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ABSTRACT

We have examined several MSA (methanesulfonic acid) records from the upper 200 m of the Antarctic
ice sheet and in particular the new Dome F profile. At all the four sites studied, concentration profiles
exhibit similar patterns as a function of depth. They suggest that snow metamorphism and solid phase
migration are responsible for a marked release of gaseous MSA to interstitial firn air as well as probably
to the free atmosphere, in particular at extremely low accumulation sites. Snow acidity can also modify
MSA concentration. It is proposed that, below the upper few metres where the communication with
the free atmosphere is possible, gaseous MSA may remain in the firn layers and be entrapped later in
air bubbles at pore close-off, i.e. when firn is transformed into ice. Chemical measurements on the firn
core do not take into account the MSA released to the gaseous phase, but this fraction is measurable in
ice samples. In spite of these alterations occurring in the firn layers, relative changes of the atmospheric
MSA concentration in the past are probably still there deep within the Antarctic ice sheet. However,
for glacial periods, different processes have to be considered in relation to modified aerosol properties.

1. Introduction

Dimethyl sulfide (DMS) is produced in the ocean,
but its major environmental effect is observed in the
atmosphere given that this gas is the most significant
natural source of atmospheric sulfur (Nguyen et al.,
1978; Andreae, 1986; Charlson et al., 1987; 1989).
Sulfate (non-sea-salt sulfate or nss-SO4) and methane-
sulfonic acid (MSA) are the two most important com-
pounds formed in the complex oxidation processes af-
fecting DMS in the atmosphere (Hynes et al., 1986;
Turnipseed and Ravishankara et al., 1993; Saltelli and
Hjorth, 1995). MSA is specific to marine biogenic ac-
tivity and, for this reason, its concentrations in the re-
mote troposphere have been a subject of great interest
over the last decade. In ice core studies, particularly,

∗Corresponding author.
e-mail: delmas@lgge.obs.ujf-grenoble.fr

MSA has become a species of primary importance:
it has been proposed as a tool for reconstructing the
past history of major El Niño events (Legrand and
Feniet-Saigne, 1991) and documenting past varia-
tions of marine productivity related to climate changes
(Legrand et al., 1991; 1992).

The determination of MSA in polar ice is a relatively
recent field of investigation (Saigne and Legrand,
1987; Saigne et al., 1987) and not free of analyt-
ical difficulties (Legrand et al., 1992). Moreover,
there are indications that MSA ice records may suffer
post-deposition modifications (Mulvaney et al., 1992;
Pasteur and Mulvaney, 2000), and laboratory experi-
ments show that the methane sulfonate ion is able to
migrate in the firn, most probably via liquid drainage,
according to Pasteur and Mulvaney (1999). It has been
proposed from a study carried out at Vostok, cen-
tral Antarctica, that MSA could be deposited on the
snow as a gas, or at least that a gaseous species is in-
volved in the formation of its records in ice (Wagnon
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et al., 1999). Measurements suggest that 80–90% of
this compound may leave the ice matrix in the very
first metres, in relation probably to the metamorphism
of snow. The marked decrease in MSA concentration
is similar to the trend observed in Vostok snow for
species known to be partly (Cl) or nearly totally (NO3)
deposited as gases. This finding may cast doubt on the
validity of MSA records in polar ice. What is the ac-
tual significance today of MSA concentrations in ice
cores?

The answer to this question is important when re-
constructing the past atmospheric sulfur cycle from
ice cores. It may question the augmentation of marine
productivity during glacial climatic stages and the link
between MSA concentrations and El Niño events men-
tioned earlier.

Firn is the interface between the polar atmosphere
and the ice. Once deposited, snow undergoes meta-
morphic changes, including compaction, sublimation
and sintering. These processes are likely to have a sig-
nificant effect on the concentrations of chemicals con-
tained in firn, and consequently on the formation of
ice records.

For all these reasons, we have decided to re-examine
MSA data from Antarctic records covering the firn
layers and the firn/ice transition, taking into account
the hypothesis of gaseous MSA in polar firn.

2. Study sites, sampling and
experimental methods

Discussions will be focused mainly on snow, firn
and ice data from four Antarctic locations: Vostok and
Dome Fuji (extremely low accumulation sites), and
Amundsen–Scott (South Pole Station) and Byrd Sta-
tion (low accumulation sites). Major features of the
study sites are reported in Table 1.

2.1. Vostok samples

A 32-m firn core covering nearly the last 800 yr
was collected at Vostok (East Antarctic Plateau) in

Table 1. Some key features of the four central Antarctic sites discussed in this paper

Site Latitude Elevation (m) Temperature (◦C) Accumulation (g cm−2 yr−1)

Dome F 77◦19′S 3810 −58 2.7
South Pole 0◦S 2835 −51 8
Byrd Station 80◦ 01′S 1530 −28 10–12
Vostok Station 78◦28′S 3490 −56 2.2

December 1991 and cut in the field into 1-m lengths
(Wagnon et al., 1999). 269 samples (48% of the total
length of the core) were analyzed 15 months later in the
laboratory. Major ions and methane sulfonate concen-
trations were measured by ion chromatography at the
ppb (ngg−1) to sub-ppb level. The core was accurately
dated on the basis of nss-SO4 spikes corresponding
to major volcanic eruptions: Krakatoa (1884) at 6.6
m, Tambora (1816) at 9.85 m and the 1259 unknown
(Langway et al., 1988) at 30.15 m.

A snowpit was sampled in great detail (every 2 cm)
from December 1989 to January 1990 for chemical and
grain size measurements. Snow samples for chemistry
were stored in individual Accuvettes c© containers and
transported in the solid state to Grenoble for analysis
(Feniet, 1990), whereas grain size was determined in
the field (Lipenkov, personal communication).

2.2. Dome Fuji samples

Dome Fuji is located in Dronning Maud Land, on
the high Antarctic Plateau. Study samples (220 in all)
were selected along the depth range 6.6–200 m of
an ice core collected at this site from 1993 to 1995.
The first 112.6 m were recovered in 1993 using a dry
electromechanical technique (Dome-F Deep Coring
Group, 1998a) and transferred in 1994 to the cold lab-
oratory in Tokyo. One year later, 10-cm lengths were
selected along the ice core approximately every me-
tre and analyzed by ion chromatography (Watanabe et
al., 1997a). Below 112.6 m, drilling was continued in
1995 after pouring a fluid into the bore hole. Chemical
analyses on this part were carried out in 1996 in Tokyo
(Dome-F Deep Ice Core Research Group, 1998b). The
age at 200 m depth has been estimated to be 5000±500
BP using a combination of dating methods (Watanabe
et al., 1997b).

2.3. Amundsen–Scott Base samples

The geographical South Pole is located at the edge
of the East Antarctic Plateau (Table 1). Several firn
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cores were recovered at this site during the 1983–84
summer season (PS1, PS8, PS12, PS13 and PS14) and
kept frozen until analysis. PS11 snow samples were
collected in a pit and each sample stored in its indi-
vidual plastic bag. These samples were analyzed 4–
5 yr later by ion chromatography. Details concerning
analytical procedures and dating have been reported
elsewhere (Saigne et al., 1987; Saigne and Legrand,
1987; Legrand and Feniet-Saigne, 1991).

2.4. Byrd Station samples

The samples were selected along the main ice core
(164 m) drilled in November 1989 at New Byrd Sta-
tion, West Antarctica (Langway et al., 1994). Age
was determined by counting the annual acidity peaks.
Prominent volcanic levels were found and used to ad-
just dating: the reference horizon 1259 AD at 97.8 m
and Tambora (1816) at 28.57 m. The firn to ice transi-
tion is located at about 52 m depth, i.e. 330 yr before
1989.

The MSA record (discontinuous) covers the last
1360 yr. Over this period, the mean MSA concen-
tration is 8 ng g−1 for 74 distinct depth-levels each
representing average values from individual 1 m core
increments (Langway et al., 1994).

3. MSA records and discussion

3.1. Vostok Station and Dome Fuji data

Two key environmental parameters, mean annual
temperature and snow accumulation rate, are relatively
similar at Vostok and Dome F sites (Table 1). They
are typical of central Antarctic conditions. MSA data
from these two locations have therefore been plotted
together in Fig. 1. As the detailed MSA record of Vos-
tok being limited to the upper 32 m, Dome Fuji data
(Dome-F Ice Core Research Group, 1998b) have been
used to document deeper firn layers and more precisely
the close-off zone where air bubbles are definitively
entrapped in the ice. In this way, a display of MSA
changes from the surface to 200 m depth is obtained,
assuming that atmospheric concentrations of this com-
pound are relatively similar at both locations. Vostok
and Dome F data overlap discontinuously in the depth
range 7–32 m. In central Antarctic regions, the slow
transformation of snow into firn and ultimately ice
spans over several millennia. Pore close-off (i.e. the
transition between firn and ice) can be considered as
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Fig. 1. Methane sulfonate concentration (ng g−1) at Vostok
[triangles (Wagnon et al., 1999)] and Dome Fuji [solid cir-
cles (Dome-F Ice Core Research Group, 1998b)] sites as a
function of depth (m). Pore close-off can be considered to be
terminated at around 100 m depth at these sites.

fully terminated below 100 m depth (Watanabe et al.,
1997c), i.e. at an age of about 2400 and 3400 BP at
Vostok (Barnola et al., 1991; Petit et al., 1999) and
Dome F (Watanabe et al., 1997b), respectively.

The depth profile (Fig. 1) shows relatively high
MSA values in the upper first metres (Vostok data),
then a marked decrease down to 70 m, thereafter
progressively higher values again, particularly below
120 m (Dome-F data). At around 5.5 m, concentrations
reach 2 ng g−1 (Wagnon et al., 1999). Mean concen-
trations in the first 6 m and between 6–32 m are 10.4 ±
7.1 and 1.7 ± 1.4 ng g−1, respectively. Concentration
spikes of short duration (1–3 yr), as high as 8 ng g−1,
are still observed in the deepest part of this core (30–
32 m). Below this depth, in the ice, higher mean values
[8.5 ng g−1 from 120 to 200 m at Dome F and 5 ± 2 ng
g−1 between 100 and 400 m at Vostok (Legrand et al.,
1991; 1992)] are observed. Note the marked shift at
Dome F in mean MSA concentrations around 112 m,
i.e. when passing from the upper to the lower part of
the sampling. At 112.6 m there was a change in the
electromechanical drilling technique at Dome F: a dry
method was used down to this depth and a fluid-filled
bore hole below (see section 2).

Interestingly, a snowpit study at Vostok (Fig. 2, data
from Feniet, 1990) reveals that NO3 and MSA concen-
trations exhibit different patterns in the upper 2 m: the
former start to decrease close to the surface, whereas
the latter show no clear change (mean concentration
for this data set: 17.6 ± 5.9 ng g−1). The drop is ob-
servable below 2–3 m (Wagnon et al., 1999). This sug-
gests that, at first sight, the post-deposition processes
that affect HNO3and MSA are not similar.
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Fig. 2. MSA (continuous line) and NO3 (shadowed area)
concentrations in a snowpit study at Vostok. Concentrations
are in ng g−1. The horizontal stippled line shows the mean
MSA concentration (17.6 ng g−1) of this profile.

The decreasing trend found in upper firn layers at
Vostok was interpreted by Wagnon et al. (1999) as
proof that gaseous MSA is released from the solid
phase to the interstitial air and that this MSA is lost
(and therefore not measured) during ice core trans-
port and storage. On the other hand, measurements
do not formally demonstrate that MSA is deposited
as a gas. Once in the interstitial phase, gaseous MSA
may leave the snow layers and return to the free atmo-
sphere, be partly redeposited in the snow layers or just
remain in the interstitial air. It is impossible to estimate
the fraction returning to the atmosphere just from the
data presently available. The deposition mechanism
itself is unknown for this gas, even less documented
than for other acid species like HCl or HNO3, two
species known to be deposited in gaseous form in the
Antarctic.

Wagnon et al. (1999) put forward snow metamor-
phism as a possible explanation for the postdeposition
artefacts pointed out at Vostok site for acid gases. It is
therefore of interest to examine the impact of this pro-
cess on the physical properties of the upper snow layers
and to tentatively connect MSA concentration changes
to these physical modifications. Field measurements of
the firn physical properties are very scarce. By chance,
grain size measurements were carried out at Vostok in
the snowpit where it was sampled for chemistry (data
reported in Fig. 2). The data set obtained by Lipenkov
(personal communication) for the upper snow layers
indicates that crystal section increases by one order
of magnitude in the very first metre (from 0.08 close
to the surface to 0.8 mm2 at 1 m depth), due proba-
bly to several water vapour distillation/condensation
cycles within the snowpack in relation with seasonal

temperature oscillations. A detailed description of this
phenomenon is proposed by Nakamura et al. (2000) for
the Dome F site. Below this depth, the measurements
are few and the observed changes are less marked (in
the range 0.6–1.1 mm2). The changes are linked to
metamorphism. After being deposited, snow under-
goes densification and recrystallization according to
processes similar to metallic sintering (Sommerfeld
and LaChapelle, 1970; Maeno and Ebinuma, 1983). It
has been found by Gow (1969) that the velocity of the
transformations depends on temperature, and that the
crystalline structure of the snow changes rapidly in the
very first metres, thereafter slower until pore close-off.

The comparison of MSA and crystal size data are
inconclusive, since MSA concentrations remain rela-
tively stable just in the layers (the upper first metre)
where crystals strongly reorganize. MSA concentra-
tion decreases below, in possibly relation to the mi-
gration process recently pointed out by Pasteur and
Mulvaney (1999).

It is observed that MSA concentrations reach very
low values (sometimes not even measurable) in the
depth range 20–50 m but increase again in deeper firn
layers. The mean concentration between 20 and 100 m
is 3.2 ng g−1 (calculated for 106 samples, Watanabe
et al., 1997a). The increase starts at around 70–75 m.
It is related to the development of the close-off pro-
cess, but terminates only at around 115 m, i.e. below
the estimated end of the pore close-off process (as-
sumed to be fully achieved at around 100 m depth).
This difference of 15 m could be related to the time
needed to consolidate the ice structure and the airtight-
ness of the bubbles. Microcracks in the ice could also
cause a loss of gaseous MSA. The Dome-F Ice Core
Research Group (1998b) calculated a mean concen-
tration of about 10 ng g−1 between 100 and 400 m
(8.5 ng g−1 between 120 and 200 m, see above), i.e. a
level lower than the mean concentration determined in
the upper 2 m of snow (13.9 ng g−1). At Vostok, mean
concentration in the upper 2 m and for the Holocene
is 17.3 ng g−1 (Fig. 2) and 6 ng g−1 (Legrand et al.,
1992), respectiveley. This suggests that a significant
amount of MSA is lost between the time it is deposited
in the snow and the time it is entrapped in the ice. The
presence of gaseous MSA in the central Antarctic at-
mosphere has been discussed by Wagnon et al. (1999).
Several arguments make it plausible to assume a sig-
nificant gaseous-phase contribution to central Antarc-
tic MSA, even if this gas has not yet been detected
in the atmosphere. This compound is predominately
present in the fine-particle mode (Berresheim, 1987)
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but recent measurements have demonstrated the pres-
ence of gaseous MSA and nss-SO4in the marine atmo-
sphere (Berresheim and Eisele, 1998; Mauldin et al.,
1999). If the oxidation of DMS occurs in the dry, cold
and pristine Antarctic free troposphere, a much longer
lifetime for gaseous MSA can be expected in compar-
ison to those at other latitudes and altitudes.

Model studies of trace gases having no interaction
with ice (like CO2 or CH4) show that gas exchange
with the free atmosphere is easy until about 10 m, but
increasingly difficult below this depth until close off,
where it ceases definitively (Schwander et al., 1988).
The case of MSA is different, since the release of this
gas to the interstitial air is linked partly to (a) snow
metamorphism, a process which slows down rapidly
with depth, and (b) diffusion in ice grains, a process
which takes time to develop. Once in the gaseous
phase, MSA could stagnate in the firn due to its high
density (3.7) and finally be entrapped in bubbles at
pore close-off. It is suggested that most of the loss of
gaseous MSA from the interstitial phase could occur
during transportation and storage, i.e. not in natural
conditions. This sequence of processes would explain
why measured concentrations are very low until pore
close-off level and increase again in the ice below.

After pointing out the serious changes of MSA con-
centrations observed in the upper firn layers in central
Antarctic snow, we will now discuss the significance
of MSA records in central Antarctic snow.

How reliable are temporal changes of MSA con-
centrations recorded in firn layers This issue is partic-
ularly important since MSA concentrations in South
Pole snow were suggested several years ago (Legrand
and Feniet-Saigne, 1991, see below) to be linked to El
Niño events. In other words, is there still a chance that
records of strong El Niño events of the past may be
reconstructed by analyzing polar ice cores?

To document this issue, the detailed study of
Wagnon et al. (1999) at Vostok is particularly use-
ful, at least for an initial picture. Strong signals
have been detected along MSA profiles, even below
10 m depth. These spikes may represent atmospheric
changes or be randomly distributed and caused by the
post-deposition processes discussed above. Their oc-
currence simultaneously or just after a volcanic erup-
tion suggests that they could be real phenomena, i.e.
not artefacts. We propose that this effect is linked to
acidity changes, MSA moving from volcanic to less
acidic adjacent firn layers. The effect has been pointed
out by Wagnon et al. (1999), and is also observed for
other acid gases such as HCl and HNO3. It is presently
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Fig. 3. MSA (solid line) and nss-SO4 (shadowed area) con-
centration changes in Vostok firn layers around the time of
the Tambora eruption, 1815 AD. NssSO4(non-sea-salt sul-
fate) peaks are volcanic.

not fully explained, but we can speculate that it may
be linked to the decrease of the solubility of MSA in
ice caused by high acidity levels. Such an effect is well
known in aqueous-phase chemistry: the solubility of
acids in water is pH-dependent. As the phenomenon
is very slow in the solid phase (it takes centuries to de-
velop), it occurs at depth, i.e. in dense firn layers, and
a large part of the gas is redeposited locally, forming
a spike. However, the occurrence of an atmospheric
MSA signal (e.g. triggered by an ENSO event) can-
not be excluded. This is particularly the case for the
1818 Tambora eruption (Fig. 3), which is historically
known to have been followed by a major El Niño event
(Chenoweth, 1996). The atmospheric aftermaths of
older eruptions, e.g. the 1259 eruption, are much less
documented.

Dome F data are not detailed enough to be helpful
in this issue. Nevertheless, the Dome F MSA profile
exhibits marked short-term variations which could be
related to atmospheric changes, suggesting that MSA
spikes are not entirely levelled off in central Antarctic
ice by post-deposition diffusion processes. This will
be further discussed below for South Pole studies.

Finally, we examined the possible role of marine
aerosol (as an alkalinity provider) in retaining MSA
(as proposed by Mulvaney et al., 1992). By plotting Na
and MSA concentrations for Dome F samples between
120 and 200 m depth, we attempted to demonstrate
that MSA concentrations in the ice could be linked
to sea salt concentration due to the redeposition phe-
nomenon but the correlation found (r2 = 0.2) is too
weak to be decisive. In conclusion, Vostok and Dome
F profiles depict the post-deposition changes that af-
fect MSA concentrations in the firn layers at sites with
extremely low accumulation rates. This species is only
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partly released to the interstitial air during snow meta-
morphism. The transfer to the gas phase seems to occur
later in depth, where MSA can move slowly within ice
grains and leave the ice phase of firn. Data suggest
that gaseous MSA could become entrapped in air bub-
bles. In the ice, it is therefore most probably located in
the air enclosures rather than in the solid phase. MSA
concentration in ice most likely depends on acidity,
this parameter influencing the solubility of MSA in
ice.

3.2. South Pole and Byrd Station

At Amundsen–Scott (South Pole) and Byrd Sta-
tions, snow accumulation rates (in the range 8–11 g
cm−2 yr−1) are 2–3 times higher than at the sites
studied above. Are significant post-deposition effects
on MSA concentration also observed at these sites?
To answer this question, we have re-examined South
Pole data from Feniet (1990) and Legrand and Feniet-
Saigne (1991), some of them unpublished, and the
Byrd Station record from Langway et al. (1994).

Six data sets are available at South Pole (see sec-
tion 2). MSA concentrations obtained from the longest
discontinuous record (PS-1, Fig. 4) decrease from the
upper layers until 15–20 m and then start to increase
again until the end of the record. This indicates that
a post-depositional effect on MSA concentrations is
probable. Concentrations in the ice (in the range 4–6 ng
g−1 between 100–120 m) are lower than in the upper
first metres (range 5–30 ng g−1, Fig. 5), which suggests
that there is probably an overall loss of MSA from
the firn layers at this location as earlier mentioned for
Dome F and Vostok sites. The gaseous MSA formed
during snow metamorphism is partly redeposited and
partly stored in the interstitial air. The redeposition of
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Fig. 4. Methane sulfonate concentration (ng g−1) at the
South Pole (PS-1 ice core) as a function of depth (m) (data
from Feniet, 1990).
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bold) was analyzed in 1999 by Patris (Patris et al., 2000).
The broken line was calculated using PS-13 data only.

gaseous MSA is likely, as suggested by the absence
of seasonal variations of MSA concentrations, even
close to the surface (Legrand et al., 1992), whereas
Mulvaney et al. (1992) observed a migration of MSA
from summer to winter layers only at depth (after
a few decades) at a site where accumulation is four
times higher than at the South Pole. More recent mea-
surements confirm this effect (Langway et al., 1994;
Minikin et al., 1994; Kreutz et al., 1998).

Measured MSA concentrations in the upper firn lay-
ers do not appear to be entirely reliable. This conclu-
sion results from the comparison of the various data
sets (from several firn cores) recovered during the same
campaign at the South Pole (PS 11, PS 12, PS 13
and PS 14, see Table 2). On the other hand, PS 8,

Table 2. Mean MSA concentrations at the South Pole
obtained from various samplings

Sample Depth (m) MSA (ng g−1)

PS-1 2.9–14 2.86 ± 1.8
PS-1 100–120 5.5 ± 1.2
PS-8 3.25–4.7 8.6 ± 5.4
PS-11 (pit) 0–1.5 12.8 ± 11.3
PS-12 3–4.8 4.8 ± 5.2
PS-13 0–4 8.0 ± 3.3
PS-13 4–11.3 6.9 ± 3.4
PS-14 4.2–10.2 7.6 ± 5.2
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analyzed some 10 yr later than the others, does not ex-
hibit unusual MSA concentrations (Patris et al., 2000).
This suggests that major metamorphic changes devel-
oped during sampling and transport from Antarctica
to Grenoble (rather than during storage) in addition to
the processes naturally affecting firn structure in situ.
Marked declining trends of MSA concentrations as a
function of depth are found for the longest upper firn
records (PS-11, PS-13 and PS-14, Fig. 5), confirming
that MSA long-term records obtained from these cores
were affected by post-depositional changes, and that
the changes are more marked at depth than in upper
layers.

On the other hand, perturbations on shorter time
scales (a few years) seem to be conserved at South
Pole. In particular, Legrand and Feniet-Saigne (1991)
detected large concentration changes that they at-
tributed to the impact of El Niño events on the pro-
duction or transport of MSA from the sub-antarctic
ocean to inner Antarctica. Figure 5 shows that the
changes attributed to El Niño are superimposed on
the general decreasing trend of MSA profiles in the
upper firn layers at South Pole. Part of the MSA ini-
tially deposited escapes probably to the atmosphere.
The MSA/nss-SO4 ratio calculated over 385 samples
(PS 12 + PS 13 + PS 14) has a mean value of 0.13,
a figure within the range of R values obtained in the
sub-Antarctic marine atmosphere (Legrand and Pas-
teur, 1998). The decrease observed at South Pole is
clearly marked but less steep than the decrease found
at Vostok by Wagnon et al. (1999). It spans over more
metres at South Pole than at Vostok, probably in rela-
tion to the different snow accumulation rates at the two
locations.

A major issue is the record of El Niño events dis-
covered at South Pole and never confirmed elsewhere.
May this record be questioned by the post-deposition
artefact we point out in this paper? The record shown
by Legrand and Feniet-Saigne over the last 60 yr (up-
per 12 m of firn) is located in the part of the MSA
record where the decreasing trend is particularly well
marked (mean value at 30–50 m depth: 2.6 ± 2.9 ng
g−1, in comparison with the mean value of 9.2 ± 2.9 ng
g−1 at 1–2 m depth). On the other hand the fluctua-
tions of concentrations are not totally obliterated, al-
though they are probably mitigated at depth. At Vos-
tok, where the concentration decrease is much more
clearly marked than at South Pole, sharp MSA peaks
seem to be conserved even at 30 m depth (see above).
Dome F sampling, which is discontinuous, does not al-
low us to draw definite conclusions. An unbroken 2 m
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Fig. 6. Dome F: MSA concentration along a 2.2-m-long con-
tinuous ice core section around 167 m depth.

sequence (25 samples) around 166 m exhibits marked
MSA fluctuations which could be related to El Niño
events (Fig. 6).

At Byrd Station (accumulation 10 g cm−2 yr−1),
Langway et al. (1994) observed a marked sag (by
a factor of 3–4) in MSA concentrations from about
350 to 150 yr BP (i.e. about 50–30 m depth, Fig. 7).
The minimum of MSA is found around 110 BP. This
depth range agrees with those where measured MSA
concentrations decreased in the other firn cores dis-
cussed in this paper. Note that pore close-off at Byrd
is around 52 m, i.e. at the lower limit of the depth range
were MSA concentration is low. This agrees well with
our proposal that MSA may be located partly in the
gaseous phase in the firn and that this part is lost from
firn samples during core storage. The record compares
satisfactorily with the PS1 profile shown in Fig. 4.

4. Concluding remarks

This review shows that the formation of MSA
records in polar ice is not a simple process. Measure-
ments carried out in firn layers at different central polar
sites suggest that this species is deposited reversibly.
MSA re-emission to the gaseous phase is linked to
(1) the reorganisation of the snow flakes after deposi-
tion (so-called snow metamorphism), (2) the migration
of MSA in the firn and its release to the interstitial air,
and (3) the pH of the ice, probably due to decreasing
solubility of MSA in the ice as a function of acidity.

At Dome F, the increase observed for MSA con-
centration in the depth range where air bubble close-
off occurs is quite consistent with the proposal that
gaseous MSA is present in central Antarctic firn layers:
MSA released from the snow matrix into the gaseous
phase in the upper firn layers (as proposed by Wagnon
et al., 1999) is entrapped in the air bubbles at greater
depths. The gaseous MSA present in firn samples in the
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Fig. 7. Byrd Station (Langway et al., 1994). A marked low (by a factor of 3–4) is observed along the MSA profile for 30–50 m
depth.

20–50 m depth range is lost during sample storage and
is consequently not measured. This loss does not occur
under natural conditions.

Some of the gaseous MSA in the firn can be expelled
to the free atmosphere, but the quantity involved is
uncertain. It has been proven that the remaining gas
may be partly redeposited on winter layers, due to their
low acidity. Acidity is therefore a crucial parameter,
as confirmed by the expulsion of MSA from acidic
volcanic layers.

At depth, short-term variations (El Niño type) are
conserved, but probably not quantitatively, as demon-
strated by measurements carried out at the South Pole.
This is encouraging for the determination of past El
Niño events but inconclusive regarding the quality of
MSA levels. Of particular importance is the explana-
tion concerning the origin of the MSA peaks found in
deep firn. Are they simply glaciological artefacts or are
they linked to real atmospheric concentration changes
during those periods? A clear answer to this challeng-
ing question would require the analysis of MSA fluc-
tuations in two parallel firn cores.

The development of a model valid for gases (in par-
ticular acids like HCl, HNO3 and MSA) interacting
with the ice matrix has to be encouraged. Modelling

has to take into account the various physical and chem-
ical processes mentioned in this paper. Unfortunately,
in-situ measurements and observations concerning firn
layers are scarce and few property data exist, in par-
ticular for MSA.

Finally, under ice-age conditions, it may be as-
sumed that MSA was not deposited as an acid, but
rather as a salt, due to its probable fixation on alka-
line particles (of marine or continental origin) during
long-range aerosol transport to polar areas. Changes
of snow alkalinity or/and temperature, combined with
accumulation changes, could explain MSA variations
over the last 100 000 yr. This point requires further
investigation.
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