to sulfate (e.g., Savarino
et al., 2000; Savarino & Thiemens, 1999). In the stratosphere, A'”O of OH radicals vary between 7%, and
30%o, from 42 to 30 km altitude, respectively (Zahn et al., 2006): of this, one fourth is transferred to sulfate
through reactions (R1)-(R3) (Savarino, Bekki, et al., 2003). The Samalas event has a A0 of (0.7  0.2)%o,
on average, which may be inherited, in part, from OH radicals at 40 km altitude (Gautier et al., 2019;
Savarino, Bekki, et al., 2003), but it may also be the result of the creation of a new oxidation pathway via
OC’P), which has no oxygen isotopic anomaly, given that oxidation via OH radicals would have been
exhausted by the massive injection of SO, into the stratosphere (Savarino, Bekki, et al., 2003). Recently,
another volcanic event in 426 BCE was found to display A'”O values varying from 4%, to 0.5%. from the
beginning to the end of the volcanic sulfate deposition, the latest values being comparable with that of
Samalas (Gautier et al., 2019). The collapse of A'”0 values would be the result of sulfate formed at different
altitudes and successively deposited on the ice sheet and support the “altitude effect” of Samalas-type erup-
tions (Gautier et al., 2019).

The Samalas eruption is unique in many respects, and'°Be data and the isotopic composition of sulfate show
its peculiarity related to the exceptional amount of SO, released at a high altitude in the stratosphere. The
19Be stratospheric reservoir was probably drained out and perturbed for a decade; as a result solar recon-
structions based on *°Be data during this time period must be effectuated carefully.

4. Conclusion

We conducted a detailed study of 26 volcanic events recorded at three different Antarctic sites in order to
better understand the influence of massive amounts of stratospheric volcanic sulfate aerosols on
19Be deposition.

Linear relationships were determined between '°Be and sulfate concentrations for each individual volcanic
event, of which 14 exhibit a significant relationship, thus confirming enhancement in 10pe deposition after
stratospheric eruptions (Baroni et al., 2011).

This study has allowed to confirm the stratospheric nature of the Pinatubo event (1991), the Agung event
(1963), the Cosiguina event (1835), the 1809 UE, the 1695 UE (or Serua event), the Kuwae event (1459),
the 1286 UE, the Samalas event (1257), the 1172 UE, the 1110 UE, and the 1040 UE and the tropospheric
nature of the 1621 UE, also deduced from the isotopic sulfur anomaly (Baroni et al., 2008, 2007; Cole-Dai
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et al., 2009, 2013; Gautier et al., 2018, 2019; Lanciki et al., 2012; Savarino, Romero, et al., 2003) and bipolar
volcanism (Sigl et al., 2013, 2015).

We have newly identified two unknown events as stratospheric, the 1241 UE and 1269 UE, probably located
in the Southern Hemisphere as they are recorded only in Antarctica (Sigl et al., 2013, 2015). They may have
had a climatic impact over the last millennium (Toohey et al., 2019).

The intercept and slope of the '°Be/sulfate relationship provide different and complementary information.
The intercept gives information on the '°Be polar stratospheric reservoir that is loaded to a greater or lesser
degree, depending on solar modulation at the time of the volcanic eruption. Slopes values have been classi-
fied into four groups that would relate to the diversity of volcanic source parameters, particularly the amount
of SO, emitted and the altitude it reaches in the stratosphere meaning that the slope indicates efficiency of
19Be washout from its reservoir.

The Samalas eruption is unlike any other in that it has the lowest positive slope among other significant
events. This may be the result of persistent draining of the 19Be reservoir through continued aerosols forma-
tion in the stratosphere because of (i) the large amount of SO, emitted which exhausted the oxidants respon-
sible for the formation of sulfate and (ii) the altitude at which SO, is emitted. This hypothesis is reinforced by
the volcanic eruption recorded in the ice in 1269, which itself exhibits a negative slope among all the events
studied, indicating that after the Samalas eruption, the 10e stratospheric reservoir was no longer in its
steady state and drained out and perturbed over a decade. '°Be ice core records from this period should be
carefully used for solar reconstruction.

Determining the linear relationship between beryllium and sulfate concentration opens up the possibility of
using slope to apply a correction of the beryllium signal in order to remove the volcanic effect. This should
improve the estimation of the solar component of the '°Be signal in ice cores.
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