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ABSTRACT. A dark layer (~1cm thick, 93.41 m deep) was identified in an ice core
(116 m deep, covering the period ~1350-1995) drilled at Styx Glacier plateau, northern
Victoria Land, Antarctica. The ice-core section was dated around AD 1500 &+ 20 by a
firn-densification model. A chemical characterisation was performed on ten subsamples
(resolution 3 cm) located around the dark layer by ion chromatography. The concentra-
tiongdepth Eroﬁles of anions (Cl, Br , NO3 , H,PO, , SO427), cations (Na*, NH, ", K",
Mg”", Ca”") and some organic anions (acetate, formate, propionate and methanesulpho-
nate (MSA)) indicate very high concentration peaks for all the components. However,
non-sea-salt sulphate (nssSO4” ) and I show the greatest increase with respect to back-
ground values (370 and 860 times, respectively). A crustal contribution is attributed to
Ca®" and MSA. The profiles of gas-phase emitted substances (HF, HBr, HNO; and car-
boxylic acid) suggest gas emission just before the volcanic eruption. Chloride depletion is
evident in the dark layer with respect to Na™ /Cl sea-water ratio. At present, it is not pos-
sible to attribute an unambiguous source to the volcanic event, but several pieces of evi-

dence lead us to believe that this may be a time-limited local event.

INTRODUCTION

The temporal distribution of environmental tracer sub-
stances can be determined by analyzing successive snow
layers of ice cores sampled in the ice caps. Such a study con-
stitutes an effective method to:

identify the principal and secondary sources of atmos-
pheric aerosols such as sea spray, marine biogenic, volca-
nic, crustal or anthropogenic inputs;

understand the transport processes of environmentally
relevant substances, with particular attention to sea/
atmosphere/snow interface exchange;

highlight particular events capable of putting into the
atmosphere high quantities of well-defined compounds
(e.g. volcanic eruptions, biomass-burning, nuclear
experiments or accidents).

In particular, volcanic input is one of the main aerosol
sources and the most important localised geochemical
source. Volcanic eruptions can introduce into the atmos-
phere significant quantities of HoSO,4, HCl, HF and HBr
(10, 8,04 and 0.08 x 10" ga | respectively; Brimblecombe,
1996), and, in the case of an explosive eruption, gas and par-
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ticulate can be injected into the highest part of the tropo-
sphere or directly into the stratosphere, with high half-life
times and global-scale diffusion (Hammer and others, 1980,
Legrand and Delmas, 1987; Clausen and Hammer, 1988;
Delmas and others, 1992; Aristarain and Delmas, 1998).

In areas characterised by low crustal and anthropogenic
contributions, such as Antarctica, volcanic emissions can
constitute a fundamental input to the atmospheric aerosol
composition. The gas-phase substances and particulate con-
tent can play a relevant role in environmental and climate
variations, by means of sunlight-scattering processes and for-
mation and growth of cloud-condensation nuclei (Hammer
and others, 1980; Handler, 1989; Rampino and Self, 1992;
Zreda-Gostynska and others, 1997). Besides, the identification
of historically known volcanic events in ice cores is the main
technique for obtaining reference horizons for a reliable abso-
lute dating of the sampled snow layers (Langway and others,
1988; Hammer, 1989; Delmas and others, 1992). Volcanic levels
can be identified mainly by high and sudden increases of spe-
cific markers such as sulphate, fluoride, bromide, chloride
(from the related acids), carboxylic acids, ash and total acid-
ity, and of non-specific parameters, such as dielectric proper-
ties and electrical conductivity (Hammer and others 1980;
Palais and others, 1990; Aristarain and Delmas, 1998).

In this paper we report the chemical characterisation by
ion chromatographic (IC) analysis of a volcanic event re-
corded in an ice core drilled on Styx Glacier plateau
(1750 m a.s.1), northern Victoria Land, East Antarctica. The
volcanic event was shown by a dark layer at 9341 m depth
and dated to about AD 1500.
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Fig. 1. Map of sampling station: Styx Glacier plateau, northern
Victoria Land, Antarctica (163°56" E, 75°52' S; 1750 m a.s.L.).

EXPERIMENTAL
Sampling station

The ice-core sampling station, Styx Glacier plateau
(163°56" E, 73°52" S; 1750 m a.s.1.), is shown in Figure 1. The
Styx Glacier plateau is a 150 km?” plateau, located between
the Campbell Glacier and Tinker Glacier valleys, about
50 km from the coastline (Wood Bay) and at 1600—1800 m
a.s.l. This area was chosen by satellite observations of snow
morphology in the area of Terra Nova Bay (about 100 000
km? in northern Victoria Land), which were used to isolate
stations where wind-redistribution effects (shown by blue ice,
sastrugl or snowdrift arcas) are as low as possible (Stenni
and others, unpublished). In fact, several authors (e.g. Pettre
and others, 1986; Goodwin, 1990) have pointed out the im-
portance of katabatic winds for the net annual snow-accu-
mulation rate. Transport (ablation, accumulation and redis-
tribution) processes can change the snow-layer sequence,
making the reconstruction of successive depositions impossi-
ble. The Styx Glacier plateau wind-field analysis indicated
that the Campbell Glacier valley channels the katabatic
winds coming from the west and northwest, so that only
moderate snowdrifts (west—east oriented) are present.

At this station, snow and firn samples were collected in
snow pits and shallow firn cores during several Italian Ant-
arctic campaigns. The samples were analyzed to determine
the chemical composition of snow and the mean snow-accu-
mulation rate. These results are reported in Piccardi and
others (1994a, b, 1996a,b) Udisti (1996) and Udisti and
others (1998b) with the following conclusions:

(I) awell-defined seasonal signal for H,Oy, non-sea-salt sul-
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phate (nssSO,4? ), methanesulphonate (MSA) and 6O
1s present, and therefore such compounds can be used as
seasonal markers (high summer values). This evidence
confirms an undisturbed snow-layer sequence;

(2) ice crusts showing summer snow melting are missing,
due to the rather high elevation (about 1700 m a.s.L);

(3) a fairly high mean annual accumulation rate of about
160 kgm ?a ' w.e. allows a good temporal resolution of

the sampled snow layers.

For the above reasons, the Styx station was chosen as a site for
medium-depth ice-coring in the 1995-96 Italian campaign.

Ice-core sampling

The Styx Glacier ice core (116 m deep) was drilled in
November 1995 using a wire-driven corer ICE-DRILL 4
(FS INVENTOR AG, Switzerland). This drill collects
107mm diameter ice cores with a maximum length of
950 mm per run, operating at a maximum depth of 150 m.
The single ice-core sections obtained step by step were exter-
nally cleaned on site and closed in double-sealed polyethy-
lene bags. The ice-core sections were weighed to determine
their density; the values range from 0.38 gcm * (superficial
layers) to 0.73-098gem ° for layers deeper than 80 m.
During the ice-core collection and handling, care was taken
to minimise contamination (clean-room clothes, facial
masks and polyethylene gloves).

Visual examination of an ice-core section showed a thin,
dark layer (about 10 mm thick) located at 93.41 m. An inter-
val of 300 mm around the dark layer was immediately sub-
sampled and analyzed. This ice-core section was divided
into ten subsamples with a resolution of 30 mm.

All decontamination (by mechanical removal of a
10 mm external layer with a hand scraper) and cutting op-
erations were performed in a cold room under a class 100
laminar hood. Each sample manipulation was previously
controlled by a similar operation performed on a synthetic
ice core obtained from ultra-pure water to minimise the
contamination. The operational blank shows contamina-
tion levels 1-2 orders of magnitude lower than the lowest
measured concentrations (“background” level measured on
the samples far away from the dark layer).

Ice-core approximate dating

At the time of writing, the subsampling of the remaining ice
core 1s still in progress, so an accurate dating of the ice core
is not yet available. An approximate dating was estimated
using the firn-densification model of Herron and Langway
(1980) to model the density data obtained from the weight
and area measurements on all the ice-core sections (Ling,
1985). Figure 2a shows the experimental density/depth
profile. These data have been fitted on the basis of the fol-
lowing equation proposed by Herron and Langway (1980):
P—Po
Pm — PO
where p and x are the density and depth, respectively. pg, pm
and L are the calculated parameters of the fitting: py (0.4l g
em ) is the density of surface snow, py, (0.87 gem ) is the

-1 e—.’L‘/L7

maximum density in the dry-snow zone and L (27) is a pa-

rameter characteristic of the sampling site. Considering a
-1

mean annual accumulation of 160 kgm “a ' w.e. and tak-

ing into account the relationship between density, accumu-
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Fig. 2. Ice-core dating by the firn-densification model of Herron
and Langway (1980) to model the density data (Ling, 1985).
(a) Experimental densily/depth profile. (b) Age/depth curve
obtained considering a mean annual accumulation of 160 kg m *
a "w.e. This curve has been used to extrapolate the age of the ice-
core section in which the volcanic layer was found (93.41m

depth).

lation rate and depth, it is possible to plot the age/depth
curve as shown in Figure 2b. This curve has been used to
extrapolate the age of the ice-core section in which the vol-
canic layer was found.

According to this model, the whole ice core covers approxi-
mately the period AD 1995—1350, so the oldest layers (depth
116 m) can be attributed to snow precipitation about 650 years
ago. The age of the dark layer, located at 93.41 m depth, can be
estimated at about 500 % 20 years (around AD 1500).

Chemical analysis

The subsamples were melted in their closed containers, and
IC measurements were performed immediately after melt-
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Fig. 3. Ion chromatograms for sample 7 (95.41m depth) of
morganic anions without dilution (a) and at 1:40 dilution
(b); and organic anions plus fluoride without dilution (c)
and at 1:40 dilution (d). 1. Chloride, 2. Nutrite, 3. Bromude,
4. Nitrate, 5. Phosphate, 6. Sulphate, 7. Fluoride, 8. Acetate, 9.
Propionate, 10. Formate, 11. MSA, 12. Pyruvate. Concentra-
tion values are given in Table 2.

ing to avoid gas-phase contaminant uptake (above all, am-
monia and carboxylic acids; Udisti and others, 1991, 1994).
At the IC injection time, the samples were filtered on a
0.45 pm teflon membrane, chosen as a conventional limit
between the soluble and insoluble fractions. Therefore, the
chemical analysis is related only to the soluble components
(particle dimension <0.45 pm).

IC methods for inorganic anions, cations and some
organic anions (plus fluoride) are reported elsewhere (Udisti

Table 1. IC parameters for determination of inorganic anions, cations and some organic anions

Separation column Dionex ASIl + AGI11

Eluent Na,B,O; 1 mM
Eluent flow 2 mL min !
Loop ImL

Fluoride: 0.02
Acetate: 0.09
Propionate: 0.15
Formate: 0.09
MSA: 013
Pyruvate: 0.50

Detection limit (ug L )

Dionex ASI2A + AGI2A Dionex CSI2A + CGI2A

Na,CO327 mM + NaHCO3 0.3 mM H,S0O, 20 mN
1.5mL min ' ImL min '
0.5mL 0.5mL
Chloride: 0.14 Sodium: 0.14

Bromide: 0.10
Nitrate: 0.20
Phosphate: 0.40
Sulphate: 0.19

Ammonium: 0.13
Potassium: 0.20
Magnesium: 0.04
Calcium: 0.13
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Table 2. Concentration data for the ten subsamples around the volcanic layer (No. 7) for the Styx Glacier ice core

Sample Depth Na* Gl 0tS07 nssSO/  F Acet.  Prop.  Form. MSA  Pyruw. NH, K 1Wg2+ Ca** Br NO; HPO,?
No.
-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
m pugl pgl pgl pugL pgl ™ pgl pel” pgl pgl ™ pgl ™ pgl pgl pgLl ™ pgl ™ pgl pgl pgL
1 93.23 70 128 67 50 1.5 16.3 0.7 24.3 6.3 1.8 254 23.0 8.5 53.6 0.32 75.1 4.1
2 93.26 102 183 140 114 77 59 0.4 9.5 74 d.l. 10.3 11.7 114 38.8 d.l. 553 24
3 93.29 71 249 8l 63 44 54 0.2 6.7 4.6 d.l. 9.9 12.5 9.7 30.0 0.12 271 1.3
4 9332 281 591 214 143 107.0 8.1 0.4 9.1 9.4 d.l 12.1 34.1 14.8 65.7 d.l 22.0 22
5 9335 227 468 230 173 1254 85 0.2 86 2.6 d.l 14.9 532 16.4 423 0.12 13.3 L5
6 9338 1321 1789 344 10 397.1 14.5 0.5 38.7 14.6 d.l. 155 1052 247 813 0.62 377 1.2
7 9341 14527 5214 22310 18635 1296.8 154.6 4.8 6282 2875 1.9 747 3468 883 17178 396 2841 363
8 9344 840 1007 251 39 16.8 20.1 0.6 114.3 3.6 0.6 23.9 31.2 87 56.6 218  186.6 4.5
9 93.47 115 148 95 66 2.1 109 d.L 14.9 d.l. d.l. 16.0 19.6 11.8 434 d.l. 66.2 3.0
10 9350 108 233 83 56 15 44 d.l. 10.0 3.1 0.6 115 26.0 13.7 574 0.24 38.6 39

and others, 1991, 1994, 1998a, b). Table 1 summarises the tech-
niques used for the analyzed compounds and the detection
limits.

Figure 3 shows examples of the IC separations and iden-
tification of inorganic anions (Fig. 3a—b), and organic (plus
fluoride) anions (Fig. 3c—d) for the more concentrated sub-
samples (dark layer 93.41 m depth).

DATA DISCUSSION

The concentration values for the determined substances are

20000
10000

750 w
500

tot-SO (ug L)

250

20000
10000

4

400
300
200
100

nssSOS (ng L)

1250
1000
750
400
300
200
100

F~ (ug L)

T T -
1 23 4 5 6 7 8 9

Progressive number

Fig. 4. Concentration/depth profiles of total sulphate (a ), non-
sea-salt sulphate (b) and fluoride (¢) in the ten subsamples
around the volcanic layer from 95.23 (sample 1) to 93.50
(sample 10) m depth.
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reported in Table 2. A series of numbers (the youngest, the
dark-layer and the oldest subsamples are labelled 1, 7 and 10,
respectively) identifies the ten subsamples. Also inTable 2 the
depth of each subsample is reported. Figure 4 shows the con-
centration profiles of total sulphate (totSO,” ), nssSO,” and
fluoride. The nssSO,> was calculated from the sodium con-
tent, used as a sea-spray marker, by

nssSO,2 = t0tS0,> — swSO,% = 10tS0,% — 0253 Na™,

where swSO,%> means sea-water sulphate and 0.253 is the
SO,* /Na” ratio (w/w) in sea water.

Very high concentration peaks of sulphate and fluoride
for the dark-layer sample (No.7) show how these substances
can be useful for the identification of volcanic events thanks
to the massive emission of HF and SOy (successively oxi-
dised to HoSOy,). Fluoride and sulphate peaks, together with
high values of acidity and conductivity, were detected in
snow and ice layers recording volcanic eruptions from
Greenland and Antarctica (Delmas and others, 1985, 1992;
De Angelis and Legrand, 1994; Zielinski and others, 1997;
Zreda-Gostynska and others, 1997; Aristarain and Delmas,
1998). The concentrations of totSO,4* and nssSO,” (Fig 4a
and b) are very similar, so practically all the sulphate con-
tent can be ascribed to HoSOy. In sample 7, the concentra-
tion values for nssSOf* and F are 370 and 860 times
higher, respectively, than in the ice-core-section extremities
(samples 1 and 10). The nssSO4> concentration in sample 7
is about 220 times higher than the mean value (86.5 ug L )
measured in the same station by a 2.5 m snow pit (covering
the period 1988-93) dug during the 1993—-94 Italian Antarc-
tic campaign (Table 3). Referring to the same dataset, the
fluoride levels in the dark layer are about 1200 times higher
than the mean 1988-93 value (0.99 ug L ). Detailed exami-
nation of the concentration profiles of fluoride (Fig. 4c), the
marker showing the largest increase and the least influence
by other source contributions, shows a typical atmospheric
scavenging trend: the volcanic event starts with sample 8,
where a concentration one order of magnitude higher than
the mean was measured (16.8 ug L "), and reaches a maxi-
mum in sample 7. In successive samples, the I concentra-
tion quickly decreases, with a hyperbolic trend up to sample
1 in which it reaches the same concentration as sample 10.

The nssSO,* behaviour is similar, with the same low
concentration in samples 1 and 10, and a maximum in sample
7, but the decrease is not constant, showing values 2-3 times
higher than the background (samples 1 and 10), alternating
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Table 3. Statistical concentration values for snow-pit samples (1988-93) collected in the Italian Antarctic campaign 1995-94

Na* Cl 10150/ nssSO/ F Acet. Prop.  Form.  MSA  Pyruw. NH,* K M, g‘” Ca** Br NO; HPO/

pglt pgL' pgl' pgl' pgl' pgL' pgL' pgl' pgl' pgl' pgL' pgL' pgL' pgl’' pgl'' pgl' pgL!
Number
of data 76 76 76 76 76 76 76 76 76 76 76 76 76 76 33 76 28
Min. 8.7 20.7 17.3 59 0.14 6.48 0.36 2.51 3.8 0.71 0.79 268 20 10.4 0.20 4.8 1.35
Max. 15200 2886 4354  420.1 4.04 39.37 720 2541 129.6 10.05 12.24 7412 2007 1459 1644  246.7 10.95
Mean 1.2 2150 1055 777 0.99 1573 2.13 10.03 21.0 278 2.65 10.72 16.9 36.9 2.07 48.8 478
Stddev. 1921 357.5 81.2 70.0 0.73 6.39 1.22 5.64 22.8 2.32 1.67 10.32 249 26.6 3.72 331 2.58

with low values (samples 6 and 3). Further contributions,
naturally variable, of sulphate and above all, of Na* (sample
6) used for the nssSO,? calculation can mask the observation
of the scavenging processes of volcanic nssSO,2 .

The dominance of the scavenging effect on possible sim-
ple processes of diffusion of the various components between
contiguous snow layers seems to be proved by the asymmetry
of the concentration profiles. Table 2 shows higher values for
sample 6 (layer younger than sample 7) than for sample 8
(layer older than sample 7) for all the components forming
soluble salts, such as Na*, CI', totSO,*, MSA, K", Mg2+
and Ca”". Diffusion processes should have caused a similar
increase in the contiguous layers or, better, a higher increase
in the oldest layer by the longer contact time. Instead, some
compounds prevalently associated with gas phase (car-
boxylic acids, NO3 , NH," and Br ) show higher concentra-
tions in sample 8 than in sample 6. This evidence could
support the hypothesis of a gas emission just before the mas-
sive volcanic event.

A sudden increase of concentration in sample 7 is shown
by all the analyzed components, although the increase is
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Fig. 5. Concentration/depth profiles of calcium (a), MSA
(b), phosphate (¢ ), sodium (d) and chloride (e), and trend
of the Na' /CL w/w ratio (f), in the ten subsamples around
the volcanic layer from 93.23 (sample 1) to 93.50 (sample
10) m depth.
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lower than that shown by fluoride and sulphate. Figure 5
shows the concentration profiles for Ca®" (Fig. 5a), MSA
(Fig. 5b) and phosphate (Fig. 5¢). These compounds show
concentration peaks in sample 7 about 30, 70 and 10 times
higher, respectively, than the background values, but the
concentration levels fall immediately to the background
values in samples 6 and 8. This pattern is consistent with
the hypothesis that the volcanic event was very time-limited
and/or the source was near enough to collect the soil parti-
cles emitted in the atmosphere. In particular, Ca®" can be
used as a crustal indicator (the Ca®*/Na " ratio in sample 7
is twice as high as in samples 6 and 8) and MSA is solely
produced by biogenic marine activity, so it cannot be dir-
ectly correlated to the volcanic input (ash). Phosphate, too,
can be attributed to biogenic activity, but this source is not
unique. Therefore, the high concentrations of calcium, MSA
and phosphate in sample 7 seem to be ascribable, not to vol-
canic ash, but to the contribution of soil particles. In fact,
the only explanation for high concentrations of MSA is gra-
dual accumulation on the top and the slopes of the volcano
by deposition and successive melting of snow precipitations.
At the moment of the eruption, a quantity of the surface soil
could be emitted into the atmosphere in addition to the
normal ash emission. The short half-lives of these rather
large soil particles caused their fast deposition, by wet or
dry removal processes, so that the atmospheric scavenging
was already complete at the time of the successive snow de-
positions (sample 6).

Furthermore, the MSA profile unarguably shows the ab-
sence of diffusion effects. Actually, for this compound, the
only known source 1s biogenic, and its concentration profile
cannot be misinterpreted by any secondary source or par-
ticular transport phenomena. The MSA concentration in
the layers contiguous to the dark layer falls immediately to
background levels (<10 ug L"), values that are similar to
the 1988-93 mean (21.0 ug L ', Table 3). Some authors report
a seasonal dephasing between MSA and nssSO,? (with
summer nssSO,” and winter MSA peaks) due to possible
diffusion of MSA in recent and old snow layers in stations
located in the Antarctic Peninsula (Mulvaney and others,
1992) and in the Filchner—Ronne Ice Shelf (Wagenbach
and others, 1994). In our experience, this anomaly is absent
from snow pits and shallow firn cores collected in northern
Victoria Land (Piccardi and others, 1996b; Udisti, 1996;
Udisti and others, 1998b; Stenni and others, unpublished).
The Styx Glacier medium-depth ice core confirms our pre-
vious observation that in a 500 year period no significant dif-
fusion 1s shown between two contiguous snow layers, about
10 mm apart, with a concentration ratio of 80:1 (sample 7

sample 8).
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Na® and Cl (Fig. 5d and e) show a lower increase in
sample 7 compared with the two samples around the dark
layer. The Na™ content in sample 7 is about one order of
magnitude higher than in samples 6 and 8, but the Cl" con-
tent is only five times higher. However, the Na' peak is
about 100 times higher than the 1988-93 mean value at the
same station (Table 3), so the contribution of the sea salt ac-
cumulated on the soil particles seems also to be dominant in
this case. The fundamental difference between sample 7 and
contiguous samples is shown in Figure 5f, which gives the
Na"/Cl ratios for the ten samples. In all other samples, the
Na"/CI ratio is very similar to the sea-water composition
(Na"/Cl” = 0.55 w/w; dashed line in Fig. 5f), so the sea-
spray source seems apparent. The relatively high concentra-
tions in samples 6 and 8, therefore, may be due to the
normal variability in the sea-salt content in snow. Data from
snow pits and shallow firn cores show that values higher
than Img L ' for Na* and CI are not unusual for this sta-
tion, corresponding to snow precipitation with sea winds
(Piccardi and others, 1994a, b, 1996a). For sample 7, how-
ever, the C1 /Na" ratio is dramatically different and shifted
to an Na' preponderance (Na'/Cl = 2.8 w/w). This pat-
tern can be explained by the fact that following the volcanic
event, the atmospheric aerosol was enriched by very high
concentrations of HoSO4 and other acids. In fact, acidity
measurements are a simple method of identifying volcanic
layers in snow and ice (Hammer and others, 1980). The NaCl
included in the atmospheric aerosol and on the soil particles
can react with HySO4 to give NasSO4 and gaseous HCI
(Mayewski and others, 1993).

H,SO, + 2NaCl — NaySO, + 2HC1 1 .

The gas-phase HCI may not be deposited in the ice, while
NaySOy 1s deposited by dry and/or wet (snow) deposition.
Two observations can be made:

The Na'/Cl  ratio returns quickly to sea-water values.
Going to sample 6 from sample 7, the ratio changes from
2.8 to 0.74, approaching the theoretical value of 0.55.

The variation of Na*/Cl  ratio could confirm the source
closeness, too, as the supposed exchange mechanism
between HoSO, and NaCl involves two processes:

(I) near the source: the deposition of NaySO, and the
sending away of gaseous HCI with an increase of the
Na"/Cl ratio;

(2) far from the source: the deposition of HCI with a
decrease of the Na™/Cl  ratio.

Mg”" and K follow the same trend as Na®, showing
that sea spray is an important source, but with lower peaks
in sample 7 (about 9 and 14 times the background values,
respectively).

Figure 6 shows the concentration profiles for NH,",
NOs and Br . These components, as already mentioned,
have a peculiarity: the concentration peaks in sample 7 do
not show high enrichments with respect to background
values (about 5, 7 and 10 times, respectively), but like F,
their concentration in sample 8 (just before the volcanic
event) is significantly higher than the background. More-
over, for NO3 and Br the concentration in sample 8 is
higher than in sample 6 (just after the dark layer) and com-
parable with sample 7. This is also true, but less evident, for
NH,". A significant contribution to snow composition by
dry deposition (probably snow-surface adsorption) and/or
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Fig. 6. Concentration/depth profiles of ammonium (a ), nitrate
(b), bromide (c), acetate (d), propionate (e) and formate
(f) wn the ten subsamples around the volcanic layer from
93.23 (sample 1) to 95.50 ( sample 10) m depth.

wet deposition of HNO3 and HBr (as well as I ), directly
emitted or built up as secondary volcanic products, must
be taken into account.

Finally, some short-chain carboxylic acids show high
concentrations in sample 7 (Fig. 6). Peak concentrations 10—
20 times higher than the background values were measured
for acetic, propionic and formic acids. In particular, formate
has the highest concentration, reaching a value about 60
times higher than the mean 1988-93 value (10.03 ug L
Table 3). The concentration of the carboxylic acids, too, are
higher in sample 6 than in sample 8, confirming the similar
pattern of atmospheric gas-phase distribution compounds.

Many sources were postulated for carboxylic acids in
polar atmosphere, such as direct input from biologic activity
and vegetation, secondary emission by oxidation of marine
and continental biogenic hydrocarbons or biomass-burning,
and from anthropogenic activity (Talbot and others, 1990;
Legrand and De Angelis, 1996; Udisti and others, 1998a).
Measurements of acetic, propionic and formic acids in polar
snow are sporadic, and no correlation was reported between
their increase and the volcanic activity. Legrand and De
Angelis (1996) report an inverse correlation between car-
boxylic-acid concentrations in the snow and high acidic
content in the atmosphere such as happens during a vol-
canic eruption. Even so, in Antarctica their production is
mainly related to carbon-cycle oxidation processes, so they
could also be built up by oxidation of hydrocarbons emitted
by volcanic activity. For example, Brimblecombe (1996) re-
ports a CH, global flux of 0.34 Tg a ! from volcanic nput.
When the carboxylic-acid measurements are available for
Antarctic ice cores, where anthropogenic, biomass-burning
and vegetation emissions are very small, the correlation
with volcanic activity will be verified.

What is the source?

A comparison with the explosive volcanic records at South
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Pole in the last 1000 years (Delmas and others, 1992) did not
give unambiguous information to identify the source. No
eruptions were reported for the period around AD 1500.
The Ruiz and Huaynaputina eruptions (dating of the
signal: AD 1596 and 1601, respectively) have a large time dif-
ference from the Styx event dating (about 50 years). Besides,
their sulphate signals in the ice are not as large as that found
in the Styx Glacier volcanic layer. A high sulphate peak
characterises the closer eruption around AD 1450. Delmas
and others (1992) suggest that Deception Island or Sand-
wich Island could be the source. Zielinski (1995) attributes
the 1450 volcanic signal to the Kuwae eruption (GISP2
Greenland ice-core analysis). A better comparison will be
carried out once a more reliable dating of Styx Glacier ice
core is available by chemical and isotopic §'*O profiles (now
in progress), and using time-reference horizons.

The thickness of the dark layer and, above all, the fast
decrease of all the marker concentrations within a very
short distance of the zone with the highest values suggest
that this is a local volcanic event. Besides, a contribution of
dry deposition of particulate material containing relatively
large soil particles is evident, in addition to the ash deposi-
tion. This is shown by high concentrations of typical crustal
substances such as Ca®", Mg®" and K" and of other com-
pounds that cannot be related to volcanic ash but only to
soil-accumulation processes by snow-melting, such as MSA
and phosphate. These relatively large soil particles can
reach the deposition site by two principal processes: fast
dry deposition if the source is near, or injection into the high
troposphere (or into the stratosphere) in the case of explo-
sive volcanic events for very distant sources. In the second
case, however, a longer half-life in the atmosphere is predict-
able, with the removal processes (by dry and wet deposi-
tions) continuing for a long time, leading to the markers
being recorded in a thicker ice-core layer.

The Styx Glacier station is located about 40 km from the
Mount Melbourne volcano, the eruptive activity of which is
described by Worner and others (1989), Armienti and others
(1991), Horning and others (1991) and Lanzafame and Villari
(1991). Structural and chemical analysis of the ice-core par-
ticulate compared to Mount Melbourne eruption deposits
will clarify whether this is the source.

A more probable source is Mount Erebus, a still fully
active volcano about 300 km from Styx Glacier. Zreda-Gos-
tynska and others (1997) report high concentrations of HF
in gas and aerosol measurements of Mount Erebus emis-
sions, and support F concentration in snow being a tracer
for Erebus volcanic activity. Zreda-Gostynska and others
(1997)estimate an HF emission rate of 2.3-9.2 Gga ' in the
period December 1986—January 1991, with an air concentra-
tion of 25-5ngm ° and a residence time of 10-21 days.
Mount Erebus also emits HoSO4 (259 £ 7.3 Gg a 'as SO,
in January 1991), but this contribution is less distinctive and
comprises only a small percentage (about 3%) of the total
sulphur budget in the Antarctic atmosphere.

Aristarain and Delmas (1998) report a well-marked vol-
canic ash layer in a 1459 m ice core from James Ross Island
and attribute it to Deception Island volcano (around AD
1641). A comparison between the chemical markers reported
by Aristarain and Delmas and our data seems unsatisfac-
tory. The time shift is too large, even considering that our
dating is not definitive. Similar Cl depletion, with respect
to the sea-water Na"/CI ratio, is reported, but no increase
of nitrate is shown in the Deception Island eruption, and the
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sulphate increase is much smaller (only about 4.5 times
higher than the background level), even if the ice-core sta-
tion (James Ross Island) is rather close to (about 200 km
from) the source. For the Styx Glacier ice core, located
about 4500 km from Deception Island, sulphate concentra-
tion in the dark layer is 370 times higher than the back-
ground level. Aristarain and Delmas report no fluoride
data. They also report the chronological scale of the Decep-
tion Island eruptions in the last millennium, indicating a
volcanic event dated around AD 1550 identified by marine
and lake sediment (Fildes Peninsula—Bransfield Strait
Area). Unfortunately, the James Ross ice core is too short to
characterise such an eruption in the snow.

Volcanoes located outside Antarctica or even in the
Northern Hemisphere seem to be less probable sources.
Long-range transport processes are highly dependent on
the event intensity and meteorological conditions, such as
seasonality and strength and direction of the winds. Meas-
urements performed on various transport tracers (Wagen-
bach, 1996) showed that the characteristic time for the
inter-hemispheric exchange is around 1year. This is more
than an order of magnitude greater than the typical tropo-
spheric aerosol residence time. Therefore, only cataclysmic
events of global concern can be recorded in snow and ice
cores. In the Styx volcanic layer, a cataclysmic explosive
eruption can be excluded, since it would be memorized in
all Antarctic ice cores due to the very high-concentrate de-
posits, and only a regional input seems probable. Therefore,
we conclude that the source is located in the Southern
Hemisphere, probably on the Antarctic continent.

CONCLUSIONS

A roughly 500 year-old volcanic event was identified and
characterised by chemical analysis of a 110 m ice core drilled
at Styx Glacier plateau.

The event was characterised by a gas emission (HF, SO,
and probably HBr, HNO3 and NHj) followed by a volcanic
eruption with emission of ash and probably soil particulate
into the atmosphere. Gas-phase and particulate atmos-
pheric scavenging occurred by dry and wet removal pro-
cesses in a very short time (about 10 mm ice layer in a
station with a mean snow accumulation rate of about
160 kg m 2a’" Piccardi and others, 1994a; Udisti, 1996;
Stenni and others, unpublished). The most obvious markers
were HF and H,SO, for gas-phase emission and Ca*" and
MSA (indirect indicators) for soil-particulate scavenging.
Significant concentrations of nitrate, ammonium and bro-
mide are present in and directly beneath the dark layer, in-
dicating a possible early emission as gas-phase compounds.
The possibility that high concentrations of some carboxylic
acids (acetic, propionic and formic) can constitute a volca-
nic marker needs to be confirmed.

The acidic emission (primarily HoSO,4) probably
caused a sharp increase of Na*/Cl ratio with respect to the
sea-water composition by HCI removal.

No significant diffusion between adjacent snow layers (reso-
lution 30 mm) was shown by the concentration/depth profiles.

A source attribution of the Styx Glacier volcanic event is
not yet possible. The most likely candidate is Mount Erebus,
in view of its massive fluoride emission and its proximity.
The chemical and structural analysis of the particulate,
now in progress, will clarify the problem.
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