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Abstract: Five volatile organic compounds were identified throughout 1991 in the hypolimnion of Organic Lake. 
These were dimethylsulphide (DMS), dimethyldisulphide (DM2S), dimethyltrisulphide (DM3S), 
dimethyltetrasulphide (DM4S) and phenol. The concentration of these compounds increased with lake depth. The 
concentrationofDMS andDM2S was higherinthesedimentthaninthewatercolumn. Carbon disulphideoccurred 
only in the sediment. DMS was the only volatile organic compound detected in the epilimnion of the lake, where 
its concentration increased from winter onwards. The source of DMS was not dimethylsulphoniopropionate 
(DMSP). This was determined by hydroxylation of the sample with NaOH. There was no change in the 
concentration of DMS but the concentration of DM2S increased dramatically while the concentrations of DM3S 
and DM4S decreased concomitantly. This has important implications in the estimation of DMS derived from 
DMSP by hydroxylation when organic polysulphides are also present. The stability of the hypolimnion of Organic 
Lake was reflected by the lack of change in temperature, density, redox potential and the relatively constant 
concentration of volatile organic compounds throughout the year. Potential sources of the volatile organic 
compounds are discussed in relation to the isolated nature of the lake. 
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Introduction 

The importance of dimethylsuphide (DMS) and other reduced 
sulphur compounds (RSC) from the oceans in climate control 
and the sulphur budget has received considerable attention 
(Lovelock etal. 1972, Andreae etal. 1983, Steudler 22 Peterson 
1984, Charlson et al. 1987, Andreae 1990 ). Organic Lake is 
located in the Vestfold Hills, Antarctica (78" W E ,  68"26'S), 
and is ice covered about nine months of the year. It is a small, 
highly saline, meromictic lake, c. 7 m deep. The anoxic zone 
is devoid of 0, and H,S but contains very high levels (up to 
300 n gl-') ofDMS, thesourceofwhichhasnotbeendetermined 
(Deprez etul. 1986, Franzmann etal. 1987, Gibson etal. 1991). 
To further the study of RSC and other volatile organics in 
Organic Lake we used a Gas Chromatograph-Mass Selective 
Detector (GC-MSD) during 1991. 

Materials and methods 

Sampling 

Water samples were collected from Organic Lake throughout 
1991 using a modified 2 1 polycarbonate Kemmerer bottle 
deployed either through a hole drilled through the ice when 
present or from a small boat. Samples were collected in order 
of depth to avoid disturbing the water column. Water was 

transferred from the sampler into a new plastic bag to ensure 
thorough mixing of the sample. Subsamples were then poured 
quickly into a 500 ml Schott bottle (with teflon lined cap), a 
28 ml McCartney bottle and a 250 ml plastic Duranol. These 
samples were for volatile organic analysis, redox measurements, 
and algal enumeration respectively. The first two bottles were 
filled to thebrim beforecapping and all sampleswere transferred 
to the laboratory in an insulated container to avoid freezing. It 
is realized that the step involving the plastic bag could allow 
oxygen contamination of the sample as well as possible loss of 
volatiles. However, provided the transfer was carried out 
quickly andsmoothly, thereappeared tobelittleif any differences 
between sampling directly from the bottle compared with the 
plastic bag. In the laboratory, 0.5 ml of Lugol's solution was 
added to each Duranol. These were stored at 4°C until analysis. 
The Schott bottles were temporarily stored at 1"C, in the dark. 
Samples for E, measurements were allowed to equilibrate to 
room temperature. Analysis of volatile organic compounds and 
E, took place within 24 h of sampling. 

Sediment samples were obtained using either a modified 
piston sampler in winter (King &Everitt 19SO), or a box sampler 
in summer. Sediment was transferred to a glass jar, filled to the 
brim, stored, and analysed for volatile organic compounds 
within 24 h of sampling. 
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Physical parameters 

Temperature and conductivity, recorded with a Submersible 
Data Logger (Platypus Engineering, Hobart, Tasmania), were 
used to calculate conductivity at 20°C and then density at 20°C 
(g salt l-')using the formulas described by Gibson etal. (1990). 
Redox potential was measured with an Activon platinum redox 
electrode. 

Algae enumeration 

Samples for algal counts were concentrated from 100 ml to 5 ml 
by standing for 48 h. They were then transferred to settling 
chambers and allowed to stand for a further 24 h. Cells were 
viewed by phase contrast microscopy; 10 fields of view were 
counted at 400x magnification. 

Chemical analysis 

Fifteen in1 of each water sample was transferred to a 20 ml head 
space analysis vial containing 4 g of anhydrous Na,SO,. The 
Na,SO, was added to enhance the "salting out effect", which 
decreased the solubility of the volatile organic compounds and 
increased their concentration in the head space. Sediment 
samples were transferred to 20 ml head space analysis vials 

Table I. Head Space Analyser (HSA) and Gas Chromatograph-Mass 
Selective Detector (GC-MSD) operating conditions. 

Head Space Analyser 
Carousel temperature 
Sample loop temperature 
Sample loop volume 
Transfer loop temperature 

Gas Chromatograph 
Injector temperature 
Split ratio 
Column head pressure 
Column 
Internal diameter 
Film thickness 

Linear velocity 
Oven start temperature 
Equilibration time 
Initial time 
Initial rate 
Halt temperature 
Time 
Final rate 
Final temperature 
Final time 

Mass Selective Detector 
Solvent delay 
Electron multiplier voltage 
Mass scan range 

80°C 
85°C 
1 ml 
150°C 

160°C 
20: 1 
25 psi 
SGE 50 m BP1 
0.22 mm 
0.25,um non polar methyl 

silicone 
29 cm s" 
5°C 
30 sec 
3 min 
1 0 T  min-' 
150°C 
2.5 min 
20°C min-' 
250°C 
2 min 

4 min 
1450-1550 V 
29-250 

Approximate scans S" 3 
Ionization 70 eV 
Threshold 1000 

without anhydrous Na,SO,, and the volume of sediment in the 
vial was made up to the same total volume as the water samples 
(with salt added). No salt was added to the sediment samples 
since it did not dissolve. To each sample vial 2.5~1 of internal 
standard was added before being capped and vortexed. All 
samples were prepared in triplicate. The internal standard of 
loop1 cyclohexanone in 100 ml water, was intended to allow 
comparison of the concentration of volatile organics at different 
depths and over time by expressing concentration as apercentage 
oft he internal standard peak area oft he Tot a1 Ion Chr omatogr am. 

Volatile organics were extracted using a Hewlett-Packard 
19395A Head Space Analyser (HSA), and separated and 
identified (with an authentic spectral library) using a Hewlett- 
Packard 5890-11 Gas chromatograph and a 5971A Mass 
Selective Detector (GC-MSD). The HSA and GC-MSD 
operating conditions areshowninTable1. In 1991 Gibson et al. 
reported their detection limits of DMS using a purge and trap 
linked to a GC with a Flame Photometric Detector, as 
approximately 10 ng 1-'. By comparison our detection limit of 
DM2Sandphenol(usingtheMSDinscanmode) was lpgl-'and 
5000 pg  1.l respectively. dimethyldisulphide (DMS), 
dimethyltrisulphide (DM3S), dimethyltetrasulphide (DM4S) 
and carbondisulphide (CSJwerenotquantified. By extrapolation 
of the DM2S concentration it is possible to estimate their 
concentrations. 

Results 

Physical parameters of thelakeinwinter and summer areshown 
in Table 11. Below 4 m, the redox potential, temperature and 
density were relatively stable compared with the surface layers 
throughout the year. The surface water temperature was coldest 
in October (-10.8"C, ice thickness 60 cm) and warmest in 
January (+14.4"C, ice free). The greatest difference in surface 
density occurred between these months (133 g salt 1-' in October 
and 45 g salt 1' in January), Thelow density in January was due 
to the ice melting and a lack of mixing with the water below. 

The two predominant algal species in the lake were identified 
from morphological characteristics as Dunaliella sp. and 
Chaetoceros sp. Similar numbers of each were found and they 
appeared to decrease in number from May (30-40 x lo5 F) to 
November (6-8 x 1Os1'). Their distribution was fairly constant 
in the epilimnion. 

The seasonal changes of DMS concentration throughout the 
lake are shown in Table 111. Samples taken prior to September 
were collected with an unmodified Kemmerer bottle and are not 
presented here. The concentration of DMS generally increased 
withdepth, andwas greatestinthesediment. Theconcentration 
was relatively stable throughout the year at depths 6 and 7 m 
(c. 120ug k') and in the sediment. Samples from the oxycline 
(5 m) varied in concentration throughout the year and may have 
resulted from small differences in sampling depth between 
sampling dates. The samples collected from 5 m contained both 
oxic and anoxic water and a slight inaccuracy in sample 
collection would greatly affect the concentrations detected. The 
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Table 11. Winter and summer profiles of the physical parameters measured in Organic Lake. The oxycline occurs between 4-5 m and is indicated by a reduction 
in redox potential and an increase in salinity (- = no measurement taken). 

surface 

4 September 1991 
(55 cm ice) 

23 December 1991 
(ice free) 

temperature redox salinity temperature redox salinity 
("C) (mV) (g salt P) ("C) (mV) (g salt P) 

-10.3 130 
-10.3 t311 131 t10.4 t252 140 
-10.3 t290 131 -4.1 t246 145 
-10.3 t283 132 -8.6 +241 145 

-9.9 t271 132 -8.8 +232 147 

-5.1 - 93 173 -6.0 ~ 72 182 
-4.6 -137 -5.3 - 127 

-7.0 t139 171 -7.5 t 98 182 

concentration of DMS in the epilimnion generally increased 
from winter to summer, 

Fig. 1 shows a typical profile ofthe volatile organiccompounds 
identified at each depth in October. Compounds were identified 
frommass spectra and concentrationis expressed as apercentage 
ofthe internal standard. This approach wasnecessary as it could 
not be foreseen which compounds would be detected prior to 
analysis. The most abundant compound was DIMS, followed by 
DMZS, DM3S, phenol, DM4S and carbon disulphide. Their 
maximum concentrations in the water column at this date were 
approximately 110, 36, 30, 10000, 1.5, and lpg 1-' (estimated 
from the DMZS and phenol standards). The concentration of 
most volatiles was higher in the sediment than in the water 
column at 7 m. Two exceptions were DM3S and DM4S; the 
latter was not detected at all in the sediment. 

Discussion 

Gibson et al. (1991) proposed that in meromictic lakes of the 
Vestfold Hills containinghigh ( ~ 1 8 . 6  ngl')DMSconcentrations, 
either the degradation processes is relatively less efficient, or 
more DMS is produced in response to increased salinity. The 
high salinity of the lake has also reduced the species diversity in 
the epilimnion so that the only eucaryotes observed were two 
types of algae (Dunaliella sp. and Chaetoceros sp.), and a 
choanoflagellate Acantl?aoecopsis uizguiculutu (van den Hoff 
B Franzmann 1986). Franzmann et ul. (1987) noted that 
highest DMS concentrations occurred with the highest number 
ofDunaliella in the lake. However, they noted that pure cultures 
of Dunaliella sp. did not produce DMS in culture headspaces. 
They isolated strains of the bacterium Halonzonas sp. that 
produced DM2S from methionine and cysteine. Only two of the 
25 strains tested produced DMS and methyl mercaptan (MSH). 
They suggested that the main source of DMS was probably 
bacterial degradation of sulphur-containing compounds, some 
of which may have originated from algal cells. DM2S has been 
produced in vitro in comparable concentrations to the in situ 

Table 111. Seasonal changes of DMS concentration (as a % of internal 
standard) in Organic Lake during 1991. (- = no measurement taken). 

Sampling dates (1991) 
Depth(m) 419 8/10 1/11 2/12 23/12 

1 3 5 0 
2 3 11 17 11 47 
3 2 13 19 23 46 
4 2 11 27 32 47 
5 78 77 148 38 141 
6 533 448 496 358 
7 563 482 531 535 745 
sediment 491 589 633 557 

Fig. 1. Relative concentrations (as a % of internal standard) of 
the organic volatiles present in the water column and sediment 
Organic Lake in October 1991. (tR = retention time) 
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DMS concentration (Holdsworth &Roberts unpublished data), 
at the same time, trace quantities of DMS and DM3S were also 
detected. This was achieved by inoculating a small amount of 
Organic Lake sediment into an artificial Organic Lake media 
containingmethionineas thesolesourceofcarbon. Thecultures 
were grown initially anaerobically and in the light; DM2S was 
produced in cultures that grew bacteria only as well in cultures 
that grew both bacteria and algae. 

Deprez et al. (1986) and Franzmann et al. (1987) reported 
that thedepthof maximumDMS concentrationinOrganicLake 
was at orjust above theoxycline. This phenomena has alsobeen 
observed in a seasonally stratified coastal salt pond in Salt Pond, 
Massachusetts (Wakeham et nl. 1984, Wakeham et al. 1987). 
In Organic Lake, however, this result may be attributed to the 
use of an unmodified Kemmerer bottle for sampling which was 
shown toleakduringretrieval(Roberts &Burton 1993). During 
1991 the highest concentration of DMS occurred at the bottom 
ofthelakewhichimplies that DMS was produced anaerobically. 
Garrick & Gibson (1987) also reported highest levels of DMS 
below the oxycline but they also detected the highest 
concentrations of DMSP at the same depth. They measured 
DMSP by the method of White (1982), which relies on the 
assumption that DMS, released from samples upon the addition 
of NaOH, can be measured to determine the concentration of 
DMSP in original samples. When we repeated this method on 
Organic Lake samples, no change in the DMS concentration 
was observed. However, the peak area of DM2S increased by 
a factor of five whilst the concentrations of DM3S and DM4S 
decreasedby asimilar amount(Roberts 1991). ThusDMSPwas 
not present in our samples. It is not known what Garrick & 
Gibson (1987) measured by the hydrolysis technique since their 
system was reported as being capable of resolving DM2S from 
DMS. The poor correlationbetweenmeasured DMSP maximum 
and algal number would suggest they did not measure DMSP. 
Hence the main productionof DMS and the organic polysulphides 
would appear to beanaerobicdegradationofsulphur compounds 
but not simply from the breakdown of DMSP. 

Kadota & Ishida (1972), Drotar etal. (1987), Kiene &Taylor 
(1988a & b), Kiene & Capone (1988), Kelly & Baker 1990, 
Kelly & Smith (1990) and Kiene et al. (1990) have proposed 
several pathways for anaerobic production of DMS, depending 
on the sulphur compounds being degraded. These pathways 
utilize 3-mercaptopropionate (3-MPA) or MSH as intermediates 
for the breakdown of sulphur containing amino acids and 
DMSP. The 3-MPA is transformed into a number of reduced 
sulphur components including DMS and DM2S. Methyl 
mercaptan may give rise to DMS after methylation by 
microorganisms, and DM2S by oxidation and dimerization. 
Henatsch & Juttner (1990) found that MSH was the major 
volatile sulphur compound in the anoxic layers of a stratified 
lake (Schleinsee, S W Germany) and the concentration increased 
from the metalimnion to the sediment. DMS was only found 
near the sediment. However, whilst MSH was probably not 
detectable on our system, Deprez et al. (1986) and Gibson et al. 
(1991) did not detect MSH with their systems which were 

capable ofretaining and separating MSH and DMS. Anaerobic 
production of MSH and DMS is stimulated by the addition of 
methoxylated aromatic compounds (Finster et al. 1990) but the 
process requires H,S which was not present in Organic Lake. 

The gradual increase in DMS concentration from 
September-December in the upper 4 m of the lake was possibly 
the result of algal production or breakdown of algae in the 
epilinnion. It was associatedwith theincreaseinsunlight hours 
(six weeks without direct sunlight in winter). The temperature 
and density of the surface waters remained fairly constant. 
However, algal numbers did not correlate with DMS 
concentration which suggests that it was not simply due to an 
increase in algal numbers. 

The presence of the organic polysulphides had not been 
previously reported in Organic Lake. Cool (4°C) manual 
injections of head space samples showed the presence of the 
polysulphides (Roberts 1991). The production of the 
polysulphides from the reaction of MSH and elemental sulphur 
atroom temperature(McMil1an & King 1948) snd at thesample 
heating temperature of 80°C (Gschwend etal. 1982) would nol. 
appear to be occurring here since MSH is not present in the lake. 
Decomposition and disproportionation of the polysulphides 
(Kende etal. 1965, Chubachi etal. 1967, Pickering etal. 1967, 
Wajon et al. 1985, Kohnen et at. 1989) also does not appear to 
have occurred since the ratios of polysulphides to DMS were 
stable when heated at 80°C for c. 24 h (Roberts 1991). It i:; 
possible that DM2S may have arisen from the oxidation of 
DM3S under headspace analysis conditions (Tarbell 1961, 
Henatsch & Juttner 1990). The absence of MSH in Organic 
Lake (Deprez et al. 1986, Gibson et al. 1991) would appear to 
preclude it as a potential source of polysulphide production 
during head space analysis. On the other hand MSH can be 
produced from the oxidation of amino acids to DM2S and 
further oxidized to thiosulphinate ester which then proceeds 
through an unstable intermediate (sulphenic acid) reactingwith 
YS to produceDM3S and water (Maruyama 1970, Miller etal 
1973). In Organic Lake the lack of MSH and H,S could 
conceivablybedue to therapidproductionofpolysulphides fioni 
these products rather than simply from the exclusion of tb: 
anaerobes that produce them. Gschwend etal. (1982)suggested 
that dimethyl polysulphides may be derived from sulphur 
containing metabolites other than MSH, for example cyclic 
polysulphides and acyclic forms. Wajon & Wilmot (1992) 
suggested that a naturally occurring chemical reaction between 
polysulphide (S,”) with methyl iodide may also produce DM3S. 

TheincreaseinDMS and DM2S concentrationinthesediment 
and decrease in DM3S and DM4S concentration could be due 
to anumber offactors including different rates ofproduction and 
degradation. Alternatively DM3S and DM4S may be produced 
from chemical reactions only occurring in water column or 
transformed to DM2S in the sediment, or chemically bound to 
the sediment. 

In Organic Lake carbon disulphide was detected in the 
sediment only and in concentrations far lower than DMS. Thns 
agrees with theresultsofGibsoneta1. (1991)whodidnotdetect 
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it in the water columnof OrganicLake and Deprez etal. (1986) 
who measured very small amounts using a purge and trap 
system. Similarly inSalt Pond (Massachusetts) theconcentration 
of carbon disulphide was far lower than that of DMS and it was 
thought to originate from the sediment (Wakeham et al. 1987). 
Henatsch & Juttner (1990) detected low amounts of carbon 
disulphide in the hypolimnion only of Lake Schleinsee (SW 
Germany), and in salt marshes it was only asmall fractionof the 
total gaseous sulphur released (Steudler & Peterson 1984). In 
the open ocean it was produced under anaerobic conditions in 
the sediment where it was thought to participate in the transfer 
of sulphur from the sediment back to the surface waters 
(Lovelock 1974, Zehnder & Zinder 1980). The sources of 
carbon disulphide appear to be the same as those mentioned 
aboveforthedimethylsulphides(exceptDMSP), but, itdoes not 
appear to be anaerobically transformed like the methylated 
sulphides (Kelly & Smith 1990). 

Phenol was the only non-sulphur containing volatile organic 
compound satisfactorily identified. Its abundancewas relatively 
low but remained constant between 6 and 7m with little increase 
in the sediment. Phenol is produced by anaerobiccatabolism of 
aromatic amino acids by clostridia (Elsden et al. 1976, Elsden 
& Hilton 1979) and by microbial degradation of benzene 
(Laskin & Lechevalier 1984), in sewage sludge-derived 
methanogenic enrichments (Grbic-Galic 1986) and in lichens 
(Vicente 1991). The lack of phenol in Organic Lake above 6m 
suggests thatitmaybeproducednearthesediment. Alternatively, 
since it is degraded by a wide range of microorganisms, it could 
be consumed as fast as it is produced in the shallower depths. 

Conclusions 

Reduced sulphur volatilesin OrganicLake are derived principally 
fromtheanaerobicbreakdownofthe algaebybacteria. The high 
concentration of DMZS and trace levels of DMS and DM3S 
produced in vitm, and the lack of DMSP in situ shows that the 
source of reduced sulphur compounds is not predominantly 
DMSP as is the case in Antarctic ocean waters. The standard 
method of quantifying DMSP by hydrolysis to DMS leads to 
serious errors in the presence of polysulphides and thus their 
absence must be established before the standard method of 
White (1982) can be used. 

The importance of bacteria in the production of DMS from 
this hypersaline lake suggests that the role of bacteria in the 
production of DMS from the ocean should be examined more 
carefully. 
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