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Introduction: The products of volcanic eruptions found in the snow, firn and ice
deposits of the polar ice sheets are precious sources of information on the volcanic
forcing of the climate system in the recent or remote past. On the other hand, the
layers containing the traces of well-known eruptions serve as absolute age markers
that help to construct the depth-age scale for the snow-firn thickness.

Methods: In this study we present new records of the sulfate concentrations and
electrical conductivity (ECM) from three shallow (up to 70m depth) firn cores drilled
in the vicinity of Vostok station (central East Antarctica).

Results: In the non-sea-salt sulfate and ECM profiles we were able to identify 68
peaks that can be interpreted as traces of volcanic events.

Discussion: 22 of these peaks can be unambiguously attributed to well-known
volcanic eruptions (including Tambora 1816 CE, Huaynaputina 1601 CE, Samalas
1258 CE, Ilopango 541 CE and others), which allowed to construct a robust depth-
age scale for the cores. 37 events have their counterparts in other Antarctic cores, but
cannot be associated with welldated eruptions. Finally, 9 peaks do not have
analogues in the other cores, i.e., they may be traces of so far unknown volcanic
events. According to the newly constructed depth-age function, the deepest studied
firn layers (70.20 m) are dated by 192 BCE.
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1 Introduction

Volcanic activity was one of the major climatic drivers in Late Holocene until the mid-XIX
century when the anthropogenic activity came in force (Büntgen et al., 2020). The increased
frequency of large volcanic eruptions could cause periods of prolonged cooling which, in turn,
strongly affected the development of human societies (Sigl et al., 2015; Büntgen et al., 2020; van
Dijk et al., 2022).

In case if an eruption is sufficiently powerful, its products are injected into the stratosphere
and can reach high latitudes where they are deposited onto the surface of the polar ice sheets.
These snow layers are characterized by an increased concentration of non-sea-salt sulfate ions
and by higher electrical conductivity (Hammer, 1980). The firn and ice cores recovered as a
result of drilling through the Antarctic and Greenland ice sheets are thus valuable sources of
information on the Earth’s volcanism over the past millennia (Sigl et al., 2015).
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The volcanic peaks discovered in the cores are also used as
absolute age markers that help to improve the dating of the cores
in case if a volcanic event can be robustly identified (Sinnl et al., 2022).
Even if a peak cannot be attributed to the specific eruption, identical
peaks can be used to transfer the depth-age function from a better-
dated core to a poorer-dated core (Veres et al., 2013).

In this paper we present a new inventory of the volcanic events
covering the past 2,200 years and recorded in the ECM (electrical
conductivity measurements) and chemical data from 3 shallow firn
cores drilled in the vicinity of Vostok Station (central East
Antarctica, Figure 1). In total we discovered about 70 volcanic
peaks, most of which have counterparts in the previously published
core-based archives of the volcanic events. About one-third of the

peaks can be unambiguously attributed to the known and well-
dated eruptions which allowed us to construct an improved robust
depth-age scale for the upper part of the firn thickness that covers
the last 2,200 years.

2 Materials and methods

2.1 Drilling of the cores and ECM
measurements

In this study we use the data obtained from three shallow (down to
70 m) firn cores recovered in the vicinity of Vostok (78.465°S and

FIGURE 1
Locations of the Antarctic core sitesmentioned in the paper. In the insert a schemeof the Vostok station vicinity is shownwith the location of VK16, VK18,
and VK19 drilling sites. The source for the map of Antarctica: https://gisgeography.com/antarctica-map-satellite-image/.

Frontiers in Earth Science frontiersin.org02

Veres et al. 10.3389/feart.2023.1075739

https://gisgeography.com/antarctica-map-satellite-image/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1075739


106.835°E, 3,490 m a.s.l.; Figure 1) in 2016–2019. The need to study
multiple cores is related to a very small signal-to-noise ratio typical for
a time-series of any climatic parameters as obtained from a single
record (Ekaykin et al., in review). In order to reduce the amount of
noise and increase the robustness of the results, a stacked record must
be constructed based on data from several individual records.

The lengths of the cores are 70.20 m for core VK16 (drilling finished
in January 2018), 55.14 m for VK18 and 65.37 m for VK19 (both finished
in January 2019). The core recovery was close to 100%which provided an
uninterrupted core sequence. The technology of drilling with the use of a
light mechanical auger is described in (Veres et al., 2020).

After recovery the cores were transported to the glaciological
laboratory of the Vostok station where the ECM and density
measurements were performed. Then the samples for stable water
isotope measurements were cut alongside the cores with the resolution
of 10 cm (the data will be presented elsewhere). Finally, the remaining
part of core VK16 in the depth interval 9.90–70.20 m was transported
to Limnological Institute, Siberian Branch of Russian Academy of
Sciences (LI SB RAS, Irkutsk, Russia) for chemical analyses.

The ECM record is a proxy of the total ion content of ice
(Hammer, 1980). In Vostok firn cores the most abundant ion is

SO4
2- (see the next section), and the correlation of the ECM profile

with the SO4
2- data is 0.4 (significant with p < 0.01), with no significant

relationship between electrical conductivity and the other ions. Thus,
for Vostok the ECM record can be used as a substitute of the sulfate
concentration record.

The ECM measurements were performed under temperature of
about −15°C ± 4°C with the use of a 1,000 V DC as an input signal.
The output signal was recorded digitally every 1 s which corresponds
to about 1.4 cm of the core length resolution (or roughly 2-
5 datapoints per year on average depending on the core density).
The ECM profiles for all the 3 cores are presented in Figures 2A–C.
One can see that the level of the ECM signal varies between the cores
and between different intervals of individual cores. The electrical
conductivity of firn depends on several factors (Hammer, 1980): 1)
temperature of the core. We tried to maintain the constant
temperature in the laboratory (−15°S), but it may vary by
about ±4°S; 2) quality of the firn core surface (e.g., roughness); 3)
density of core (usually ECM signal increases with increasing
density); 4) the strength of the contact between firn and the
electrodes, the area of the contact and the distance between the
electrodes. We tried to keep these parameters constant, but it is not
always possible. Thus, the ECM signal is not supposed to be the same
in different cores, but this does not affect the interpretation of the
ECM data since we remove the background and only study the peaks
of the electrical conductivity (see Section 2.3).

2.2 Chemical analysis of VK16 core

The chemical analyses were performed in Laboratory of
Hydrochemistry and Chemistry of Atmosphere of LIN SB RAS.
Before measurements the VK16 core was kept in a frozen state
(−20°C). In order to prevent a contamination, we cut the thin slabs
(1.5–2 cm) of the outer part of the core and used only the inner part for
the analysis. The central part of each core segment was cut with 2 cm
resolution in a clean room. Then each sample was put in a 100 ml Pyrex
glass bottle with the polypropylene caps. The 2-cm firn samples were
melted at room temperature followed by filtration through the 0.2 μm
cell-size filters. Further lab works consisted of measurements of acidity
and the main ions concentration. We analyzed chemical composition
using the ICS-3000 Dionex reagent-free ion chromatography system
(Sunnyvale, California, the United States). The determination of the
level of fluctuation noises, the zero signal drift and the deviation of
the output signal of the device were controlled using the IC-SCS1 and IC-
FAS-1A reference samples (Inorganic Ventures, Christiansburg, VA,
United States) (Golobokova et al., 2022). Relative error of the
concentration values is estimated to be within 5%–8%. In total,
2,947 samples were analyzed in a depth interval of 9.90–70.20 m.

The total mineralization of the firn in the studied cores is about
300 ppb (μg kg−1). Of this value about one-half (150 ppb) is the
concentration of the SO4

2- ion. In molar concentration units (to
which electrical conductivity of firn is physically related) the share
of the sulfate ions is about 22%, but still it is the most abundant ion
except for H+. It explains why ECM demonstrates the strongest
correlation with SO4

2- (r = 0.4, as mentioned earlier), while the
correlation coefficient with the other ions does not exceed 0.05.

We analyze non-marine sulphate data from the VK16 firn core
considering that sulphates do not undergo post-depositional
modification (Osipov et al., 2014). To determine the sea and non-

FIGURE 2
The electrical conductivity (ECM) profiles from cores (A) VK19, (B)
VK18 and (C) VK16, and (D) the non-sea-salt SO4

2- concentration in
9.90–70.20 m interval of VK16 core. The black lines are the cut-off
values to separate the volcanic peaks from the background (see the
text for details).
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marine sources of ions, ratios of ion concentrations in the firn to its
concentrations in sea water and continental crust are used (Aristarain
and Delmas, 2002). The non-sea-salt sulphate concentrations were
calculated as:

nss-SO2−
4[ ] � SO2−

4[ ] − 0.06028 Na+[ ],
where [SO2−

4 ] and [Na+] are molar concentrations.
The difference between the non-sea-salt and the total sulfate-ion

concentration is actually small, since the ratio of sea-salt to non-sea-
salt SO4

2− is less than 10%. The nss-SO4
2- profile for VK16 core is

presented in Figure 2D.

2.3 Detection of volcanic peaks in the nss-
sulfate record

At the next stage we separated the nss-sulfate concentration peaks,
likely caused by the presence of the products of volcanic eruptions,

from the biogenic background. For this we adopted the approach
widely used in the previous studies (e.g., Osipov et al., 2014).

First of all, we calculated the average and standard deviation
(STD) of the nss-sulfate values in VK16, and defined the primary
cut-off value equal to the average plus 2 STD. The segments of the
nss-sulfate record above this cut-off value can be very likely
interpreted as volcanic peaks. However, this initial cut-off value
is overestimated, since it was calculated using all the nss-sulfate
datapoints including the peaks themselves. Thus, we defined the
secondary cut-off value excluding from the calculation of the
average and STD the datapoints which exceeded the primary
cut-off value. The secondary cut-off value is about 22% lower
than the primary one (214 against 275 μg·kg−1) and more
correctly separates the volcanic peaks from the background
(Figure 2D).

Then we used a similar procedure to define the cut-off values for
the ECM records. The difference is that for the ECM profiles we
calculated running cut-off values (with the width of window equal to
300 cm), taking into account that the background level of electrical
conductivity strongly varies with depth (Figures 2A–C).

In Figure 3D we show the excess nss-sulfate concentrations for the
VK16 core, i.e., the difference between the total concentration and the
cut-off value. We suggest that these excess nss-sulfate corresponds to
the SO4

2- ion fallout due to volcanic eruptions. We also calculated the
excess (above the cut-off) values of ECM for all the three cores (Figures
3A–C). Note that the magnitude of the same ECM peaks can be
different in different cores. This is because of extremely low signal-to-
noise ratio typical for the climatic time-series studied on the firn and
ice cores drilled in low-accumulation area of central Antarctica
(Ekaykin et al., in review). About 20% of annual snow layers at
Vostok are missed due to the wind erosion, thus it is possible that
a volcanic peak is present in one core and is absent in another. In this
study we use only those peaks that are present in all the four records
(the sulfate record fromVK16, and the ECM records from cores VK16,
VK18, and VK19).

2.4 Calculation of volcanic sulfate flux

Since the sulfate deposition in central Antarctica is dominated by
dry deposition (Legrand and Delmas, 1987), the sulfate concentration
depends on the snow accumulation rate. Thus, for correct comparison
of the volcanic signatures in different cores (and of different peaks
within a single core) it is better to operate not with concentrations, but
with sulfate fluxes expressed in kg·km−2.

The flux F can be calculated as

F � 0.001Cρh ,

where C is the excess (after subtracting the background level) sulfate
concentration in μg·kg−1, ρ is the firn density in kg·m−3, h is height of
the firn layer in m, and 0.001 is the scaling factor to transform μg·m−2

into kg·km−2.
The data on the firn density in the upper 70 m of Vostok snow-firn

thickness was taken from (Ekaykin et al., 2022).
The flux values were calculated for every 2-cm interval of the core

within a volcanic peak and then the total sulfate flux for every volcanic
peak was defined by integrating the values of the individual 2-cm
increments.

FIGURE 3
Volcanic peaks discovered in 9.90–70.20 m of (D) the nss-sulfate
record of the VK16 core and in the ECM records of cores (A) VK19, (B)
VK18 and (C) VK16. The stars denote the position of 5 peaks that can be
unambiguously attributed to the well-dated volcanic events and
thus served as a foundation of the core dating (see Discussion). The red
circles are other peaks used in the dating, while the black squares are
additional peaks used for the cross-dating of the three cores.
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TABLE 1 Inventory of the volcanic peaks found in the sulfate record of VK16 core.

№ Depth, m Peak
nss-
SO4

2-,
μg
kg−1

Dates, years Duration,
years

Flux,
kg
km−2

Attribution Other
cores

where the
peak

detected

References GVP
database

Top Bot Beginning End Middle

1 10.39 10.56 304 1814.2 1818.2 1816.2 4 8.21 Tambora
(1816)

VK, DC, SP,
DA,

DML, WD

Os14, Ca05,
Fe11, Ji12, Ka00,

CD21

2 10.66 10.75 244 1808.6 1811.1 1809.9 2.5 6 UE1809 VK, DC, SP,
DA, SD,

DML, WD

Os14, Ca05,
Fe11, Ji12, Ku06,
Ka00, CD21

3 12.71 12.73 137 1760.4 1760.9 1760.7 0.5 0.9 Planchón-
Peteroa
(1763) ?

DA,
WD, DML

Ji12, CD21,
Ka00

4 13.64 13.66 176 1737.1 1737.6 1737.4 0.5 1.2 ? VK Os14 Fuego (1737)

5 15.26 15.33 154 1694.3 1696.1 1695.2 1.9 3 UE1695a VK, DC,
DA, WD

Os14, Ca05, Ji12,
CD21

6 15.50 15.51 39 1689.2 1689.5 1689.4 0.3 0.2 ? SP Fe11 Gamalama
(1687), Serua

(1687)

7 15.70 15.71 6 1683.6 1683.8 1683.7 0.3 0.05 ? Serua (1683),
Krakatau
(1684)

8 16.59 16.60 21 1658.6 1658.9 1658.7 0.3 0.15 Long Island
(1661) ?

VK, DA Os14, Ji12 Long Island
(1660 ± 20)

9 17.16 17.32 347 1638.5 1642.7 1640.6 4.2 13.4 Parker (1641) VK, DA,
DML, WD

Os14, Ji12, Ka00,
CD21

10 18.01 18.04 21 1620 1620.7 1620.4 0.8 0.24 ? WD CD21 Fuego
(1620),
Colima
(1622)

11 18.70 18.86 179 1598.1 1603 1600.5 4.8 7.6 Huaynaputina
(1601)

VK, DC, SP,
DA, SD,

DML, WD

Os14, Ca05,
Fe11, Ji12, Ku06,
Ka00, CD21

12 18.90 19.00 153 1593.7 1596.7 1595.2 3.1 5.6 Nevado del
Ruiz (1595)

SP, DA,
SD, WD

Fe11, Ji12, Ku06,
CD21

13 20.46 20.47 34 1553.6 1553.9 1553.7 0.3 0.2 ? WD CD21 Merapi
(1554)

14 23.79 23.92 703 1456.3 1460.1 1458.2 3.8 33.8 UE1459b DC, DA,
SD, WD

Ca05, Ji12,
Ku06, CD21,

Ha19

15 24.04 24.06 176 1452.1 1452.7 1452.4 0.6 1.4 Kuwae (1452) ? VK, SP, SD,
DML, WD

Os14, Fe11,
Ku06, Ka00,

CD21

Pinatubo
(1450 ± 50),
Kelud (1450,

1451)

16 25.38 25.40 148 1412.1 1412.7 1412.4 0.6 1.2 ? SD Ku06 Kelud (1411)

17 25.60 25.62 91 1405.4 1406 1405.7 0.6 1 ?

18 27.48 27.49 79 1348.6 1348.9 1348.7 0.3 0.5 ? DML Ka00 Cotopaxi
(1350?),

Nevado del
Ruiz (1350?)

19 27.57 27.68 112 1343 1346.1 1344.5 3.1 4.3 El Chichon
(1345)

VK, DC, DA,
SD, WD

Os14, Ca05, Ji12,
Ku06, CD21

20 29.33 29.34 54 1297.9 1298.2 1298 0.3 0.5 ? WD CD21 Kelud (1311)

21 29.51 29.52 35 1293 1293.2 1293.1 0.3 0.3 ? Okataina
(1310 ± 12)

(Continued on following page)
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TABLE 1 (Continued) Inventory of the volcanic peaks found in the sulfate record of VK16 core.

№ Depth, m Peak
nss-
SO4

2-,
μg
kg−1

Dates, years Duration,
years

Flux,
kg
km−2

Attribution Other
cores

where the
peak

detected

References GVP
database

Top Bot Beginning End Middle

22 29.73 29.88 273 1281 1287.2 1284.1 6.2 15 Quilotoa (1286) DC, SP, DA,
DML, WD

Ca05, Fe11, Ji12,
Ka00, CD21

23 30.02 30.07 159 1271.8 1274.2 1273 2.4 2.5 ? DC, DA,
SD, WD

Ca05, Ji12,
Ku06, CD21

Cayambe
(1270?)

24 30.21 30.43 741 1255.7 1265.1 1260.4 9.4 31.5 Samalas (1258) VK, DC, SP,
DA,

DML, WD

Os14, Ca05,
Fe11, Ji12, Ka00,
CD21, Na19

25 31.19 31.33 228 1227.3 1231.8 1229.5 4.5 7.6 UE1230 DC,
DML, WD

Ca05, Ka00,
CD21

26 31.39 31.66 124 1216.3 1225.3 1220.8 8.9 10.6 ?

27 32.36 32.54 279 1187.3 1193.3 1190.3 6 7.5 UE1190 VK, DC,
SD, WD

Os14, Ca05,
Ku06, CD21

El Chichon
(1190 ± 150)

28 32.68 32.69 28 1182.4 1182.7 1182.5 0.3 0.2 ? SD Ku06 Machin
(1180 ± 150),

Dieng
(1180 ± 100)

29 33.37 33.38 67 1159.4 1159.7 1159.5 0.3 0.5 ? Taveuni
(1160 ± 150),

Pacaya
(1160 ± 75)

30 33.56 33.65 88 1150.4 1153.4 1151.9 3 2.5 UE1153 WD CD21 Krakatau
(1150 ± 50)

31 34.90 34.95 49 1106.5 1108.2 1107.4 1.6 1.2 UE1108 SD, WD Ku06, CD21

32 40.96 40.97 62 907 907.4 907.2 0.3 0.4 ? SP Fe11 Fuego
(900 ± 75)

33 42.45 42.64 48 850 856.5 853.3 6.5 1.6 ? SD Ku06 Raoul
Island (850?)

34 44.50 44.60 289 782.1 785.6 783.8 3.5 4.2 ? El Chichon
(780 ± 100)

35 44.74 44.90 113 771.6 777.2 774.4 5.6 3.2 ? SD Ku06 Cotopaxi
(770 ± 75)

36 45.57 45.60 70 747.2 748.2 747.7 1.1 0.9 ? Cotopaxi
(740 ± 75)

37 47.42 47.50 80 680 682.8 681.4 2.8 2.6 Rabaul (683)c WD CD21

38 48.62 48.63 102 640.4 640.8 640.6 0.4 0.8 ? SD, DML, WD Ku06, Ka00,
CD21

San Salvador
(640 ± 30)

39 48.96 49.00 93 627.5 628.9 628.2 1.4 1.9 ? SP Fe11 Merapi
(630 ± 30)

40 50.06 50.15 340 586.8 590 588.4 3.2 5.9 ? SP, DA,
SD, WD

Fe11, Ji12, Ku06,
CD21

El Chichon
(590 ± 100)

41 50.44 50.54 205 572.8 576.4 574.6 3.6 8.3 Rabaul (574) ? WD CD21

42 51.36 51.55 135 535.6 542.7 539.2 7.1 8.9 Ilopango (541) DML,
DA, WD

Ka00, Ji12,
CD21, Du19

43 51.71 51.73 63 528.9 529.6 529.3 0.8 0.9 ? SP Fe11 Krakatau
(535)

44 52.66 52.69 51 492.5 493.6 493 1.1 1 ? SD, WD Ku06, CD21 El Chichon
(480 ± 200)

45 52.86 52.87 11 485.6 486 485.8 0.4 0.1 ? SD, WD Ku06, CD21

(Continued on following page)
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3 Results

In Figure 3D all the volcanic peaks discovered in the nss-sulfate
record from the VK16 core are shown. Most of them have their

counterparts in the ECM records in cores VK16, VK18, and VK19
(shown in Figures 3A–C).

In total, the sulfate data from VK16 allowed to detect 62 volcanic
peaks in the depth interval from 9.90 to 70.20 m (Table 1).

TABLE 1 (Continued) Inventory of the volcanic peaks found in the sulfate record of VK16 core.

№ Depth, m Peak
nss-
SO4

2-,
μg
kg−1

Dates, years Duration,
years

Flux,
kg
km−2

Attribution Other
cores

where the
peak

detected

References GVP
database

Top Bot Beginning End Middle

Taveuni
(480 ± 75)

46 53.04 53.05 18 478.7 479.1 478.9 0.4 0.2 ? DA Ji12 Taveuni
(480 ± 75)

47 53.68 53.92 155 445.2 454.5 449.9 9.2 15 ? SP, DA, SD Fe11, Ku06, Ji12 Ilopango
(450 ± 30)

48 54.23 54.29 24 431.1 433.3 432.2 2.3 0.6 Tierra Blanca
Joven (433)

SP, DA,
SD, WD

Fe11, Ji12, Ku06,
CD21, Sm20

49 56.18 56.20 31 359.4 360.2 359.8 0.8 0.4 ? DA Ji12 Tungurahua
(350?)

50 57.68 57.69 36 302.8 303.2 303 0.4 0.4 UE303 SD, WD Ku06, CD21 Witori
(310 ± 100)

51 58.06 58.07 19 288.3 288.7 288.5 0.4 0.2 ? SP, SD, WD Fe11, Ku06,
CD21

Parinacota
(290 ± 300)

52 58.25 58.28 212 280.3 281.4 280.9 1.2 3.1 ? DA, SD Ji12, Ku06 Cotopaxi
(180 ± 100)

53 58.60 58.72 76 263.5 268 265.7 4.5 2.3 UE266 SD, WD Ku06, CD21 Nevado del
Tolima

(260 ± 150)

54 59.12 59.39 81 238.5 248.6 243.5 10 6 ? SD, SP Ku06, Fe11

55 59.46 59.54 239 233 235.9 234.4 3 5.4 Taupo (236) WD CD21 Taupo
(233 ± 13)

56 60.02 60.03 43 214.7 215.1 214.9 0.4 0.4 ? DA, WD Ji12, CD21 Pico de
Orizaba

(220 ± 75)

57 60.65 60.67 11 190.6 191.4 191 0.8 0.2 ? SD Ku06 Tengger
Caldera

(190 ± 50)

58 61.16 61.23 36 169.6 172.2 170.9 2.6 1.1 UE169 WD CD21 Calbuco
(160 ± 135)

59 62.33 62.34 8 125.5 125.9 125.7 0.4 0.1 ? DA, WD Ji12, CD21 Merapi
(120 ± 75)

60 65.89 65.95 30 −19.4 −16.9 −18.1 2.4 0.6 ? WD CD21 El Chichon
(−20 ± 50)

61 67.92 67.94 20 −100.6 −99.8 −100.2 0.8 0.3 ? WD CD21 Tungurahua
(−100?)

62 69.64 69.66 25 −169.6 −168.7 −169.2 0.8 0.6 UE-168 WD CD21 Masaya
(−170 ± 100)

Notes:
aIn previous works referred to as Serua (1696).
bIn previous works referred to as Kuwae (1459).
cIn previous works referred to as Pago (682).

Abbreviations: The name of the sites: VK, Vostok; DC, Dome C, SP, South Pole; DA – Dome A, SD, Siple Dome; DML, Dronning Maud Land; WD, WAIS divide. References: Os14 – Osipov et al.,

2014, Ca05 – Castellano et al., 2005, Fe11 – Ferris et al., 2011, Ji12 – Jiang et al., 2012, Ku06 – Kurbatov et al., 2006, Ka00 – Karlöf et al., 2000, CD21 – Cole-Dai et al., 2021, Du19 – Dull et al., 2019,

Ha19 – Hartman et al., 2019, Na19 – Narcisi et al., 2019, Sm20 – Smith et al., 2020.
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The values of the sulfate concentration vary between 6 μg·kg−1 (peak
7 in Table 1 at 15.71 m) and 741 μg·kg−1 (peak 24, 30.21–30.43 m). As
noted before (Castellano et al., 2005), the distribution of the sulfate
concentration and fluxes are much closer to a lognormal than to
Gaussian one. For instance, the median value of the concentration
(80 μg·kg−1) is substantially lower than the mean (129 μg·kg−1).

The minimum value of the flux (0.05 kg·km−2) is characteristic for
the same peak where the lowest concentration is observed (peak 7),
while the maximum flux (33.8 kg·km−2) is observed for the peak 14 at
23.79–23.92 m which is the second largest in terms of concentration.

The frequency of the peaks and the distribution of the
concentrations and fluxes are not homogeneous along the core
(Figure 3D): the highest peaks are observed in the upper half of the
core, and there are intervals (35–45 m and below 60 m) where very few
peaks were found. This picture reflects substantial variability of volcanic
activity in the late Holocene, as will be discussed in the next section.

4 Discussion

4.1 Attribution of the peaks to the known
volcanic events

As the basis for the procedure of the attribution of the peaks found
in the VK16 core to the known volcanic events we used the previously
published Vostok volcanic records (e.g., Osipov et al., 2014) as well as
the inventories of the largest volcanic events previously found in
Antarctic firn and ice deposits (e.g., Sigl et al., 2015). The procedure of
the peaks’ identification is three-stage:

At the first stage we determine the position of Tambora volcanic
peak (eruption in 1815 and the deposition of the eruption products in
central Antarctica in 1816; note that the volcanic sulfates usually reach
central Antarctica 1–3 years after the eruption, and in this paper we
refer to the dates of the sulfate deposition rather than to the dates of
the eruptions themselves). The identification of Tambora peak is
absolutely unambiguous because of its specific double summit
shape (Tambora itself and an unknown volcanic event dated by
1809 CE) and due to the fact that Tambora have been previously
found in all the deep pits and firn cores studied in the vicinity of
Vostok (Legrand, 1987; Ekaykin et al., 2004; Ekaykin et al., 2014;
Osipov et al., 2014; Veres et al., 2020), so the expected depth of the
peak is well known. In the VK16 sulfate record it is situated at the
depths 10.39–10.56 m and 10.66–10.75 m (peaks 1 and 2 in Table 1).

As soon as the depth of Tambora is determined, we are able to
calculate the mean snow accumulation rate between 1816 and the
present day (2.08 g·cm−2 year−1) using the available density-depth
profile (Ekaykin et al., 2022) and to extrapolate the depth-age
function to the whole core length.

At the second step we find the volcanic peaks of unknown event
1459 CE (UE1459 CE) and Samalas 1258 CE. These peaks are found in
all the Antarctic firn cores (Karlöf et al., 2000; Castellano et al., 2005;
Kurbatov et al., 2006; Ferris et al., 2011; Jiang et al., 2012; Narcisi et al.,
2019; Cole-Dai et al., 2021), and they are the largest peaks in the
volcanic record of the last two millennia. Indeed, in our cores we find
two largest peaks dated (according to the preliminary age scale) by
1504 CE and 1329 CE (peak 14 at 23.79–23.92 m and peak 24 at
30.21–30.43 m, Table 1). The ages of the peaks are 45 and 72 years too
young, which is due to the fact that before 1800 CE the snow
accumulation rate in central Antarctica was significantly lower than

during the last 200 years (Thomas et al., 2017). Thus, we reduce the
accumulation rate before Tambora by 12.5% so that the ages of these
two peaks correspond to the ages of UE1459 and Samalas.
Interestingly, if we adjust the age of any of these two peaks, we
automatically obtain the correct age for the other peak, which gives
additional confidence to the interpretation of them.

The same large peaks were described in the previous Vostok cores,
as well (Osipov et al., 2014), but they were misinterpreted as Kuwae
1452 CE and El-Chichon 1259 CE. Note that the 1459 peak was
initially attributed to Kuwae eruption (Castellano et al., 2005; Sigl
et al., 2015, etc.) but later it was re-interpreted as an unknown event
dated by 1458 or 1459 (Toohey and Sigl, 2017; Hartman et al., 2019).

Before 1000 CE the volcanic activity on Earth was much reduced
compared to the last millennium, so we do not have large prominent
peaks in the Antarctic cores (see review in Sigl et al., 2015). However,
according to our preliminary depth-age scale (after it is corrected for
the reduced accumulation rate before 1816 CE), we have two large
peaks dated by 568 CE and 535 CE (peaks 41 and 42, 50.44–50.54 m
and 51.36–51.55 m, Table 1). In other volcanic archives (see Sigl and
others, 2015 and other papers) one can find peaks of Rabaul 574 CE
and Ilopango 541 CE. Note that these two peaks are separated by the
time interval of 33 years – the same as in our cores, and that our
preliminary dating differs from the true dating by only 6 years. Thus,
with very high confidence we may attribute these peaks to Rabaul and
Ilopango, and to correct the accumulation rate before Samalas
accordingly (by about 1%).

FIGURE 4
Time-series of the volcanic peaks found in (B) the VK16 core versus
(A) the time-series of the largest volcanic events found in the Antarctic
snow and firn deposits according to (Sigl et al., 2015). By the stars the
peaks used to tune the VK16 depth-age function are shown.
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At the next step we scanned the sulfate record in order to identify
other peaks that can be attributed to the well-dated volcanic events. In
Figures 4A, B we presented the time-series of the volcanic peaks found
in the VK16 core and compared it with the largest volcanic events of
the past two millennia according to Sigl et al., 2015.

First, a group of 3 peaks between UE1809 and UE1459 can be very
likely attributed to UE1695 (peak 5, 15.26–15.33 m), Parker 1641
(peak 9, 17.16–17.32 m) and Huaynaputina 1601 (peak 11,
18.70–18.86 m, Table 1). Note that the dates of these peaks
according to the preliminary age scale (1697 CE, 1646 CE and
1604 CE) differ only by 2–5 years from their true ages.

Then, two peaks between UE1459 and Samalas 1258 at the depths
27.57–27.68 m (peak 19) and 29.73–29.88 m (peak 22, Table 1) closely
resemble El Chichon 1345 and Quilotoa 1286. The preliminary ages of
the peaks (1345 CE and 1278 CE) differ from the true ages by,
correspondingly, 0 and 8 years.

Between Samalas 1258 and Rabaul 574 we could identify 3 peaks:
UE1230 (peak 25 at 31.19–31.33 m), UE1108 (peak 31, 34.90–34.95 m)
and Pago 682 (peak 37, 47.42–47.50 m, Table 1). Note that we re-
interpret the Pago 682 peak as Rabaul 683 peak (see below). The dates of
these peaks according to the preliminary age scale were 1231 CE,
1114 CE and 685 CE, i.e. they differed from the true dates by 1–6 years.

TABLE 2 Volcanic events recorded in the sulfate and ECM record used as agemarkers for the dating of VK16, VK18 and VK19 cores. The peaks numbers (column 1) refer
to Table 1. By italic the additional age markers are shown which are only used as tie-points (i.e., for cross-dating between the three cores).

Peak number Depth of maximum peak, m Year Attribution

VK16CHEM VK16ECM VK18ECM VK19ECM

NA 1.53 1.65 1.59 1992 Pinatubo (1992)

NA 2.93 3.12 3.13 1964 Agung (1964)

NA 9.53 9.64 9.50 1836 Cosigüina (1836)

1 10.52 10.50 10.60 10.34 1816 Tambora (1816)

2 10.74 10.72 10.80 10.59 1809 UE1809

5 15.32 15.30 15.46 15.12 1695 UE1695

9 17.23 17.22 17.44 17.04 1641 Parker (1641)

11 18.81 18.78 18.87 18.61 1601 Huaynaputina (1601)

12 18.99 18.95 19.07 18.78 1595 Nevado del Ruiz (1595)

14 23.84 23.83 23.94 23.57 1459 UE1459

19 27.65 27.61 27.70 27.34 1345 El Chichon (1345)

22 29.80 29.78 29.89 29.58 1286 Quilotoa (1286)

24 30.35 30.36 30.45 30.12 1258 Samalas (1258)

25 31.25 31.26 31.36 30.97 1230 UE1230

no peak 33.01 33.12 32.78 1172 UE1171

31 34.94 34.91 35.04 34.70 1108 UE1108

no peak 39.13 39.20 38.90 969 ?

37 47.47 47.45 47.68 47.29 682 Rabaul (683)

41 50.51 50.51 50.61 50.34 574 Rabaul (574)

42 51.45 51.41 51.52 51.29 541 Ilopango (541)

48 54.25 54.24 54.43 54.12 433 Tierra Blanca Joven (433)

50 57.69 57.69 NA 57.55 303 UE303

53 58.68 58.66 NA 58.54 266 UE266

58 61.22 61.25 NA 60.98 169 UE169

no peak 64.90 NA 64.57 23 ?

62 69.66 69.63 NA NA −168 UE-168

Italic values are the additional age markers used not for the absolute dating of the cores, but only as tie-points (i.e., for cross-dating between the peaks).
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Below Ilopango 541 the identification of the peaks is less confident
but it is very likely that peaks 48 (54.23–54.29 m), 53 (58.60–58.72 m)
and 58 (61.16–61.23 m, Table 1) correspond to Tierra Blanca Joven
433 (labeled in (Sigl et al., 2015) as UE433), UE266 and UE169. The
preliminary ages of them were 436 CE, 267 CE and 167 CE, i.e. they
differed from the true ages by 1–3 years.

We compared the values of the sulfate fluxes for the 17 peaks
mentioned earlier in this section according to the data reported in (Sigl
et al., 2015) and to the results of our study. The correlation coefficient
is equal to 0.78 ± 0.16 and is statistically significant with the high level
of confidence. On average the sulfate fluxes at Vostok are roughly
2 times lower than over the whole Antarctica probably due to the
remoteness of the Vostok region from the sulfate sources.

In total, Sigl et al. (2015) reports 19 largest volcanic events recorded
in Antarctic snow, firn and ice over the last 2,200 years. 17 of these
19 peaks were discovered and robustly attributed in the Vostok core.
Only two events are missed: Chiltepe (dated by 44 BCE) and UE1171.
The first eruption was one of the most powerful over the past
2.5 millennia, but it caused rather small sulfate flux in Antarctica
(15.4 kg·km−2, i.e., 3 times smaller than after Tambora). Note that in
later works this event was re-interpreted as the signature of the
Northern Hemisphere’s Okmok eruption 43 BCE (McConnell et al.,
2020), which explains why it resulted in very small sulfate flux in
Antarctica. The flux after UE1171 event was 19.5 kg·km−2. The Okmok
peak has not been found so far in East Antarctic cores, but only in West
Antarctica (Cole-Dai et al., 2021). The UE1171 peak was found in the
Dome C ice core (Castellano et al., 2005), but was not reported in the
previous Vostok volcanic inventory (Osipov et al., 2014). Interestingly,
this peak is found in the ECM records in all the three cores (see below),
but not in the sulfate record of VK16 core.We should note that, due to a
very small annual snow build-up at Vostok the probability of annual
layer hiatus is about 20% (Ekaykin et al., in review), so a layer containing
volcanic deposits can be easily missed in the snow-firn thickness.

We compared our inventory of volcanic peaks presented in Table 1
with the published inventories based on the investigation of the cores
drilled at Dome C (Castellano et al., 2005), South Pole (Ferris et al.,

2011), Dome A (Jiang et al., 2012), Siple Dome (Kurbatov et al., 2006),
Dronning Maud Land (Karlöf et al., 2000) and WAIS Divide (Cole-
Dai et al., 2021) (see the location of the sites in Figure 1).

All the 62 peaks can be divided into three groups:
The first group consists of 20 peaks that can be robustly associated

with well-dated peaks in other cores, and includes 17 peaks mentioned
earlier in this section. For some of the peaks we suggest a new
attribution compared to what can be found in the previous works.
In particular, the strong peak dated by 1459 CE that was repeatedly
interpreted as a Kuwae eruption (Castellano et al., 2005; Sigl et al.,
2015) is re-interpreted as Unknown Event 1459 CE (UE1459), see
(Toohey and Sigl, 2017; Hartman et al., 2019). For the peak dated by
682 CE that is referred to as Pago eruption (Sigl et al., 2015), we suggest
a new interpretation: Rabaul (683 CE), according to the (Global
Volcanism, 2022) Program database (https://volcano.si.edu/).
Finally, we suggest to interpret the UE433 peak (Sigl et al., 2015)
as Tierra Blance Joven eruption dated by 433 CE (Smith et al., 2020).

The second group consists of 35 peaks for which we could find a
close (±5 years) counterpart in at least 1 other core.

Finally, there are 7 peaks that do not have a close analogue in the
other cores.

In most cases the magnitude (sulfate flux) for the first group is
larger than for the second and the third. However, there are few
exceptions of this rule. For example, peaks 26 (dated by 1223 CE) and
34 (784 CE) have values of the sulfate flux equal to, correspondingly,
10.6 and 4.2 kg·km−2, but no similarly dated peaks were found in the
other cores. Moreover, there is no ECM peaks in our cores that
correspond to these sulfate peaks (Figures 3A–C). On the other hand,
it is difficult to interpret these peaks as a contamination of the samples
because of their substantial widths: 26 cm = 13 samples for peak
26 and 10 cm = 5 samples for peak 34. The mystery of these peaks can
be solved when they are found in other Antarctic cores.

For the peaks that do not have an attribution in the available
literature we suggested a tentative interpretation using the Global
Volcanism Program database (the last column of Table 1). One
should note that this interpretation is entirely speculative and
cannot be confirmed unless geochemical analyses of the volcanic
deposits (tephra) in the corresponding layers are made. We argue
that it is unlikely that these peaks have not a volcanic origin.
Indeed, the largest non-marine sources of the sulfur are
anthropogenic activity and volcanism (Legrand and Mayewski,
1997). But the anthropogenic activity mainly injects sulfur to
the troposphere, from where it is washed out rather quickly.
Also, the main industrial centers are situated in the Northern
Hemisphere, so the anthropogenic source may be important for
Greenland, but not for central Antarctica. Finally, the
anthropogenic production of sulfur is rather constant, without
significant interannual variability. The other continental sources of
sulfur—soils, vegetation and biomass burning – are too small to
produce the observed sulfate fluxes over central Antarctica.

4.2 Dating of the cores

The identification of a number of well-dated volcanic peaks in our
cores has allowed us to construct a reliable depth-age function that will
be used in further studies.

For constructing the chrono-stratigraphic scale we used a selection of
volcanic peaks from our inventory following two rules as described below:

FIGURE 5
The depth-age function for the 0–70 m interval of the Vostok
snow-firn thickness. The different symbols show the absolute age
markers, as well as the tie-points used for the cross-dating of the three
cores (VK16, VK18, and VK19) – the same as in Figure 3. By the blue
line the depth-age scale AICC 2012 (Veres et al., 2013) is shown.
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1) Only unambiguously attributed well-dated volcanic peaks were
used;

2) Only those sulfate peaks from VK16 core were used that have
clearly identifiable counterparts in the ECM record in all three
cores (VK16, VK18 and VK19).

In total 20 sulfate volcanic peaks were chosen for the core dating
(Table 2).

Then we inspected the ECM records in the interval 0–9.90 m (for
which the chemical data is not available) and found two peaks at
depths 1.53–1.65 m and 2.93–3.13 m that very likely mark the layers
with the products of Pinatubo (1992 CE) and Agung (1964 CE)
volcanoes.

The depth-age scale was then interpolated between these 22 age
markers along the core VK16 with the use of the density-depth profile
(Ekaykin et al., 2022) and assuming a constant accumulation rate
between the adjacent age markers.

A thorough scrutiny of the ECM profiles allowed to discover four
peaks that are present in all three cores but for some reasons are
missed in the sulfate record. Thus, these peaks are used as a tie-points
to cross-date the three cores one to another, but was not used as
absolute age markers (highlighted in Italic in Table 2). The dates of
these peaks were defined for core VK16, and the depth-age scales of
cores VK18 and VK19 were adjusted in such a way that the dates of
these peaks in their ECM profiles would correspond to the dates of
these peaks in VK16. Interestingly, for two of these additional peaks we
obtained the ages that allow to associate them with known volcanic
events. In particular, the peak at the depths 9.50–9.64 m dates by
1836 CE, which allows to interpret it as Cosigüina (1836 CE) volcano
(Toohey and Sigl, 2017; Baroni et al., 2019). The peak at 32.78–33.12 m
dates by 1172 CE which corresponds well to UE1171 eruption (Sigl
et al., 2015; Baroni et al., 2019). These findings increase confidence in
our depth-age scale.

Note that the depths of the peaks differ in different cores (Table 2),
which is simply explained, first, by different timing of the cores drilling
and, second, by the spatial variability of the snow accumulation rate
(Ekaykin et al., in review).

The final depth-age scale for the Vostok snow-firn thickness in the
depth interval from 0 to 70 m is shown in Figure 5. Our new age scale
(Vos2kdat) corresponds to the one previously published in (Osipov
et al., 2014), but is more detailed. We also compared the new depth-
age function with the AICC2012 age scale (Veres et al., 2013). In the
first 200 years the two curves are identical, but before Tambora the
AICC2012 scale is slightly younger. The difference between
AICC2012 and Vos2kdat reaches 40 years at the depth of 70 m.
The reason for this discrepancy is that the AICC2012 scale
underestimate the decrease in snow accumulation rate before 1800 CE.

The construction of the depth-age scale allowed us to calculate the
dates of the beginning and the end of each volcanic peak in the sulfate
record of VK16, as well as the duration of the peaks (Table 1). The
average duration of peaks is 2.5 years, while the maximum one
(10 years) is observed for an unidentified peak 54 situated at the
depth 59.12–59.39 m and dated by 239–249 CE.

We also defined the dating error by successively “switching off”
one age marker by another and comparing the dates of snow layers
with and without these markers [see details in (Veres et al., 2020)].
This approach allowed to establish a simple linear relationship

between a maximum dating error, on one hand, and the distance
to the nearest age marker, on the other hand:

error � 0.1distance + 3 ,

Both the error and the distance are in years.
The free member in this equation equal to 3means that even for an

age marker itself we assume a possibility of a dating error because, as
mentioned earlier, an average peak is spread over 2-3 annual snow
layers, and we do not know when exactly the volcanic products were
deposited on the snow surface.

The dating error is shown in Figure 5 by the grey shading. For the
most of the core the error does not exceed 10 years. The maximum
dating error (26.4 years) is observed at the depth of 41.30 m where the
firn age is 1,120 years. This snow layer is situated between two age
markers dated by 682 CE and 1108 CE (Table 2).

From the dating procedure we automatically obtain the average
snow accumulation rate between the adjacent age markers, and the
temporal variability of this parameter will be discussed
somewhere else.

5 Conclusion

In this work we used data on sulfate concentration and electrical
conductivity in three shallow firn cores recovered in the vicinity of
Vostok station (central East Antarctica) in order to construct a new
detailed robust inventory of the volcanic events over the past
2,200 years.

In total, 68 peaks were found that, with more or less confidence,
can be interpreted as those of volcanic origin. Of this number,
22 can be robustly attributed to known and well-dated volcanic
events, and this dataset was used as a basis to construct the depth-
age function for the studied cores. 37 peaks have counterparts in
other published records of volcanic events from the cores drilled in
West Antarctica, Dronning Maud Land, Dome A, Dome C, Siple
Dome and South Pole. Finally, 9 peaks do not have analogues in the
other cores, so they may bear information about not known
volcanic events.

The identification of the volcanic peaks in the studied cores
allowed us to construct the new detailed depth-age function
(Vos2kdat). The comparison of it with the previous age scale AICC
2012 (Veres et al., 2013) demonstrated that the latter is slightly
younger than Vos2kdat before 19 century, which is explained by
underestimation of the snow accumulation rate decrease before
1800 CE.
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