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Figure 1: Schematic diagram showing the important processes controlling climate effects of volcanic ash (in grey) and volcanic sulphate (in
yellow).

silicic magma chambers may be recharged with volatiles
supplied by mafic magmas that have been differentiated in a
lower crustal “hot zone”. At high pressure, supercritical fluids,
which are formed by fractional crystallisation of vapour-
saturated melts, trigger the exsolution of a few wt-% H2O,
CO2, and other volatiles and coexist with mafic melts or
segregates from these compounds, that move independently
through the crust [63]. Reference [64] presents evidence for
deep degassing beneath Popocatepetl, Mexico, by showing
melt inclusionswith high concentrations of CO2 and S (above
1000 and 2000 ppm, resp.) indicating that degassing begins
at depths of at least 25 km. Two other mechanisms are
proposed by [59] to explain the excess sulphur phenomenon:
(a) eruption of bubble enriched magma and (b) degassing of
a convectivemagma column. Another process leading to SO2
formation taking place in the hot core of volcanic plumes is
presented in [65] and is discussed in Section 2.3.

Reference [7] reports about the high-temperature scav-
enging of volcanic SO2 by volcanic ash with potential impor-
tant modifications of volcanic ash surfaces under cooler
conditions.The authors suggest that extensive in-conduit SO2
scavenging by tephra from 7 to 45% may take place dur-
ing large eruptions where fragmentation of magma already
occurs close to the magma chamber [66, 67]. Surprisingly,
the interaction of SO2 with tephra at high temperature in
volcanic conduits and eruption plumes has long not been
considered in discussions related to SO2 scavenging [68–
70]. Reference [7], however, points to a consumption process
of volatile sulphur, which would increase the discrepancies
between petrological and remote sensingmeasurements even
more.

2.3. Chemical and Mechanical Processing in Volcanic Plumes.
The volcanic eruption plume is defined as the volume above
the vent up to the level of neutral buoyancy (Figure 1)
characterised by themajor updraftmotion. Turbulentmotion
dilutes the gas-particle mixture released from the vent by
entraining ambient atmospheric water vapour into the plume
thereby generating buoyancy. In addition, changes of the
aggregation state of water redistribute energy in the volcanic
eruption plume. In this volume volcanic ash and gases
are cooled form about 1000∘C to less than 0∘C in only a
few minutes [1, 31] and major fragmentation processes of
volcanic ashes occur. The size distribution of volcanic ash is
considerably dependent on the eruption conditions. During
the eruption of a single volcano, the eruption conditions
may change on timescales of seconds, so that fragmenta-
tion processes due to explosive eruptions (see Section 2.2),
phreatomagmatic eruptions, pyroclastic flows, and coign-
imbrite clouds are superimposed. During phreatomagmatic
eruptions [1], external cold water from, for example, glaciers
(early phase of the Eyjafjallajökull eruption [71]), crater lakes,
or the shallow ocean [72] chills the erupting hot magma.The
subsequent shattering process leads to a powerful explosive
eruption and an efficient production of fine-grained volcanic
ash. Pyroclastic flows are resulting from collapsing eruption
columns with low buoyancy producing impetuous tephra
flows along the slopes of a volcano [1]. When the conditions
at the top of a pyroclastic flow evolve to exceed the buoyancy
of the ambient air, coignimbrite clouds can develop.

During basaltic eruptions, volcanic ash particles with
diameters less than 30 !m (PM30, particulate matter with
diameters smaller than 30 !m) represent a minor fraction
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Fig. 1. Map showing the drilling site of Talos Dome (TD) together
with other ice core drilling sites
(DC: Dome C, VK: Vostok; DML: Dronning Maud Land).

season. The first 5m of Talos Dome ice core were not sam-
pled but the search for volcanic signatures in this part of
the core was previously carried out by Severi et al. (2009)
pointing out the Pinatubo eruption (1991AD) in a 6m deep
snow pit dug one year before the beginning of the TALDICE
drilling.
Drilling operations in Dome C began in 1996/1997 and

reached a depth of 788m (where the drill got stuck) in the
1998–1999 season retrieving a core named EDC96 spanning
about 45 kyr. The first 100m of EDC96 were not suitable for
chemical measurements and analysis was performed on a firn
core named FIRETRACC, drilled a few hundreds of meters
away. A new core was drilled from the surface (EDC99) and
reached a depth of 3260m in January 2005, covering a period
of more than 800 kyr (EPICA community members, 2004;
Jouzel et al., 2007; Wolff et al., 2010).
Both EDC and TALDICE ice cores have been processed

and analysed by FIC (Fast Ion Chromatography) (Traversi et
al., 2002), over the complete depth range, but sulphate data
for TALDICE are at the moment available only for the first
1100 m (corresponding to about 42 kyr BP), while older ice
is still undergoing post-analysis processing. The upper part
of the Talos Dome ice core (down to 73m) was not suitable
for FIC measurement because of the firn porosity. This part
of the record was decontaminated by hand using a micro-
tome blade and analysed using classical ion chromatographic
methods with a mean depth resolution of 3.5 cm (Morganti et
al., 2007).
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Figure 2. Sulphate profiles of the top parts of the EDC and Talos Dome ice cores spanning the 2 
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Fig. 2. Sulphate profiles of the top parts of the EDC and Talos
Dome ice cores spanning the last four centuries of volcanic history
recorded in Antarctic ice. Three known and well-dated volcanic
events are pointed out: Krakatau (1884AD), Tambora (1815AD)
and Huaynaputyna (1600AD).

3 Volcanic matching

The volcanic synchronisation started from about 5.0m depth
of the Talos dome ice core, comparing this record to the
EDC96. The search for common volcanic horizons in the
uppermost 5m of the Talos Dome ice core was carried on us-
ing data from the 2003–2004 snow pit analysed by Severi et
al. (2009). The matching procedure is based on a first identi-
fication of major spikes followed by the recognition of com-
mon minor eruptions. Thus, common volcanic signals were
not identified by chemical signature but by pattern match-
ing of peculiar features of volcanic peaks. Figure 2 shows
the very first common volcanic signatures found spanning
back to 430 yr BP. In this section of the two records, we can
find three historically known events: the eruption of Krakatau
(1883AD), the double peak due to the eruption of Tambora
(1815AD) and an unknown volcano that erupted 5–6 yr ear-
lier; the last common signal highlighted in Fig. 2 can be as-
cribed to the eruption of Huaynaputina (1600AD). Such his-
torically known volcanic signatures have often been used as
temporal absolute horizons in dating polar ice cores drilled
both in Antarctica and in Greenland (Langway et al., 1995;
Udisti et al., 2000; Parrenin et al., 2007a; Severi et al., 2007).
Figure 3 shows the sulphate profiles in the time range

spanning from 550 to 980 yr BP. In this section of the two ice
cores, many sulphate peaks easily detectable in both cores
are recorded. The first common signature was ascribed to the
eruption of the submarine volcano Kuwae (1452AD), which
is reported to be one of the largest sulphate deposition events
of the past 700 yr (Gao et al., 2006). This volcanic hori-
zon is very important in the synchronisation of time series,
because it is a bipolar signature found in several Antarctic
and Greenland ice cores. In the same figure other volcanic
spikes are visible; among these signatures, the highest one is
the 1259AD eruption. This large sulphate signal is found in
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GV7 site 
(Northern Victoria Land) 

Figure 1. Location map of the Talos Dome area and the north-south transect showing core and stake-
farm sites, snow radar and stake profiles, and wind direction from satellite images [Mancini and Frezzotti,
2003]. Contour lines are indicated every 500 m and every 10 m around Talos Dome (from Rémy et al.
[1999]).

Figure 2. Topographic profile (from GPS) along the GPR20-GV7-GV5-TD-31Dpt transect (location
shown in Figure 1) showing core (circle) and stake (square) sites and spatial distribution of snow
accumulation from GPR layer 3 (dated to 1905 ± 9 AD) as well as ice core (from atomic bomb markers
[Stenni et al., 2002; Magand et al., 2004]) and stake profiles (1996–2001 AD).
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Location map of the Talos Dome area showing GV7 site along a 
north-south transect. [Frezzotti et al., 2007, J. Geophys. Res.] 
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Figure 2. Non-sea salt sulphate concentration profiles and thresholds used in the identification of
volcanic signatures (RMN: running mean; SD: standard deviation; RMA: running median; MAD:
median absolute deviation). The names of known volcanoes are shown above each peak, the symbol *
marks unknown events detected as probable volcanic eruptions.

3.2. Volcanic Fluxes

The volcanic fluxes calculated as above described for the major signatures found in the GV7 ice
core are reported in Table 2. For historically known eruptions, the VEI (Volcanic Explosive Index [50])
is also reported [33]. It should be noted that for minor eruptions (VEI < 3), the tropical circulation belt
prevents the long-range inter-hemispheric transport of volcanic material [11], with the exception of
CO2 and other gaseous compounds that have a longer atmospheric residence time. Thus, middle and
high northern latitude eruptions seem to have little to no e↵ect on the Antarctic regions [51] so that
only those eruptions occurring between 20� N and 20� S could a↵ect both hemispheres. However, it is
also possible to find high latitude eruptions in Antarctic ice, as shown by Ko↵man et al. [52], reporting
the Puyehue-Cordón Caulle tephra from Chile at WAIS Divide within a few weeks of the eruption.
Another example is described by Dunbar et al. [53], showing a tephra found at WAIS Divide and
originated by Oruanui supereruption (New Zealand) during LGM. In this case the authors modeled a
tropospheric transport time shorter than 2 weeks.

The coordinates of the known volcanoes found in the GV7 core are reported in Table 1. Most of
the observed volcanic signatures were attributed to volcanoes in the Southern hemisphere. The lack
of historical records in these regions makes it sometimes di�cult or even impossible to identify the
source of the eruption. For this reason, some of the volcanic signatures listed in Table 2 are attributed to
unknown volcanoes. The geographical location of the di↵erent volcanoes could also be the reason why
in some cases, volcanic eruption characterized by a higher VEI are responsible for a lower sulphate
flux in the studied Antarctic sites (e.g., Krakatau, Huaynaputina).

Non-sea salt sulphate 
conc. and thresholds used 
for detection of volcanic 
signatures 

[Nardin et al., Geosciences 2020, 10, 38] 
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(a) Tambora/Unknown 1809, (b) Reclus, and (c) Samalas in GV7 ice core – grey line 
and in the “nearby” Talos Dome cores (TD96 – red line and TALDICE – blue line) 
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Figure 3. Volcanic fluxes (in kg/km2) of di↵erent known volcanic eruptions. The blue dots represent
the nss-SO4

2� flux as recorded in the GV7 ice core.

Figure 4. nssSO4
2� profiles as recorded at the time of three major volcanic eruptions:

(a) Tambora/Unknown 1809, (b) Reclus, and (c) Samalas. In the figure, the nssSO4
2� measured

at GV7 (dark grey line), TD96 (red line), and TALDICE (blue line) is shown.
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Table 2. Volcanic signatures and volcanic fluxes (in kg/km2) found in GV7, GV7 (ITASE), Talos Dome,
and TALDICE ice cores and comparison with the Volcanic Explosive Index (VEI) of the known volcanic
eruption. The uncertainty of flux (�), calculated as the standard deviation of the biogenic flux evaluated
by MAD, is also reported for the GV7 core. “x” marks the signatures showing two consecutive data
points of non-sea salt sulphate (nssSO4

2�) concentration values above the corresponding threshold.
The flux of Pinatubo and Cerro Hudson volcanic signatures was calculated as the sum of both, due to
the closeness and partial/total overlap of the peaks.

Volcanic Fluxes

Depth (m) Volcano 2� 3� 3MAD GV7
ITASE TD96 TALDICE GV7 � VEI

11.10 Pinatubo
Cerro Hudson x x x 10.46 4.28 - 5.28 2.88 6

22.12 Agung x x x 8.15 5.07 * 5.29 0.61 4
34.01 Unknown x x 2.03 <2 - 3.47 0.49
49.35 Krakatau x x 11.51 7.99 10.20 8.06 0.56 6
52.17 Unknown x x <2 - - 6.58 0.62
55.75 Makian x x x <2 5.51 2.51 6.21 0.50 4
63.27 Cosiguina x x x 11.90 6.39 15.55 0.47 5
68.75 Tambora x x x 42.31 34.44 41.12 0.97 7

70.53 Unknown
1809 x x x 44.46 38.32 23.32 1.66 ?

73.97 Unknown x x x 8.52 5.08 6.09 0.75

101.25 Gamkonora x x Missing
data - 12.91 0.48 5

108.39 Parker Peak x x 6.43 8.56 11.14 0.58 ?
117.48 Huaynaputina x x x 11.25 8.23 8.77 0.94 6
139.99 Unknown x x - 2.26 5.30 0.28
145.41 Reclus x x x 119.7 22.66 28.13 0.42 6
160.25 Unknown x x x 16.43 13.27 12.12 0.69
166.01 Unknown x x x 15.22 13.71 16.69 0.09
178.73 Unknown x x x 3.55 41.51 38.84 0.14
180.03 Unknown x x 10.23 9.38 8.09 0.11
181.86 Samalas x x x 21.72 121.51 53.36 1.01 7
186.60 Unknown x x x 12.68 23.06 10.98 0.67
188.03 Unknown x x <2 <2 <2 0.40
193.07 Unknown x x x 10.86 10.99 0.66
196.17 Unknown x x x 8.95 8.15 0.29

The volcanic fluxes calculated in this work for the ice cores reported in Table 2 were also compared
to the ones reported in literature from ice cores drilled from di↵erent sites in the Antarctic continent
(see Table 3 and Figure 1 for ice core locations) and the complete list of volcanic fluxes is shown in
Table 4, together with the uncertainty of the estimate, where reported.

Table 3. Antarctic ice cores used in the comparison of volcanic fluxes and corresponding
geographical coordinates.

Site Abbr. Position

Talos Dome (TD) 72�480 S; 159�060 E
Dome C [26] (DC) 75�060 S; 123�240 E

WAIS Divide [30] (WD) 79�470 S; 112�090 W
Dome South Summit (Law Dome) [54] (DSS) 66�430 S; 112�480 E

Siple Station [55] (SiS) 75�550 S; 84�150 W
Dyer Plateau [55] (DyP) 70�400 S; 64�520 W

South Pole [56] (PS14) 90� S;
South Pole [56] (PS1) 90� S;

Dronning Maud Land [29]

(DML05) approx. 75�000 S; 00�000 E
(DML07) approx. 75�300 S; 04�000 W
(DML17) approx. 75�100 S; 07�000 E
(DML03) approx. 74�300 S; 03�000 E

Comparison at regional scale 

The uncertainty of flux (σ) in 
GV7 core is calculated as the 
std dev. of the biogenic flux 
evaluated by MAD.  
 
“x” marks the signatures showing two 
consecutive data points of non-sea salt 
sulphate concentration values above 
the corresponding threshold.  
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Figure 3. Volcanic fluxes (in kg/km2) of di↵erent known volcanic eruptions. The blue dots represent
the nss-SO4

2� flux as recorded in the GV7 ice core.

Figure 4. nssSO4
2� profiles as recorded at the time of three major volcanic eruptions:

(a) Tambora/Unknown 1809, (b) Reclus, and (c) Samalas. In the figure, the nssSO4
2� measured

at GV7 (dark grey line), TD96 (red line), and TALDICE (blue line) is shown.

Volcanic fluxes of different known volcanic 
eruptions. Blue dots refer to GV7 ice core. 

Comparison of GV7 volcanic fluxes  
at Antarctic scale 

[Nardin et al., Geosciences 2020, 10, 38] 

The obtained data set appears to be 
consistent with available data and 

can be used to increase the 
statistical significance of data sets for 

predictive modelling  

Besides single drilling sites, a composite of 
multiple ice cores (“Ant. comp.”) is taken 
into account.  

The comparison of volcanic fluxes with all 
the available dat sets from Antarctica 
shows that the GV7 values are not 
significantly different.  

At regional scale inter-site variability is of 
the same order of magnitude of the intra-
site variability.  


