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Abstract. Sulfur stable isotopes from Antarctic snow samples have been used to assess sources
of sulfate. The novel experimental procedure presented here is suitable for the determination of
sulfur isotopic composition at the micromolar level and has been adapted to polar ice samples.
Measurements were carried out on three contiguous firn cores (PS6, PS7, and PS8) collected near
Amundsen-Scott Station (South Pole), covering the record of the Agung eruption (March 1963).
Taking into account the minimum amount of sulfate required for the isotope analysis, it has been
possible to delineate three time periods along the cores: pre-1964 years (background sulfate level),
1964-1965 (volcanic deposition peak), and 1966-1968 (volcanic peak tail). A deeper part of another
core (PS12) has been used to extend the background picture. Assuming the conservation of isotopic
signatures during long-range transport and deposition processes, results demonstrate the significant

volcanic contribution to sulfate deposition on the central Antarctic ice cap a few months after a
major low-latitude eruption. They also confirm the marine biogenic origin of present background
sulfate. Isotopic signatures (8**S) of marine biogenic sulfate and volcanic sulfate from Mt. Agung
have been found to be +18.6 + 0.9%0 and +2.7 £ 1.1%o, respectively.

1. Introduction

Stable sulfur isotopes have proven to be most helpful in
sulfur biogeochemical cycle investigations. Sources of
atmospheric sulfur are various and spread all over the planet.
They exhibit isotopic signatures, i.e. characteristic **S/*S
ratios [Nielsen, 1974; Newman et al., 1991] that can be used
to trace transport and/or transformation of atmospheric
S-bearing compounds. The technique has been successfully
employed in chemical mechanism studies [Saltzman et al.,
1983; Tanaka et al., 1994], pollution tracing ([Grey and
Jensen, 1972; Nriagu et al., 1991; Li and Barrie, 1993; Novak
et al., 1996], source assessment [Calhoun et al., 1991;
McArdle and Liss, 1995, McArdle et al., 1998], geothermal
processes studies ([Robinson, 1987], and so forth. This
technique is most successful when a limited number of
isotopically discriminated contributors is assumed.

Polar ice archives are currently used to document past
variations of atmospheric sulfur compounds and help elucidate
their link with climate {Legrand, 1997, and references therein].
Antarctica is particularly appropriate to study the natural part
of the atmospheric sulfur cycle, for its atmosphere is relatively
free of anthropogenic sulfur pollution. Sulfate is the major
S-bearing compound present in polar ice. Methane sulfonic
acid (MSA) is the only other significant species and is
exclusively of biogenic origin. Its concentration averages
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~10% of the total sulfate concentration [Legrand and Feniet-
Saigne, 1991]. It is generally accepted that sulfate deposition
in central Antarctica has three components [Legrand and
Delmas, 1984]: (1) marine biogenic sulfate, the dominant
contributor, exhibiting a clear seasonal pattern (summer
maxima); (2) sea-salt sulfate, a minor contributor (<10% of
total sulfate), with a seasonal trend the inverse of that of
biogenic sulfate; (3) continental sulfate (including volcanic,
mineral, continental biogenic, and anthropogenic sources),
little of which reaches Antarctica under present climatic
conditions. The only significant continental contributions are
sporadic volcanic inputs transported through the high
troposphere or low stratosphere (Junge layer) where particulate
sulfate lifetime is long enough to wundergo hemispheric
transport [Castleman et al., 1973; Lazrus et al., 1979;
Delmas et al., 1992]. Ice layers contaminated by volcanic
material generally feature unusually high acidity levels, sulfate
concentration enhancements, and, in some cases, tephras and
fine ash particles [Hammer, 1977; De Angelis et al., 1985].
It has been observed that the amplitude of a volcanic signal in
the ice at a given location depends not only on the
atmospheric gaseous loading but also on the snow
accumulation rate at this location [Delmas et al., 1985].
Today, Antarctic and sub-Antarctic volcanic activities are
relatively low [Delmas, 1982]. Therefore volcanic signals
recorded in central Antarctica are most likely linked to
midlatitude or low-latitude eruptions of global concern
[Delmas et al., 1985].

S isotope measurement is an elegant way to identify
potential sulfur sources. Antarctica seems to be particularly
suitable for such studies because of the limited number of
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potential sources. However, to date, the 1sotopic signature of
sulfur present in polar ice has not been determined, largely
owing to the difficulty of performing isotope measurements on
very small sulfate amounts. Sea-salt sulfate exhibits a fairly
constant S isotope ratio throughout open oceans, enriched in
the heavier isotope *S relative to the Cafion Diablo Troilite
(CDT) reference. The ™S (as defined in equation (1)) for sea-
salt sulfate is +21%o [Rees et al., 1978]. Volcanic §**S is more
variable but is contained in general in the 0 to +5%. interval
when averaged over large scales by atmospheric transport. The
isotopic signature of marine biogenic sulfur is not well
defined. The theoretical range for marine biogenic sulfate §*'S
lies between +14 and +22%.. Isotope measurements performed
on Pacific marine and North Atlantic coastal aerosols led to
values covering the theoretical range (+15.6 *+ 3.1%¢ [Calhoun
etal., 1991] and +22%0 [McArdle and Liss, 1995]).

The objective of this study is to use sulfur stable isotopes to
yield new insight into sources of south polar sulfate and to
demonstrate the possible connection between sulfate concen-
tration peaks in the snow and the occurrence of major volcanic
events at low latitudes. It will also be an opportunity to assign
a value to the isotopic signature of background atmospheric
sulfur, thought to be of essentially marine biogenic origin
[Legrand and Delmas, 1984].

The Agung eruption (8°S, 115°E; March 1963) is one of the
most prominent volcanic events of the twentieth century. It
has been estimated from glaciological studies that ~10 Tg of S
were introduced into the stratosphere by this eruption [Legrand
and Delmas, 1987]. The sulfuric acid veil linked to this event
was detected over the South Pole as early as autumn 1963 [Dyer
and Hicks, 1968]. However, the climax of sulfate deposition in
south polar ice occurred ~1 year later [Legrand and Delmas,
1984]. At the South Pole the sulfate peak 1s well defined above
the natural background variability, because of the relatively
low and regular snow accumulation rate (8.3 g cm? yr'
[Jouzel et al., 1983]).

We present here the first S 1sotope measurements performed
on polar ice core samples, focused on the Agung signal. We
developed an analytical method that allows micromolar sulfate
amounts to be extracted from ice and analyzed by continuous
flow mass spectrometry (CF-IRMS), using an elemental
analyzer coupled to the mass spectrometer.

2. Experimental Procedure

2.1. Sampling

South Pole Station (elevation 2850 m above sea level) lies
on the side of the Antarctic plateau, ~1000 km from the ocean
shores and ice shelves. Sampling sites were located in clean
sectors, a few kilometers away from the station. Ice cores were
collected during austral summer 1983-1984.

Legrand and Delmas [1984] showed that background sulfate
concentration in South Pole ice follows a seasonal cycle
varying between 50 and 100 ng g™ and that the sulfate peak
corresponding to the Agung eruption reached over 150 ng g™'
of SO,” along a few tens of centimeters of accumulated snow.
Roughly 1 umol of sulfate (100 pg) is necessary for isotope
analysis. Considering the diameter of drilled cores (~5 to 8 cm
of decontaminated ice), one single core would provide an
insufficient quantity to describe accurately the time sequence of
the event. In order to obtain enough sulfate several cores were
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Figure 1. (a) Stratigraphy observations along PS6, PS7 and
PS8; (b) CI/Na mass ratio as measured in PS8 core, indicating
winter levels as it approaches 1.8 (dashed line), representative
of sea spray.

collected. Three (PS6, PS7 and PS8) were drilled contiguously
to a depth of 5.20 m. On the basis of dating estimates, the
3.20 to 4.80 m depth parts were stored for this study in sealed
polyethylene bags at -25°C until processing. Another core,
representative of pre-Agung conditions (PS12, between 6.60
and 8.50 m deep), was drilled and preserved under the same
conditions.

2.2. Core Dating

Visual stratigraphy observations for PS6, PS7, and PS8
(J.-R. Petit, personal communication, 1998) are shown in
Figure 1. At these depths, summer strata may be visually
observed with the naked eye. However, several layers are
questionable. Comparison between the three cores helps in
determining the seasonal intervals. We can identify nine
summer levels along the three cores (dashed lines in
Figure 1a). Between 3.20 and 4.80 m deep, the average
annual interval is ~18cm, in agreement with the
8.3 g cm™ yr' accumulation quoted earlier.

On the basis of observations in other South Pole cores the
Agung event record is contained in the 1964 and 1965 layers
[Legrand and Delmas, 1984]. Ion chromatography was used to
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precisely locate the volcanic signal. PS8 was subsampled 1n
5 cm sections all along the core, decontaminated, melted, and
analyzed for major ions (SO, NO;, ClI, MSA, Na', Ca™,
Mg, K*, and NH,") at the ng g level [Legrand et al., 1984].
It was also used to check the possible chemical alteration of
the 1ce during long (15 years) storage.

PS12 was partly dated by Feniet [1990]. Extrapolation of
this dating to our core (6.6 to 8.5 m deep) suggests that it is
contained within the 1930-1950 layers. More precise dating
was not needed for our purpose. PS12 was subsampled
similarly to PS8 and analyzed for major anions only.

2.3. Sample Processing

Because of the very low quantities of sulfur handled in this
study, we gave specific attention to contamination prevention
and yield optimization. All steps of the procedure were checked
for possible sulfur contamination and sulfur isotope
fractionation. All vessels and tools were cleaned following
stringent  procedures, including ultrasonic washing of
glassware in ultrapure water (18.2 MQ). At each cnitical step
of the treatment, samples were protected from particulate
contamination in clean lamimar flows (class 100) and from
possible gas contamination using controlled atmosphere
above melted samples, as described below.

Firn cores were decontaminated with the help of a plane
mounted on a stainless steel bench under a clean laminar
airflow in a -15°C room. Two outer centimeters of the core were
removed. Clean core was then kept frozen 1n sealed
polyethylene bags rinsed with ultrapure water, until further
processing.

Thereafter, decontaminated core samples were allowed to
melt overnight at ambient temperature in glass containers
sealed in airtight polyethylene bags. Meltwater was weighed
and gently evaporated under partial vacuum and moderate
heating in a rotary evaporator. The procedure has been
optimized to avoid any gaseous contamination or sulfate loss
due to intense evaporation or explosive boiling. Starting
volumes ranged from 1L up to 2.5 L of meltwater, depending
on initial sulfate concentration in the ice. Evaporation was
continued until sample volume was reduced down to between 10
and 20 mL. Liquid concentrate was then further evaporated in a
pure argon stream under gentle heating. The last 2 mL were
taken up with a polypropylene syringe free of sulfur
contamination.

The final evaporation step was conducted under pure argon.
Sample was introduced drop by drop into a heated tin capsule
containing ~1 to 1.5 mg of acid-washed Chromosorb™ resin.
Water evaporated as sulfate precipitated in the capsule. The tin
foil was then wrapped up and compacted, ready to be put in the
elemental analyzer. For a 2 kg decontaminated ice sample,
~6 hours were necessary for each of the three evaporation
steps.

2.4. Continuous Flow Mass Spectrometry

Tin-encapsulated samples were flash combusted in a pulse of
oxygen at a temperature locally reaching 1800°C. Sulfur
oxidation products were SO, and SO,. Evolved gases (mainly
N,, CO,, H,0, SO,, and SO,) were carmried by pure helium
through hot reduced copper where SO, was reduced to SO,, then
through a desiccating trap, and separated chromatographically
m a 0.8 m long Porapak S column at 80°C. Nitrogen and
carbon dioxide were expelled out of the gas chromatograph in
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<1 min after combustion. Sulfur dioxide detection started after
1 min 20s. SO, was introduced into the source of the mass
spectrometer through a split interface via a silica capillary
[Giesemann et al., 1994].

Isotopic composition of the samples 1s compared to that of
mternational standards from the International Atomic Energy
Agency and the National Bureau of Standards (IAEA-SI,
IAEA-S2 and NBS-127). The usual delta notation is used for
1sotopic results:

(34 S /32 S)smple

reference

84S (%) = —1+x1000. 6))

Isotopic results are presented in the Vienna-CDT (VCDT)
scale, where the international standard IAEA-S1 (silver sulfide
formerly called NZ1) has the value $S= -0.3%c VCDT
[Robinson, 1995]. Oxygen used for sample combustion is
homogenous and in large excess. The influence of oxygen
isotopes on S isotopic measurements of SO, is therefore
expected to be reproducible. The combustion of standards of
known 8™S composition is used to perform the calibration
between measured 8*(SO,) and cormrected 8*S. Overall
experimental uncertainty for nonrepeatable measurements lies
under + 0.5%¢ (10).

The whole procedure (sulfate extraction and isotope
analysis) was tested by the use of dilute standard solutions
which have been processed the same way as the samples.
Means and dispersions of the isotopic measurements were
comparable for concentrated solutions and direct standard
combustion. The elemental analyzer used for combustion and
purification is a Carlo Erba NC-2500; isotope measurements
were carried out on a Finnigan MAT-252 mass spectrometer.

3. Results and Discussion

3.1. PS8 and PS12 Ion Chromatography Analysis

Ton analyses of PS8 and PS12 are presented in Figure 2, and
averaged values are summarized in Table 1. In general, values
are consistent with previous studies based on other cores from
the South Pole area [Legrand and Delmas, 1984; Kirchner,
1988]. This suggests that no alteration of the cores occurred
over the 15 years of frozen storage.

3.1.1. Non-S-bearing compounds. Strong seasonal
patterns of Na* and CI' concentrations (Figure 2b) are used to
validate stratification observations. Both ions show maxima
in winter and minima in summer. The Cl/Na* mass ratio profile
reaches winter minima very close to the oceanic value of 1.8
(Figure 2¢), which is consistent with a lack of chemical
fractionation of sea-salt in winter [Legrand and Delmas, 1988].
The Cl/Na* profile is also displayed Figure b along with
stratigraphy, so that agreement between this seasonal marker
and observed stratification can be checked. Chloride concen-
tration reaches one higher winter maximum in the shallowest
part of the core (75 ng g, ~3.50 m). This chemical feature
can also be noticed in previous studies of South Pole ice, where
it corresponds to the 1966 winter layer [Legrand and Delmas,
1984] and thus can be used as an accurate marker.

Nitrate concentration variability is as expected in south
polar ice (ranging from 70 to 120 ng g, Figure 2a) but does
not match the regular seasonal pattern observed for CI' and
Na'. This observation is probably due to postdepositional
artifacts [Wagnon et al., 1999].
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Figure 2. Ion profiles for (left) PS8 and (right) PS12 (anions only) cores: (a) sulfate (total and non-sea-salt
sulfate), methane sulfonic acid, and nitrate profiles; (b) chloride and sodium profiles; (c) C/Na mass ratio for
PS8. (Note that PS8 and PS12 depth scales are not equal.)

Minor ion levels (cations, Table 1) are in the expected
range too, showing no noticeable chemical contamination of
the core. Means and variabilities of chloride and nitrate along
PS12 are in good agreement with PS8 background values.

3.1.2. Sulfur species. The non-sea-salt sulfate con-
centration [nss SO,] was calculated from [SO,”] and {Na‘] data
by the following equation:

[nss sO% | =[s03- ] -[ss50%7]

=[so%]_- {[N*“] [Tv(f L ] ”

where [ss SO,*] is the sea-salt component of the deposited
sulfate, estimated using the mass ratio defined as follows:

(ss SOE'/Na*) = (SO%’/Na")

1ce seawal

=0.25. €))
ter

Sea-salt sulfate represents a minor part of sulfate deposited
in South Pole ice (between <1 and 10% of total SO,

"Figure 2a). Background concentrations of nss sulfate (i.e.,

deeper than 4.10 m, including PS12) range between 30 and
75 ng g'. The Agung sulfate peak, obvious in the PS8 [SO,”]
profile, can be found between 4.10 and 3.65 m depths. [SO,*]
reaches 170 ng g'', which is nearly 4 times the background

Table 1. Averaged lon Concentrations for the Three PS8 Sections (Between 3.25 and 4.70 m) and the PS12 Section

(Between 6.60 and 8.50 m)

Depths, m Concentrations, ng g

MSA cr NO, S0 Na* NH,* K* Mg Ca®
3.25-3.65 5.1+06 384+18.7 914+13.5 64.6+5.8 156+ 11.6 22+038 3022 1.8£13 38+30
3.65-4 05 9124 347186 93.2+10.9 117.4 £ 309 13.7+£56 1.8+04 13204 14+0.5 26106
4.05-4.70 114+74 29086 100.0+ 14.0 493 +8.8 10.2+49 1.6+ 1.1 2117 1.1£06 24123
6.60-8 50 73144 273149 77679 524+ 10.7
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concentration. The sulfate profile does not return to the pre-
Agung background level before the shallower limit of our
sampling.

The MSA concentration is also at expected levels: from 4 to
12 ng g''. One can also distinguish a 25 ng g' peak 1 year
before Agung deposition [Legrand and Feniet-Saigne, 1991].
Dating based on the remarkable [CI] and [MSA] spikes
mentioned and on the sulfate profile allows undeniable
assignment of the years spanned: PS8 covers the period from
1960 to early 1968.

PS12 sulfate profile exhibits a clear narrow peak at 7.05 m
depth (around 1942 A.D.). Cation analysis performed on this
subsample indicates an acidic, probably volcanic, layer. There
is no known significant volcanic horizon at this period of
time [Legrand and Delmas, 1987]. The sharpness of the peak
suggests a tropospheric volcanic load of limited strength.
PS12 being dedicated to background sulfate measurement, the
suspected layer has been removed before melting to ensure the
representativeness of the sample.

3.2.

As mentioned earlier, 1 pmol of sulfate is required for
reliable sample handling and isotope measurements. Sample
partition is based on ion analysis. Considering that ~100 g of
useful decontaminated firn are available from each 10 cm long
piece of core, PS6, PS7 and PS8 were split into three parts.
Corresponding parts from the three cores were melted together.
PS12 represents one additional sample. Results are shown in
Table 2.

The measured isotopic composition of a sample can be

Isotope Results and Discussion

decomposed into three terms representative of each
contributor:
6mex= = fnas.\ + fml\amh + fvav = fssssa + f;ussms’ (4)

where &, stands for measured §*'S; 8,3, and 8, stand for the
isotopic signatures of the sea-salt, marine biogenic, and
volcanic components, respectively; f., fus, and f, stand for
the mass fractions of the components in the same order; and £,
and 3, refer to overall non-sea-salt contribution mass fraction
and isotopic signature. Such a decomposition will be used
below for the interpretation of the data.

3.2.1. Recent background level. Estimates based
on the ionic composition of the ice suggested that during
nonvolcanic periods, marine biogenic sulfate represents the
major part of sulfate ice content in central Antarctica, whereas
background volcanic sulfate and sea-salt sulfate each account
for approximately half of the remaining sulfate content
[Legrand and Delmas, 1984].

Table 2. Sulfur Isotopic Composition of the Ice Samples

Depths, m Average [SO,],,, Mass of Ice, 58S,
ng g! kg %o
3.25-3.65° 65 1.5 +14.8
3.65-4.05* 110 1.0 + 93
4.05-4.70* 48 2.1 +18.1
6.60-8.50° 52 2.5 +17.7

Values of 8*S are + 0.5%o.

“PS6, PS7, and PS8 sections, corresponding to PS8 depths
according to stratigraphy (Figure 1a).

b PS12 section.
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Table 3. Estimated Apportionment of Firn Sulfate Amongst
Its Three Main Components (Sea-Salt, Marine Biogenic, and
Volcanic SO,)

Average Contribution,’ &S Range,”
ng g %o

Contributors *

PS86-PS7-PS8 (4.05-4.80 m) + PS12 (6.60-8.50 m)

Total SO, (measured) 50 +18.0 (£ 0.5)
Sea-salt SO, 3 +21
Volcanic SO, 0-4 0to+5
Marine biogenic SO, 43 - 47 ? (+15to +22)
PS6-PS7-PS8 (3.65-4.05 m)
Total SO, (measured) 117 +9.3 (10.5)
Sea-sait SO, 3 +21
Marine biogenic SO, 43-47 +18.6 (£0.9)¢
Volcanic SO, 67-71 ? (0 to +5)
PS6-PS7-PS8 (3.20-3.65 m)
Total SO, (measured) 65 +14.8 (+0.5)
Sea-salt SO, 4 +21
Marine biogenic SO, 43 -47 +18.6 (£0.9)¢
Voicanic SO, 14-18 +2.7 F1.D¢

* Contributors to total sulfate deposited in south polar snow.

® Averaged measured total sulfate concentration and contribu-
tions estimated from chemical studies [Legrand and Delmas, 1984;
this work].

¢ Measured 8**S (compare Table 2) and S ranges for each
contributor, as taken from literature (Rees et al., 1978; Calhoun et al ,
1991; Nielsen et al., 1991; McArdle and Liss, 1995] or deduced from
present calculations (marked “d”).

Y Deduced from present calculations (see text for details).

Background conditions in south polar ice are represented by
the two samples: PS6-PS7-PS8 below 4.05m and PS12.
Averaged measurements are displayed in the upper third of
Table 3, where the three contributors to background sulfate are
presented together with estimates of their isotopic signatures
taken from literature. Sea-salt contribution is most precisely
known: The [ss $O,”] is calculated from sulfate and sodium
concentrations (see section 3.1), and isotopic composition is
well defined at +21.0%o [Rees et al., 1978]. We can therefore
retrieve the non-sea-salt sulfate component: [nss SO.] =
47 ng g", and £, 3,,, = fuBmtfi8, = +16.7 £ 0.5%0 (with f, =
SfuHf, = 47/50), which leads to 8™S,,, = +17.8%0 % 0.5%c. This
precludes any lower value for marine biogenic sulfate signature
at this site.

Volcanic background inputs are considered to be quite small
during undisturbed periods. If we assume that f, represents
between 0 and 8% of total sulfate [Legrand and Delmas, 1984]
and that §, is confined to the range 0 to +5%o [Nielsen et al.,
1991], we can define the marine biogenic signature as follows:
S =671 8)  fwtf =40 O

mb

In this simple calculation, 3, varies between +17.8%0 (for
f.= 0) and +19.5%¢ (for 8, = 0%o and f, = 8%, which is an
overestimate). The estimated isotopic signature for marine
biogenic sulfate deposited at the South Pole is therefore §,, =
+18.6%0 * 0.9%0. (Uncertainty is calculated by the error
propagation method.)

The present analytical procedure does not make distinctions
between sulfate and MSA, as far as we know: The final dried
sample should contain sulfate as well as methane sulfonic acid,
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the recovery of which has not yet been tested accurately. The
measured isotopic ratio should therefore reflect total sulfur.
Still, the marine biogenic contribution (SO, + MSA) will be
referred to as "marine biogenic sulfate” for two reasons:
(1) MSA does not represent, on average, >10% of the total S
in south polar ice. (2) Its isotopic composition should not be
considerably different from that of marine biogenic sulfate
[Calhoun et al., 1991]. Therefore its influence on the result
should be contained within the analytical uncertainty of
t 0.5%o.

3.2.2. Volcanic peak. Assuming that marine bio-
genic and sea-salt sulfate depositions at the South Pole have
not been noticeably altered by the volcanic event, the totality
of sulfate above background level may be of volcanic origin.
The three contributions for the 3.65 to 4.05 m deep layers are
summarized in the middle third of Table 3.

A calculation similar to the one applied to background
sulfate allows the definition of overall non-sea-salt signature
8, = +9.0 £ 0.5%c. Using 3§, of +18.6 * 0.9%c yields a
volcanic signature of 8, = +2.7 * 1.1%0, which is contained
within the range suggested by Nielsen et al. [1991] of
0 to +5%e.

3.2.3. Volcanic peak tail. Applying the assump-
tion of constant nonvolcanic deposition to the upper part of
the core (3.25-3.65 m, lower third of Table 3) yields a
theoretical 8*S ., = f.8,,+f.Bm+f,8, value from Table 3, lower
third, taking into account the estimated isotopic signatures
and their uncertainties. It holds, for £, = 43/65 and f, = 18/65,
that 8*S,,. = +14.3 £ 0.7%s, and for f,,, = 47/65 and f, = 14/65,
that 8S,,,. = +15.3 £ 0.7%o, which is in remarkable agreement
with the actual measured value (8, = +14.8 * 0.5%o).

Delmas et al. [1985] already suspected a volcanic origin for
the "extra sulfate" above pre-Agung background level, found in
the 1966 to 1969 layers. The local or hemispheric origin of
this volcanic contribution was not clear and still cannot be
determined from isotopic measurements. However, support for
the volcanic origin of this input is given here. Several
southern or equatorial eruptions occurred during this period and
are possible candidates [Newhall and Self, 1982].

3.2.4. Discussion. Figure 3 shows isotope measure-
ments plotted against the inverse of total sulfate concentration
for each sample. The linear figure obtained suggests a system
combining two 1sotopically distinguishable contributors, one
of them remaining quantitatively constant. The constant
contribution is considered to be the sum of the marine (sea-salt
and biogenic) sources, which are assumed not to have been
altered by the volcanic input. The regression line on Figure 3
intersects the ordinate axis at the value corresponding to the
isotopic signature of the varying member. The signature found
is 8“S = +2.8 + 0.9%., which supports the hypothesis of
sulfate deposition being the sum of a constant nonvolcanic
source over which a volcanic perturbation is superimposed.

Direct isetope measurements of sulfur emitted by the Agung
eruption were performed by Castleman et al. [1973, 1974] in
stratospheric  aerosols. Results revealed isotopic ratios
drifting strongly over time. Starting around +5%o prior to the
eruption (March 1963), 8*'S of stratospheric particulate sulfate
shifted toward heavier values, peaking in summer 1963
(+11.6%0 at 15.2 km altitude and +15.8%¢ at 18.3 km
altitude, in the Southern Hemisphere) and then drifting
substantially toward lower values. The minimum was reached
in April 1965 (-8.7%¢ at 15.2 km altitude and below -20%¢ at
18.3 km). This behavior revealed fractionation processes
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Figure 3. Measured isotopic composition as a function of
the inverse of the total sulfate concentration, suggesting that
the sulfate contributor bringing variability to sulfate depo-
sition has the isotopic signature &S = +2.8 * 0.9%..
(Uncertainty estimated by least squares method.)

induced by progressive action of transport, chemistry, and
sulfate particle removal [Castleman et al., 1974]. Sedimenta-
tion of tephras started readily after their injection into the
stratosphere. Gaseous sulfur (SO,) underwent relatively fast
horizontal homogenization and slow gas-particle conversion,
explaining the time lag observed between the eruption
occurrence and the maximum sulfate particle loading [Mossop,
1964]. The first sulfate aerosols being formed in the
stratosphere were enriched in **S compared to the initial
gaseous load, indicating that oxidation of the heavier S
isotope was favored by the complex stratospheric processes.
Thereafter, as its concentration diminished, SO, became
isotopically lighter, as did newly formed sulfate aerosols
[Castleman et al., 1974].

Volcanic SO, started to be deposited in polar ice by the
beginning of 1964, after horizontal mixing on a large scale.
Most of the deposited sulfate may therefore result from
stratospheric gas-particle conversion. However, the whole
signal (2 years of accumulation) has been used for our volcanic
layer measurement. The isotopic fractionation due to
stratospheric processing should then be considered to be
averaged to zero in this sample. We can therefore estimate that
our so-called volcanic contributor is representative of the bulk
volcanic gaseous emussion. Isotopic measurements on thinner
ice layers (a few centimeters deep) along the Agung signal may
be suggested to test the stratospheric processes described
above.

Castleman et al. [1973, 1974] quoted a 8*S value for
background stratospheric sulfate equal to +2.6 + 0.3%., which
happens to be very close to the volcanic signature found in the
present study. Such an agreement may be quite coincidental but
still deserves consideration.

4. Conclusion

A procedure for the determination of isotopic composition
of sulfur at the micromolar level has been successfully
adapted to polar ice samples. This procedure has been used to
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confirm the assessment of sulfur sources in recent south polar
snow, as deduced from glaciochemical studies. Major results
may be highlighted from our preliminary measurements:
(1) confirmation of the marine biogenic origin of non-sea-
salt sulfate at the South Pole and of the weakness of the
volcanic source during background conditions; (2) definition
of the sulfur isotopic signature of marine biogenic sulfate
present in recent south polar snow, S, = +18.6  0.9%;
(3) definition of the sulfur 1sotopic signature of Agung sulfate
input to the South Pole, §*S, = +2.7 + 1.1%o0, which suggests
eventual conservation of this signature throughout long-range
stratospheric transport; (4) new support for the volcanic nature
of the extra sulfate deposited during a few years after the Agung
signal.

The fine agreement between isotopic measurements and ion
analyses shows that the isotopic composition of sulfur
remains a powerful source marker, even after hemispheric and
high-altitude transport and transformations. No isotopically
fractionating postdeposition process can be suspected at this
point. Isotopic signatures obtained for major natural contri-
butors can be used as references in future studies of the sulfur
cycle on a global scale.

Isotopic measurements on thinner ice layers (a few centi-
meters deep) along the Agung signal are suggested to test the
stratospheric processes described by Castleman et al. [1973].
Sulfur isotopes should be used in the future to study volcanic
sulfate deposited in polar ice (in Antarctica, Greenland, or both
for a few global events), in relation to in situ studies of
volcanic material. This could provide valuable information
about the fate of volcanic sulfur during its atmospheric
transport, the stratospheric S chemistry, and the climatic
impact of explosive volcanism.
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