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Abstract: The distribution of dimethylsulphide (DMS), together with the precursor dimethylsulphonio-
propionate (DMSP) and the oxidation product dimethylsulphoxide (DMSO), was measured in melt waters on
the McMurdo Ice Shelf in the immediate vicinity of Bratina Island. Conductivity in these sulphate dominated
ponds was extremely variable, ranging from 0.106-52.3 mS cm-. Similarly, chlorophyll a concentrations in
the pond waters (1-150 ug 1) and mats (1.4-33 ug cm?) differed considerably. The biomass was dominated
by benthic felts of phototrophic cyanobacteria, which might act as a source of biogenic sulphur compounds
in the ponds. The mean (and ranges) of concentrations of dissolved sulphur compounds (nmol 1) were: CS,
0.16 (<0.04-1.29); DMSP, 0.6 (<0.07-8.4); DMS 3.5 (<0.07-183); DMSO 27.9 (15.5-184.5). Very high
concentrations of DMSO were ubiquitous in the ponds in the ice-cored moraine region of the ice shelf, with
dissolved concentrations having been 1-2 orders of magnitude greater than those of DMS or DMSP,. It is
difficult to ascribe the formation of DMSO solely to the conventionally accepted pathways of DMS oxidation
by either bacterial activity or photochemical reactions. A direct biosynthetic production from phytoplankton
or bacteria might be involved which means that DMSO in aquatic environments could act as a significant
source of DMS rather than as a sink as generally supposed.
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Introduction

Recent scientific curiosity in sulphur compounds has centred.

on dimethylsulphide (DMS) as this gas may play a significant
role in the modification of global climate (Charlson et al.
1987). It has been postulated that DMS of marine biogenic
origin evades to the atmosphere where it is oxidized thereby
forming aerosols. The resulting aerosols, known as
condensation nuclei (CN) and cloud condensation nuclei
(CCN), affect the hydrological cycle and promote cloud
formation. The major consequence of enhanced cloudiness
in the marine troposphere is to increase the planetary albedo
which in turn leads to a cooling effect. Thus, this mechanism
may act as a biofeedback control to impede global warming
caused by the increasing greenhouse gas concentrations in
the atmosphere. A good correlation has been observed
between atmospheric CN numbers and dissolved
dimethylsulphoniopropionate (DMSP,), the precursor of
DMS, in the Antarctic Peninsula region (Kirst ef al. 1993)
and over the tropical South Atlantic Ocean (Andreae et al.
1994). DMSP, which behaves as an osmoregulator and
cryoprotectant, is produced by phytoplankton (Kirst et al
1991). Hence, DMSP, concentrations are often dependent
upon the salinity of the water, but can be augmented by
zooplankton grazing (Dacey & Wakeham 1986).

The biogeochemical cycling of DMSO in the aquatic
environment remains poorly resolved (Malin et al. 1992).
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DMSO concentrations in oceanic waters may be an order of
magnitude greater than those of DMS (Andreae 1980, Lee &
de Mora, unpublished data). Bacteria can reduce DMSO to
yield DMS (Zinder & Brock 1978). Alternatively, DMS in
solution may be photochemically oxidized to DMSO
(Brimblecombe & Shooter 1986) and so be prevented from
venting to the atmosphere. Possible climatic control by the
biogeochemical cycling of sulphur compounds is exerted
through the air-sea exchange of DMS (Liss et al. 1993). To
comprehend and model the availability of DMS requires
knowledge of the partitioning of sulphur between DMS and
DMSO.

It has been inferred from DMS photochemical oxidation
studies (Brimblecombe & Shooter 1986) that DMSO in the
marine environment is derived via such a pathway. Certainly
the constant sunlight conditions encountered during the
Antarctic summer would favour such a mechanism.
Alternatively, DMSO production has been shown to occur as
a result of DMS oxidation by phototrophic purple bacteria
(Zeyer et al. 1987). Cyanobacteria comprise thick benthic
mats in the McMurdo Ice Shelf aquatic ecosystem (Howard-
Williams et al. 1989, Vincent et al. 1994) and such biota may
similarly serve to convert DMS to DMSO.

This study examines the distribution of DMS, together
with its precursor DMSP and the oxidation product DMSO,
in melt waters on the McMurdo Ice Shelf in the immediate
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Fig. 1. Map of the McMurdo Ice Shelf showing Bratina Island.

vicinity of Bratina Island. Chlorophyll a, pH and major
element concentrations were also measured. Microbial
assemblages differ from one pond to another and the ponds
in this region have proved to be valuable sites for examining
microbial processes (Hawes et al. 1992, Howard-Williams
et al. 1989, Vincenteral. 1993)and aqueous biogeochemistry
(de Mora et al. 1994). In general, this particular ecosystem
is relatively simple, being dominated by cyanobacteria and
devoid of macroinvertebrate grazers. Moreover, the evolution
of reduced sulphur gases in this environment has already
been demonstrated (de Mora et al. 1990). Individual ponds
can act as natural mesocosms, facilitating the study of
geochemical and microbial processes that are expected to
occur in widespread aquatic environments but which may be
difficult to discern in more complex systems.

Environmental setting

Incorporating an area in excess of 1500 km?, the melt water
ponds and streams on the McMurdo Ice Shelf comprise the
largest non-marine aqueous ecosystem within Antarctica
(Fig. 1). There are two recognized terrain types in this
region, namely “pinnacled ice” and “ice cored moraine” or
“undulating ice”. They are distinguished on the basis of
geomorphological differences, but the chemical and biological
characteristics of ponds in these two terrain types can differ
markedly. The ponds are highly variable with respect to
chemical composition, ranging from pristine glacial melt
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waters to hypersaline solutions of sodium sulphate (de Mora
etal. 1994). Primary productivity similarly varies (Howard-
Williams et al. 1989, Howard-Williams et al. 1990), but it
is noteworthy that there are no macroinvertebrate grazers
(Suren 1989). The biota is best characterized by the extensive,
thick benthic mats of cyanobacteria which are dominated by
oscillatoriacean species (Howard-Williams et al. 1990,
Vincent et al. 1994). These pond systems serve as sources
of biogenic gases for both sulphur containing (de Moraet al.
1990, Shooter et al. 1992) and halogenated (Schall et al
1996) compounds.

Methods
Sampling

Overall, 130 samples from 30 different ponds from the ice
cored moraine environment only of the McMurdo Ice Shelf
were examined in January 1994. Emphasis was placed on a
set of seven ponds which had been investigated during
several previous seasons and for which a considerable body
of information was available concerning their biological and
chemical characteristics (de Mora et al. 1994, Hawes et al.
1993). These seven ponds were each sampled about 10 times
during a two week period. Ponds are designated here by local
unofficial names, but a map of the study area was produced
in 1987 by the Department of Lands and Survey, New
Zealand. 'Duet pond’ and 'Fresh pond' are relatively large
(1400 and 900 m? surface area, respectively) and remain
covered with ice during the summer in most years. 'Skua
pond' and 'Retro pond' are relatively small (275 and 140 m?
surface area, respectively, and shallow (i.e. <1 m deep)
ponds. Whereas 'Brack pond' has a surface area of 800 m?,
'Salt pond’ and 'Son of salt pond' are much smaller (130 and
5 m? surface area, respectively).

All surface water samples were taken from the edge of the
pond using 1 1 Nalgene LDPE bottles which had been pre
rinsed with approximately 200 ml of sample water. Some
subsurface samples (from only 10-30 cm) were collected
using a Nalgene polysulphone filter flask and a Nalgene
hand operated vacuum pump, being drawn up into the flask
with a minimum amount of vacuum. The contents of the
flask were then transferred to a 1 1 Nalgene bottle. The
sample bottles were filled to the brim to eliminate headspace
and all liquid transfer processes were carried out in such a
way as to avoid the premature degassing of the volatile
sulphur compounds. At Bratina Island unfiltered aliquots
(125 ml) of each sample were set aside for immediate DMS
and DMSP, analyses, and conductivity and pH measurements.
The rest of the sample was filtered through Whatman GF/F
papers, with the papers being retained for chlorophyll «
analyses. Aliquots (125 ml) of the filtrate were kept for
subsequent DMSO determinations, and a further 250 ml
aliquot was set aside for return to New Zealand for major ion
analysis. All sample storage bottles had been washed in 2%


https://doi.org/10.1017/S0954102096000041

BIOGEOCHEMISTRY OF SULPHUR IN GLACIAL MELT WATER PONDS 17

perchloric acid for 24 h, rinsed and soaked in Milli Q water
(18 MQ purity) for 48 h, and then air dried.

Conductivity, pH and chlorophyll a

Both water and benthic mat samples were analysed for
chlorophylla. Chlorophylla was extracted by boiling in 95%
ethanol for 5 min, followed by 24 h extraction at ambient
temperature. The absorbance of the extract was then measured
at 665 and 750 nm (Howard-Williams et al. 1989). The pH
of the pond water samples was determined using an Orion
Research SA250 Portable pH Meter with automatic
temperature correcting probe. Regular on site calibration of
the pH meter was carried out using NBS buffers. Conductivity
was measured using a Suntex SC 12 Digital Conductivity
Meter equipped with a Corning electrode using the appropriate
cell constant and manual temperature correction. On return
to New Zealand, the conductivities were remeasured under
constant temperature conditions (15°C).

DMSO, DMSP and reduced sulphur gases

The analysis of all the organosulphur compounds was
undertaken using a Perkin Elmer PE8500 gas chromatograph
equipped with a sulphur specific flame photometric detector
(GC FPD). Replicate DMSO analyses were carried out by
direct injection of the filtered liquid sample into the GC using
1 ul or 5 ul Hamilton syringes. DMSO and DMSO,
(dimethylsulphone) were isothermally separated at 150°C
with retention times of ¢. 4.5 and 10 min respectively. The
column train comprised a Teflon guard column (125 mm x
2.5 mm i.d.) and a Teflon analytical column (1.4 m x 2.5 mm
i.d.), both packed with 15% Free Fatty Acid Phase (FFAP) on
40-60 mesh Chromosorb T. The flow rate of the carrier gas,
oxygen free dry nitrogen, was 30 ml min™. The injector port
temperature and the detector block temperature were set at
210°C. The injector glass liner was cleaned with Milli-Q
water after every 50 injections to remove salt deposits.
Sulphur hexafluoride (SF,) was introduced into the H, flame
to improve the sensitivity of the detector (de Moraet al. 1993,
Farwell & Barinaga 1986). The detection limit for DMSO
was 0.06 nmol I and the detection limit for DMSO, was 0.16
nmol I, with a RMS error for the analysis of 10%.

DMS and CS, were preconcentrated using a purge and trap
technique based on the method described by de Mora et al.
(1990). Oxygen free dry nitrogen (OFN, 80 ml min!) was
bubbled through a 50 ml aliquot of filtered water sample for
10 min. The gas stream was passed through a scrubber tube
containing K,CO, to remove any water, followed by a sampling
tube containing Molecular Sieve 5A where the sulphur
compounds were trapped. The sampling train was held at
ambient temperature during the sparging sequence. For
subsequent analysis, the sampling tube was then connected to
the gas sampling valve (in place of a sample loop) of the GC.
The tube itself was placed into a block heater and ballistically
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heated to 320°C for two min. Thereafter, the gas valve was
opened to allow the volatilized sample to be introduced onto
the chromatographic column. The column used for the
separation of the reduced sulphur gases was a 2 m x 2.5 mm
i.d. Teflon column packed with Carbopack B/ 1.5% XE60/
1% H,PO, (Supelco Inc.). Temperature programming (2 min
at 40°C, 25°C min?, 4 min at 140°C) was employed to
achieve baseline separation of DMS and CS,. Calibration of
the volatile sulphur gases was carried out using permeation
tubes (Shooteret al. 1992). The detection limits for DMS and
CS, were 0.07 and 0.04 nmol I, respectively.

The dissolved DMSP (denoted DMSP ) was determined
after conversion to DMS (White 1982). Following the
sparging of DMS, 3 ml of 2 mol 1! NaOH was added to the
sample to hydrolyse DMSP, to DMS and the sample was then
reanalysed for DMS as outlined above. To prevent any
residual base from prematurely hydrolysing the next sample,
the sparging unit was rinsed with 1 mol I* HCI followed by
Milli Q water immediately after each DMSP,, determination.
The DMSP, detection limit was 0.07 nmol 1! as DMS
equivalents. The RMS Error for the analysis of both DMS
and DMSP, was 12%.

Anion analyses

Simultaneous determination and quantification of the major
anions was carried out using ion chromatography (Wylie
1993). A Dionex Model QIC instrument fitted with a
conductivity detector was used for the analyses, with detector
output to a Hewlett Packard 3396A Integrator. The eluent
system used was bicarbonate/carbonate (2 mmol 1! NaHCO,/2
mmol 1! Na,CO,) at a flow rate of 2 ml min™. The anion
column train consisted of a Dionex HPIC AG4A guard
column followed by a HPIC AS4A analytical column. On
line suppression of the eluent conductivity was carried out
using a Dionex AMMS suppressor, with suppressor column
regeneration using 25 mmol 1! H,SO, at a flow rate of
5 mlmin!. Samples were injected using a 50 z1 sample loop.

Results

The conductivity in each of the principal seven ponds is
shown in Fig. 2. The conductivities in these ponds encompass
the limits to be encountered in waters on the McMurdo Ice
Shelf, varying from ¢. 0.2 mS cm in 'Fresh pond' and "Duet
pond' to 54.0 mS cm! in 'Son of salt pond'. The high salinity
of 'Salt pond' and 'Son of salt pond' arises because these two
pools are in contact with a small deposit of mirabilite. Hence,
the ponds in this region span a wide range of sulphate
concentrations. The pH in these ponds is quite high and
typically falls in the range 8.5-10.5. The exception was
'Retro pond’ which exhibited a median pH of 8.40, within a
range of 7.77- 9.02. The high pH in these systems has been
attributed to the photosynthetic activity of the benthic mats.
(de Mora et al. 1994, Hawes et al. 1993), but might include
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Fig. 2. Conductivity and mean chlorophyll a in plankton and
benthic mats for the seven main study ponds near Bratina
Island.

contributions from the dissolution of marine derived salts,
especially calcite. The highest pH values in these ponds are
likely to lead to the hydroxide-induced decomposition of
DMSP to DMS (Dacey & Blough 1987).

For these seven ponds, the chlorophyll @ content generally
increased with the conductivity (Fig. 2). This trend is also
evident for the chlorophylla content of the benthic mats. The
exceptional behaviour evident in 'Son of salt pond' has been
noted previously (Vincent et al. 1994). As the water depth
is only 1--2 m for these ponds, the biomass is dominated by
the benthic cyanobacteria mats. However, it should be
pointed out that carbon assimilation numbers are very low in
comparison to those for the phytoplankton in overlying
waters (Howard-Williams et al. 1989), i.e. 0.08 cf. 5-10 mg
C (mg Chl @) h'. Accordingly, it is difficuit to ascribe the
biogenic source of sulphur compounds definitively to either
the dominant biomass of the cyanobacterial mats or the rapid
carbon assimilation rates of the phytoplankton. If data from
all ponds are considered, there is no clear relationship
between chlorophyll @ and conductivity. Nevertheless, the
highest chlorophylla concentrations are in general associated
with the most saline waters.

The distribution of sulphur compounds in the seven ponds
is depicted in an exponential plot (Fig. 3). Although CS,,
DMSP,, and DMS were found in all seven study ponds, each
constituent was below the detection limit in some other
ponds. In contrast, DMSO was detected in every pond
investigated. DMSP, and DMS content apparently increased
with the conductivity, ranging from 0.3-8.4 nmol It and 0.7
30.1 nmol I}, respectively. Except in 'Son of Salt pond’, the
DMSO concentrations (15.5-48.7 nmol 1) were about an
order of magnitude greater than those of DMS, and were not
dependent upon the conductivity. For any given pond, the
DMSO content from all surface samples was statistically
indistinguishable from all subsurface (10-30 cm) samples.
However, the ponds were highly variable from day to day and

https://doi.org/10.1017/50954102096000041 Published online by Cambridge University Press

Conductivity mSem

Concentration nmol L'

Son of Salt

o
o

Pond a Compound

Fig. 3. Mean concentrations, plotted on an exponential scale, of
CS,, DMSP, DMS, and DMSO in the seven main study ponds
near Bratina Island.

even within a given pond. For both 'Brack pond' and 'Salt
pond', six replicate samples were collected from six sites in
each pond at the same time. For any given set of analyses, the
standard deviation varied from 4-9%. However, the DMSO
concentrations varied in the range 90-338 and
206-1388 nmotl I, respectively, for the two ponds.

The relative composition of DMSP,, DMS, and DMSO is
shown in Fig. 4 for all ponds investigated. The overwhelming
predominance of DMSO is evident. Exceptions occur with
samples taken only from 'Salt pond' and 'Son of salt pond'
which occasionally had elevated DMS concentrations. Low
but notable concentrations of CS, were found, varying from
0.05-1.3 nmol I*, with high concentrations associated with
the most saline/most biologically active ponds. DMSO, was
not observed in any pond water samples, indicating that
concentrations were consistently <0.16 nmol I,

Discussion

DMSP is biosynthesized by phytoplankton, presumably for
its properties as an osmoregulator and a cryoprotectant (Kirst
etal 1991). Accordingly, it has been suggested that aqueous
DMSP  concentrations should be dependent upon the salinity.
The DMSP, concentration as a function of conductivity for
all ponds examined is shown in Fig. 5a. The absence of
macroinvertebrates (Suren 1989) would limit the amount of
DMS produced from DMSP released via cell rupture during
grazing. Although the highest DMSP, concentrations were
generally found in waters with the greatest conductivity, the
relationship was not well established. The DMSP, was not
related to planktonic chlorophyll a (Fig. 5b). This observation
is well known since phytoplankton exhibit a marked inter-
species variation in their ability to biosynthesize DMSP
(Charlsonetal. 1987, Keller 1989). However, the relationship
could be further exacerbated in these ponds due to the
dominance of benthicbiota. Although all ponds are dominated
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Fig. 4. Speciation of DMS-related organosulphur compounds in
ponds atop the McMurdo Ice Shelf, whereby symbols
represent samples from: [ Son of Salt pond, () Salt pond and
A 28 other ponds .

by cyanobacterial felts, there are inter-pond differences in
taxonomic composition (Howard-Williams et al. 1989,
Howard-Williams et al. 1990, Vincent et al. 1994).
DMSP, levels were found to vary from below the limit of
detection to 8.4 nmol 11, with an average concentration of 0.6
nmol I (standard deviation 1.6 nmol ). The content of
DMSP is evidently highly variable in natural waters. The
DMSP, concentrations observed in the McMurdo Ice Shelf
ponds are similar to the lowest values (4-20 nmol 1?)
determined in some Canadian lakes and wetland ponds
(Richards et al. 1994). In contrast, this same study observed
some much higher values (up to 1400 nmol 1) in hypersaline
waters. Similarly, relatively elevated concentrations up to
20 nmol I DMSP, were recorded in another so-named 'Salt
pond', a seasonally stratified eutrophic basin on Cape Cod,
Massachusetts, USA (Wakeham et al. 1987). A wide range
in DMSP, concentrations has also been noted in oceanic
environments. Data presented here are similar to values
between 4 and 6 nmol I'! reported for the surface waters in the
Pacific Ocean (Hatton et al. 1994). However, higher
concentrations have been observed elsewhere:5.6-198 nmol I
in the North Sea and coastal waters near the British Isles
(Turner et al. 1988) and 2-75 nmol 1 in the Southern Ocean
(Kirst et al. 1993). Thus, DMSP, in the melt water ponds
falls within the lower range of concentrations typically
encountered perhaps reflecting the limited bioproduction of
DMSP, by cyanobacteria relative to phytoplankton
(Keller et al. 1989). Alternatively, bacterial degradation of
DMSP might be accelerated in this unusual ecosystem.
DMS isbelieved to be derived primarily from the enzymatic
cleavage of DMSP, and hence, arelationship between DMSP,
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Shelf.

and DMS in solution would be expected. In these ponds, the
highest aqueous DMS concentrations were indeed observed
in those waters exhibiting the greatest DMSP, content.
However, there was no consistent trend for DMS concentration
with respect to the DMSP, content. A wide range of DMS
levels was apparent for ponds exhibiting undetectable DMSP .
The average DMS concentration for all the ponds analysed
was 3.5 nmol I'! (standard deviation 18.9 nmol I?, with a
range 0f0.2-183 nmol '), For most ponds, the concentrations
were comparable to the DMS levels encountered in 'Salt
pond’, Cape Cod, typically 5~10 nmol 1! (Wakeham et al.
1987), and in oceanic environments, namely 1-30 nmol I
(Andreae & Barnard 1984, Turner et al. 1988). However, in
the case of the more saline ponds, the large concentrations
were vastly greater than oceanic values but remained less
than the highest concentrations (3050 nmol 1) observed in
Canadian hypersaline lakes (Richards et al. 1994).

Based on the observation that the DMS concentration was
apparently enhanced in lakes with sulphate concentrations
>20 mg 1, Richards ef al. (1994) suggested that there was an
unidentified mechanism present which increased the
availability of sulphate leading to enhanced DMS production.
Similarly, atendency of increased dissolved DMS in sulphate
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Fig. 6. DMS versus sulphate for all samples from 30 ponds on
the McMurdo Ice Shelf.

enriched waters was found on the McMurdo Ice Shelf
(Fig. 6). However, this trend also followed the rise in
the chlorophyll a levels with increasing conductivity of
the pond waters. Thus, it is difficult here to attribute the
behaviour to the presence of an “availability” mechanism
or simply to the increasing biological activity. Ratios for
[DMS]: chlorophyll a were found to vary considerably,
mainly due to the large variations in DMS concentrations
presumably as a result of wind induced degassing of the
ponds. Although the seven main study ponds showed
some disparity in the average value of the [DMS]:
chlorophyll a ratio for each pond, the values were not
significantly different (Fig. 7). No general correlation
was observed between DMS and chlorophyll a. As with
the DMSP correlations, the chlorophyll @ measurements do
not take into account any variations in the taxonomic
composition of the phytoplankton and their ability to produce
DMS. In general, the ratios for the overlying waters were
found to be 2—4 orders of magnitude less than oceanic values
(Iversoner al. 1989) but 1-2 orders of magnitude greater than
values observed in some Canadian hypersaline systems
(Richards et al. 1994). This observation coupled with the
high concentration of DMS detected, in some cases much
higher than oceanic values, would strongly suggest that the
cyanobacterial mats were the primary source of the biogenic
sulphur gases.

The DMSO concentrations found in the hypersaline ponds
on the McMurdo Ice Shelf were quite elevated, with the
highest value being 185 nmol I'!. This is comparable to the

https://doi.org/10.1017/50954102096000041 Published online by Cambridge University Press

200

150

a Ratio

100+

[DMS]:Chl-
g
!

<
|

L LI S
Salt Son of Sal

-50 T T T T "
Duet Fresh Skua Retro Brack
Pond System

Fig. 7. Mean [DMS]: mean chlorophyll a ratio for the seven
main study ponds near Bratina Island. In this box and whisker
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maximum value of 180 nmol 1" found in Canadian lakes and
wetland ponds (Richards et al. 1994). Lower
concentrations, <22 nmol 1! were observed in 'Salt pond',
Cape Cod (Wakeham et al. 1987). In contrast, the DMSO
content in surface oceanic waters is typically <15 nmol I
(Bateseral. 1994, Kiene & Gerard 1994), and decreases with
depth (Andreae 1980, Ridgeway et al. 1991, Hatton et al.
1994). Although concentrations up to 218 nmo] 1 have been
observed, such values may have been anomalously high
because analytical techniques employing reduction methods
are subject to interference from the reduction of DMSP and
other readily reducible sulphur compounds (de Mora et al.
1993, Hatton et al. 1994). More recently, DMSO specific
techniques have given levels in the range 3—14 nmol 1! in the
equatorial Pacific Ocean (Hatton et al. 1994) and up to 106
nmol I in coastal waters of New Zealand (Lee & de Mora,
unpublished data). This later study clearly demonstrates
seasonal and diurnal variations in DMSO content.

As noted previously, DMS can be oxidized to DMSO either
by photochemical reactions (Brimblecombe & Shooter 1986)
or by phototrophic purple bacteria (Zeyer et al. 1987).
Regardless of the production mechanism, the subsequent
build up of ambient DMSO concentrations would require low
degradation (or assimilation) rates, but this is generally a
feature of Antarctic microbial systems (Vincent 1988). If
DMS was converted to DMSO by either of these processes,
then one might expect a relationship to exist between DMS
and DMSO; but this was not observed. The DMSO levels
were independent of aqueous DMS concentrations (Fig. 8),
and also with respect to conductivity and the dissolved
sulphate content. An alternative possibility exists to account
for the high ambient concentrations of DMSO, namely via a
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Fig. 8. DMSO versus DMS for all samples from 30 ponds on
the McMurdo Ice Shelf.

direct biosynthetic pathway. It is widely recognized that
DMSOisnaturally present in various foodstuffs and beverages
(de Mora et al. 1993, Pearson et al. 1981). Furthermore,
DMSO has been observed to be present in monocultures of
several marine phytoplankton indicating that DMSO
production is not strictly a result of DMS oxidation by
photochemical processes or bacterial activity (Andreae 1980).
During January 1994, 'Duet pond' and 'Fresh pond' had
>90% ice coverage thereby preventing the evasion of biogenic
DMS to the atmosphere and potentially limiting the
photochemical oxidation of DMS to DMSO. Nonetheless,
DMS levels remained relatively low and even these ponds
had relatively copious amounts of DMSO. On the basis of the
high DMSO levels shown here in fresh waters having little
DMS, we speculate that the biosynthesis of DMSO does
indeed represent an important source to the biogenic DMSO
pool, and hence, cannot be ignored. Confirmation of the
extent and importance of direct DMSO production via a
biochemical pathway requires incubation experiments and
the investigation of particulate DMSO in natural waters. It
should be noted that the unusual assemblage of brominated
and iodinated organic compounds found in these systems has
also been linked to the photosynthetic activity of the
cyanobacteria mats (Schall et al.1996).

The behaviour of CS, was interesting, having been present
in most ponds sampled, including all seven main study ponds
(Fig. 3). This volatile reduced sulphur compound had
previously been measured in marine waters just west of
Bratina Island (Shooteret al. 1992) and had been found in the
atmosphere at Bratina Island (de Moraez al. 1990), indicating
that the ponds were a significant source of CS,. Similarly,
CS, hasbeen detected in water samples taken from hypersaline
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Canadian (Richards et al. 1994) and Spanish lakes (Simé
et al. 1993). In contrast, in Organic Lake, a hypersaline lake
(>130%o) in the Vestfold Hills, CS2 , could be detected only
in the sediments (Roberts et al. 1993). A sedimentary source
for CS, has also been postulated in 'Salt pond', Cape Cod
(Wakeham et al. 1987). The origin of CS, in glacial melt
water ponds of the McMurdo Ice Shelf remains unknown, but
probably involves leakage from the beneath the cyanobacterial
mats where anoxic conditions occur.

Conclusions

Very high concentrations of DMSO were ubiquitous in the
McMurdo Ice Shelf ponds in Antarctica, with dissolved
concentrations having been 1-2 orders of magnitude greater
than those of DMS or DMSP,. It is difficult to ascribe the
formation of DMSO solely to the conventionally accepted
pathways of DMS oxidation by photochemical reactions and
bacterial activity. A direct biosynthetic production from
phytoplankton or bacteria might be involved with the
important implication that DMSO in aquatic environments
could act as a significant source of DMS rather than a sink as
generally supposed.
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