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SHORT-TERM VARIABILITY IN BIOGENIC SULPHUR 
EMISSIONS FROM A FLORIDA SP~~~~~~ ~~~~~~~F~O~~ 

MARSH 

DAVID J. COOPER, WILLIAM 2. DE MELLO, WILLIAM J. COOPER*, ROD G. ZIKA, ERIC S. 
SALTZMAN, JOSEPH M. PROSPERO and DENNIS L. SAVOIE 

Rosen&l School of Marine and Atmospheric Sciemr, University of Miami, Miami, Florida 33149, U.S.A. 
and *Drinking Water Research Center, Florida intc~t;o~l University, Miami, Florida 33199, U.S.A. 

(First received 18 November 1985 and infinaljorm 2’7 June 1986) 

Abstract -Emissions of biogenic sulphur gases from a Florida Sparrina ulfernifloru zone were measured over 
several tidal and diel cycles using a dynamic flow chamber technique, corroborating recently published 
i~or~tion in the literature. The flux of hydrogen sulfide from individuaf measurements is shown to vary by 
over four orders of magnitude, and correhtes primarily with the stage of the tidal cycle. In contrast, the fluxes 
ofdimethyt sulphide, carbon disulphideand dimethyl disulphide vary by less than an order of magnitudeand 
correlate primarily with !he diurnal temperature changes in the sediment surface. These diflerences are 
discussed in terms of the various biological and physical parameters which may regulale the release of 
reduced sulphur compounds to the atmosphere. 
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INTRODUCTION 

Rexxnt studies on the problem of acid precipitation 
have focused largely on the biogeochemical cycling of 
SuIphur~on~ining ~om~unds. The cont~bution of 
biogenic reduocd S gases to the atmospheric S burden 
has been and remains an area of major concern 
(Marouiis and Bandy, 1977; Adams et al., 1981; Aneja 
er al., 1981; Cline and Bates, 1983; Andreae and 
Raemdonck, 1983; Steudler and Peterson, 1984). 
Oxi~tion of these com~unds leads to the formation 
of sulphate, which is precipitated as sulphuric acid in 
rainwater. Tidally influenced marine sediments and 
salt marshes are a major source of atmospheric H2S 
(Georgii. 1977; Hansen er al., 1978; Jaeschke et al., 
1980; lngvorsen and J&gensen, 1982; Aneja. 1984; Will 
er a/., 1978) as a result of anaerobic bacterial sulphate 
reduction and decomposition of organic material. Salt 
marshes have also been shown to be a major source of 
organosulphur compounds (Adams et al., 1981; Aneja 
et 01.. 1981; Steudler and Peterson, 1984). The range of 
reported emission rates is large, and extreme variability 
at a given sampling site is often found. Consequently, 
estimates of the annual emissions of H2S and or- 
ganosulphur compounds are still very uncertain, and 
are, in fact, the major holdback in attempts to ac- 
curately quantify the atmospheric S cycle. 

The spatial and temporal emission patterns of 
biogenic S compounds reflect the combined effect of 
numerous biological and physical parameters. 
Different metabolic pathways produce di#Terent S 
compounds (Aneja, 1984). and the ultimate release to 
the atmosphere may depend on both the emciency of 
remineralization processes (Hansen et al., 1978) and 

the effect of physical parameters such as tidal inund- 
ation (Aneja, 1984) and temperature (Hansen et al., 
1978). In this paper, we present flux measurements of 
four reduced S gases which were measured at three 
different en~ronments within a Spurt~nu u~~er~i~~ra 
zone on the Gulf coast of Florida. The fluxes of 
hydrogen sulphide (H2S), dimethyl sulphide (DMS), 
carbon disulphide (CS,) and dimethyl disulphide 
(DMDS) are assessed in terms of the relative import- 
ance of tidal and die1 cycles. 

EXPERIMENTAL 

Study site 

Emission measurements were made on M-17 May and 7-8 
October 1985at St. Mark’s National Wildlife RcJuge,Florida, 
U.S.A. (Fig. I). A stand of short Sparrina u~rer~~or~ 
(30-50 cm tali) extended about IS m below the high tide 
mark. The substrate was fine-grained quartz sand with an 
organic content of =z 1%. Measurements were made at three 
different locations; over the S. ahem$ora. on bare sand 
adjacent to S. alremiflora, and on exposed mudflats below the 
S. crlrernilyora stand. Sediment temperatures ranged from 
23”Cat night to 36°C in the early afternoon in May.and from 
I9 to 29-C in October. The tidal range was 80-100 cm, 
exposing about 100 m of mud Rats. The anaerobic zone in the 
sand, evidenced by black colouration, with the characteristic 
odour of HIS, WBS typically less than 2 cm below the surface, 
and occasionally broke the surJace. The depth of this 
anaerobic region was observed 10 be much deeper within the 
S. altern#foru stand @@tally 5-10 cm). 

Emission maasunments were made using a polycarbonate 
chamber (30.5 cm diameter x 30.5 cm height) lined with a thin 
film of FEP Teflon. Design and construction of the chamber 
was similar to Adams er al. (1980), and is described in more 
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Fig. I. Sampling oi!e location. St. Marks National 
Wildlife Refuge, Florida, U.S.A. 

detail elsewhere (Cooper, 1986). The chamber was placed on 
!he surface of interest, !akingcare no! to damage any foliage, 
and depressed slightly in the sediment to ensure a good seal. 
Ambient air was used as a sweep gas a! a flow rate of 
2.2-3.2 / min‘ ‘. This air was passed through gas scrubbers 
comaining silica gel, molecular sieve, activated charcoal and 
palladiumcaaled molecular sieve in order to remove ambient 
reduced S compounds, SO2 and atmospheric oxidanls before 
entering the chamber. An equilibration time of 20 min was 
required before rnatsurements were begun. Samples were 
drawn from the top of the chamber at a flow rate of 
OS-I.3 I min- ‘for H~Sanal~jsor~cm3mjn-’ for DMS, 
CSI and DMDS analysis. H,S emission measurements were 
made during a complete tidal cycle on 16- 17 May 1985, while 
DMS, CS2 and DMDS were measured over IWO tidal cycles 
on 7-8 October 1985. Measurements were made during the 
rising tide until water surrounded the base of the chamber, 
and continued during the ebb tide until the water had receded 
below the sampling toca!ion. Tide height was recorded 
periodically during the study periods. 

The analytical equipment was housed in a self-contained 
mobile laboratory located close 10 the sampling site. This 
allowed samples to be analyzed immediately after colleftion. 
H,S was analRed by a method similar to that of Naluseh et 
al. (1972). ?‘ht samp-k gas s!re.am was drawn through a silver 
nitrate impregnated filter, held in a 47.mm Teffon PFA filter 
holder ICole-Farmer Instrument Co,Chicapo.ILAauanti!at- 
ively tripping the H2S as silver sulphide. 7h; s&&de was 
recovered by washing the filter in 0.1 M NaOH/NaCN 
solution. and analyzed fluoro!ne&ally by Ihe fluorcsance 
quenching of dilute Ruortrcein mercuric acetate. T&e method 
Gas a de&on limi! of 5 x lo- * ’ motes, adding to a 
lower emission rate of 0.3 ma S&i& m- ’ a- ‘. Calibration 
was performed by stnndsrd idd&&-of fresh dilute sodium 
sulphide solution to blank filters. 

DMS, CSI and DMDS were trapped by passing the gas 
stream through a Teflon PFA loop (6.4 mm OD x 4 mm ID 
x 40 cm kn@b) packed with Teflon wool (Al&h Associiates, 
Dezrfield, IL), immersed in liquid oxygen. Totas sampk 
votume was monitored using a mass Row ~nuo~/intcgr- 
ator (Sierra Instruments. Inc. Carmel Valley, CA), ‘I& kvtf of 
theliquidoxysenwuraisedrtthcendofthe~priod, 
and the loops capped 10 prevent loas of @ Whar 
returning to the mobik laboratory. The grs wclc @&Zed 
with a Model 560 gas chromatograph flracor Instruments, 

Austin, TX) with a 12 ft x l/8 in Chromosil 330 column 
(Supelco Inc.. Bellefonte, PA) and a sulphur specific flame 
photometric detector. This method has a detection limi! of 
less than 5 x IO- ‘* moles of.5 injected, which corresponds to 
a lower emission rate of approiimately 1-2 mg S r;l_ 2 a I. 
Calibration was performed by purging liquid standards onto 
the sample loop and, jnde~ndently, by using ~rrn~!jon 
tubes (GC Industries, Chatsworth, CA). However, the latter 
method could only be used over short time scales due to long- 
term changes in the measured permeation rates of the tubes. 
Negative quenching of the FPD signal by CO2 and HCs in the 
early part of the chromatograms prevented use of the gas 
chromatographic method for HIS or COS analysis. 

RESULTS AND DISCUSSION 

Emissions of hydrogen sulphide 

The variations of H2S emission rates from the wet 

site over Spurtina alferntflora, the adjacent bare sand 
site within the S. ~~!erni~oru,and the interti~~ mudflat 
site on 16-17 May 198.5 are shown in Fig. 2. Tidal 
height data are plotted as the vertical distance from the 
minimum tide height recorded over the 2-day sampling 
period. Sampling was conducted during the times 
indicated by the broken lines on the tide height plot. 
Intersection of the solid and broken lines therefore 
represents the times of tidal inundation at the three 
sites. 

It is evident in Fig. 2 that the H2S emission at all 
three sampling sites increases dramatically as the water 
approaches the chamber, and is a maximum as the tide 
reaches the base of the chamber. The e&c! is most 
pronoun~d at the wet sand site, where the flux 
increases by > 4 orders of magnitude from about 0.01 
toover 100gS(H2S)m-2a-‘.Thedatabetween 12:30 
and 16:OO represent time that the water covered the 
sampling site. The chamber was floated during this 
time,andemissionof76-272 mgS(H2S)m-2a-’ were 
measured from the sea surface. An enhancement in 
H,S emission is also evident at the time that the water 
leaves the sampling site (after 16:OO). In fact, because 
the chamber was re-equilibrated for 20 min after 
exposure of sediment prior to sampling, the enhance- 
men! on the falling tide was probably significantly 
greater than that shown in Fig. 2. 

Complete tidal cycles were not studied in the case of 
the wet S. abernifloru site or the intertidat mudflat site. 
The plot of H2S emissions in Fig. 2 from the S. 
alrerniforu site is a composite of measurements made 
over the entire 2-day period, 16-17 May, with the 17 
May data plotted to show the correct tidal height at the 
time of sampiing. Though less dramatic than at the wet 
sand site, the emission measurements at these sites 
show a similar tidally induced enhancement in the HLS 

flux as the water approaches the chamber. An emission 
range of 0.005-I .04 g S( H2S) m ” * a - ’ was measured 
over the S. alternifloru, and 0.029-0.73 g S(H$) m - 2 

a-’ on the mudflat. 
A similar enhancement of H2S emissions from a N 

Carolina intertidal mudflat was reported by Aneja 
(19&Q, who suggested that hydrostatic pressure forced 
the rekase of gases. The above observations are in 
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Fig. 2. Variatios in the emission rate of hydrogen sulphide 
from a Spartina alrern$oro marsh, St. Marks National 
Wildlife Refuge, Florida, 16-18 May 1985. n Bare sand site 
in S. alrerniflora; Cl, sea surface above and in S. alrerni~ora; 

0, site over S. alternifloro; 0, intertidal mudflat site; A, tide 
height measurement. 

marked contrast to those made by Steudler and 
Peterson (1985) during a study of the diurnai cycle of 
reduced S emissions. Their data from a site over S. 
alrerniflora not only showed no tidal enhancement in 
the HIS flux, but, on the contrary, actually indicated 
the reverse effect at the incidence of high tides. 

The importance of the short-term enhan~ment in 
H2S emission for the calculation of an atmospheric 
HIS flux can be clearly demonstrated by integrating 
the data presented in Fig. 2. The net emission during 
the brief 12min period from 00:20 to OO:32 
(942 pgrn - 2, was 30 times greater than during the 
entire 7 h interval from 16:40 to 23:40 (31 pgrn-‘). 

Emissbns ($ dimethyl sulphidc, curhnn disufphidp und 

dimethyl disulphide 

The variations of the emission rates of DMS, CS2 
and DMDS from the wet site over Spurrittu crlrcv-njflorrr 

and the adjacent bare sand site on 7-8 October 1985 
are shown in Fig 3. It is clear that there is no significant 
increase in the emission as the tide reaches the 
chamber, indicated by the broken line in Fig. 3. 
Instead, the predominant feature of the emission 
pattern from both sampling sites is the steady decrease 
on both days through the afternoon and evening. This 
follows the decrease in sediment temperature shown in 
Fig. 3, measured both inside (IN) and outside (OUT) 
the chambers. 

The variation of emission rate with temperature is 
similar to that reported by Aneja et al. (197QA who 
demonstrated a logarithmic dependance of flux on 
temperature for DMS from a S. alterniffora zone and 
for H2S + COS from an intertidal mudflat at low tide. 
This relationship may be the result of several different 
factors. The metabolic activity of soil bacteria is a 
function of temperature, which is conveniently quanti- 
fied by a Qto (tem~rature coefhcient) factor. This 
factor, the increase in activity for a 10°C rise in 
temperature, is normally 2-3 for enzyme mediated 
processes. From the data presented here, thecalculated 
Qlo is significantly higher, greater than 10 in all cases. 
This suggests that other processes may also be con- 
tributing to the elevated emission of the S compounds. 
Two possible effects that may be important are the 
solubility of the S gases and the stability of their 
complexes. Both decrease with increasing temperature, 
but insufhcient measurements were made to assess the 
magnitude of the effect. 

It is evident from the emission plots in Fig. 3 that the 
emissions of DMS and CS2 are greater from the S. 
olternifiora site than the bare sand site, while the flux of 
DMDS is similar from the two locations. DMS is the 
predominant species emitted from both sites, the flux 
being significantly higher than both CS2 and DMDS, 
in agreement with all the previous studies listed in 
Table I. 

The only emission pattern that does not adhere 
closely to the temperature data in Fig. 3 is that of DMS 
from the S. alrernijloro site. This suggests that the 
release of this compound may not be entirely related to 
bacterial processes in the soil, but may be related to the 
metabolism of the S. akernifforu. The same emissions 
pattern has been noted previously at the same study 
site and on a drier, infrequently flooded, site where the 
emission of DMS was found to be related to biomass 
of S, nlternifiora inside the chamber (de MelIo et al., 
1987). It is suggested that the release of DMS may be 
related to the osmotic regulation of the S. u~rer~~oru 
in response to freshwater run-off from the interior of 
the marsh. Osmotic regulation with dimethyl pro- 
piothetin, the most probable biological precursor of 
DMS, has been found in certain Spartina species 
(Larher er al., 1977). 

The range of measured fluxes is compared to that of 
hydrogen sulphide in Table 1, together with previous 
measurements made in Sporfina alternifforo marshes. 
With the exception of the upper value for HIS 
emission from the bare sand site, the majority of fluxes 
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SAND SITE 

2; IN ? OUT 

Fig. 3. 

measured in this study fall toward the lower extreme ot 
earlier studies. 

N Florida is the southern extreme of Spartina 
species habitation, and the sampling site at St. Marks 
Refuge is well flushed tidally and very low in organic 
matter. Steudler and Peterson (1985) reported emis- 
sions of approximately an order of magnitude higher 
from a peaty New England Spartina marsh. This 
difference in substrate could explain both their higher 
emission rates of organosulphur compounds and lack 
of observed tidal effects. The peaty substrate would 
hold water more efficiently than a sandy substrate, 

minimizing the effect of the incoming tide flushing out 
pore waters or accumulated gases, while at the same 
time acting as a rich source of biodegradable organic 
matter. 

Calculation of an atmospheric sulphur jiux 

Each of the plots in Figs 2 and 3 can be integrated to 
obtain an atmospheric flux of reduced S compounds 
over the sampling period. Because different processes 
are found to explain the emission patterns, it is 
necessary to use different methods of calculation to 
arrive at a mean flux. The H2S data need to be 
integrated over a tidal cycle, while the DMS, C.!$ and 
DMDS must be integrated over a diurnal cycle. Mean 
flux estimates calculated in this manner are presented 
in Table 2. These calculations assume two equal tidal 
cycles per day; a diurnal flux is thus obtained by simply 
doubling the H2S emissions seen in Fig. 2 for the single 
tidal cycle. 

Table 2 shows that the predominant emission from 
the S. alterniflora site is DMS (448mgSm-*a-‘) 
being almost an order of magnitude greater than the 
combined flux of the other gases. The situation is 
markedly different at the unvegetated site in the S. 
alterniflora, where the HIS emission (756 mg S rn- ’ 
a - ‘) is more than an order of magnitude greater than 
the combined organosulphur emission. This is in 
agreement with the results of Aneja et al. (1981) (Table 
I) and Steudler and Peterson (1984). The higher llux of 
H,S from the sand relative to the other gases calcu- 
lated here is probably a consequence of our complete 
study of the tidal cycle giving a greater integrated flux 
than the steady low tide measurements. 

A possible source of error in this study is the 
enhancement of emissions by the use of S-free sweep 
gas in the chamber. In practical terms, however, the 
short-term changes in emission rates found at this site 
would make the use of ambient air as sweep gas 
impossibly complicated, since the residence time in the 

Fig. 3. Variation in emission fluxes of dimethyl 
sulphide,carbon disulphidcand dimethyl disulphide 
from a Spartina olterniflora marsh, St. Marks 
National Wildlife. Refuge, Florida, 7-8 October 
1985. #, DMS from Sporrinu site; D, DMS from 
sand site; l , CS2 from Spartina site; 0, CSZ from 
sand site; +. DMDS from Sparrina site: 0, DMDS 
from sand site; -, temperature; A., tide height 

measurement. 
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Table I. Measured range of sulphur emissions from Sparrino alternipora marshes 

Sampling location HaS 

Range of emission rates (mg S m-* a-‘) 
DMS CS, DMDS Reference 

Sand by S. alternifora 
Over S. a/ferniJYora 
Intertidal mudflat 
Coastal marine marsh 
Cedar Island. NC* 
Cedar Island, NCt 
Cox’s Landing, NC 
NC saline marsh mudflatt 
NC S. alrernifloro marsht 
Falmouth. MA5 

1 I-130000 
5-1040 
29-132 
0-100.000 
2-6 
191$ 

4tx 
500 

<IO 
- 12.ooo-18,ooa 

1 l-l 52 13-72 
89-687 57-157 
nr nr 

?I 575 z&J 
1311 nr 
I81 nr 

<lo <50 
400 150 
0-14.500 - 200-660 

19-23 
58-33 
nr 

&o.s 
nr 
nr 

<50 
<50 
- 180-320 

This study 
This study 
This study 
Aneja (I 984) 
Adams er al. (1981) 
Aneja et al. (1979) 
Aneja cr al. (1979) 
Aneja er al. (1981) 
Aneja et al. (1981) 
Steudler and Peterson (1985) 

l Mean values. measured in May. July and October, respectively. 
t Mean value. 
Slncludes carbonyl sulphide (COS) flux. 
8Hourly measurements over 24-h period. Negative values indicate measured uptake. 
nr = NOI reported. 

Table 2. Mean flux estimates of biogenic sulphur com- 
pounds to the atmosphere from a Florida Sparrina olrerai- 

Jora marsh 

Estimated emission rate 
(mgSm-‘a-‘) 

Sampling location H*S DMS CS2 DMDS 
- 

Sand in S. alternijora 
Over S. olterniflora ::” 2; :‘: ii:;: 
Intertidal mudflat 21 nd nd nd 

nd = Not determined. 

chamber is long (7 min)compared to the sampling time 
at peak emission rates (30 s). 

CONCLUSIONS 

The data presented in this paper indicate that the 
major emission of H2S from the intertidal regions 
studied is not a steady release from the sediment 
surfaces exposed at low tides, but is concentrated in a 
narrow region at the water’s edge as the tide rises and 
falls. The higher fluxes measured at a given sampling 
site occur for very brief periods of time. Consequently, 
comprehensive flux data on a short time scale are 
required in order to calculate average emissions on a 
longer time scale. By conducting emission measure- 
ments on expanses of exposed mudflats or marshlands 
at times of low tide, previous studies may have 
significantly underestimated HIS fluxes to the atmos- 

phere. A mean flux of 0.756 gS(H,S)m- * a _ ’ from 
bare sand in a S. alterntjlora zone is obtained by 
intcgwtion of the emissions data meusurcd over a 
complete tidal cycle. While this may be an under- 
estimate due to the lack of data at the beginning of the 
cycle, it is still more than an order of magnitude higher 
than the directly determined flux for the steady 
emissions over 7 h of tidal exposure, which represents 
92’;/, of the sampling time. 

DMS is the predominant species being emitted from 
the S. alterniflora stand, with an estimated annual 

emission of 0.448 g S m - ’ a - ’ . The emission of DMS, 
CSI and DMDS can largely be explained by variation 
in sediment temperature. 
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