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Abstract Bubble gas samples were collected at 

three different vegetation sites and two different 
depths (surface and 40 cm) in a natural wetland, 

Mizorogaike in Kyoto city, to investigate hydro 
gen concentration and 3D and 613C values of 

CH4. Hydrogen concentration in bubble gas var 

ied from 1 to 205 ppm, and that collected during 

summer was higher than that during winter. 

Bubble samples collected at 40 cm at sphagnum 

site usually showed the lowest H2 concentration 
among the samples collected at the three sites and 

two depths on the same day. The lowest H2 con 

centration observed at 40 cm at sphagnum site 

was similar to that expected for environmental 

water in which H2 producer and consumer need 

to assemble for free energy requirement. Low 
613C and high 3D (relatively small hydrogen 

fractionation; AMDwater-CH4 _ 220%o) were 

observed in CH4 collected at a deeper (40 cm) 

layer of sphagnum site during winter, when H2 

concentration was low (typically 2-4 ppm). On 

the other hand, CH4 in the bubble samples 

collected during summer showed high 313C and 
low ID (relatively large hydrogen fractionation; 

AbDwater-CH4 _ 300%o), when H2 concentration 

was high. Carbon and hydrogen isotope fraction 

ation during CH4 production were variable, pos 
sibly depending on the H2 concentration and the 

production rate. Difference in enzymatic reaction 
and magnitude of hydrogen isotope exchange 
among water, CH4, and H2 may cause the 

variation in isotope fractionation during CH4 
production. 

Keywords Methane Hydrogen * Isotopic 
composition Wetland Fractionation factor 

Introduction 

Methane is a final product of anaerobic 

decomposition of organic matter. Methanogens, 
strict anaerobic microbes, produce CH4 from 
CO2 and H2, or acetate, which are the main 

substrates for CH4 production in the natural 

environment (Koyama 1955; Takai 1970). These 
substrates for CH4 production are produced by 

other bacteria in a microbial community which 

decomposes organic matter, that is, the micro 

bial syntrophic system produces CH4 in the 

natural environment (Oremland 1988). Hydro 
gen is a key material for the community 

producing CH4. 
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It is well known that H2 partial pressure must 
be kept low to acquire enough energy for 

microbes producing acetate, CO2 and H2 through 
fermentation (Zehnder and Stumm 1988). Meth 
ane producing bacteria can act as a H2 scavenger 

in the community. Therefore, a syntrophic system 
between the H2 producer and methanogen (the 
H2 consumer) can be established. Actually, syn 
trophic systems consisting of H2 producers and 

methanogens have been found (e.g. Zinder and 
Koch 1984; Krylova and Conrad 1998), and 
interspecies transfer of H2 between them is well 
known. In such syntrophic system, H2 production 
may be a limiting factor of CH4 production. 

It is believed that H2 partial pressure in the 

CH4 producing natural system is usually very low. 
However, only a few data sets on the H2 partial 

pressure in a natural system are available. Lovley 

and Goodwin (1988) showed that dissolved H2 
concentration in CH4 producing natural sedi 

ments ranged from 5 to 10 nM. Similar range 

(3-12 nM) of H2 concentration has been also 

observed in the CH4 producing sediment at Cape 
Lookout Bight (Hoehler et al. 1998). 

Sugimoto et al. (1998) tried to probe the 

microbial community in a hindgut of termites 
producing methane by observing H2 and CH4 
emissions from the termites, and pointed out that 

the location of methane producing bacteria 

(existing in protozoa or on the hindgut wall) may 

affect the amount of H2 emitted from the termite. 

The idea is that emitted H2 is leakage from the 

system and the emission rate of H2 depends on 

how H2 is transferred in the system. How H2 is 

transferred may affect the partial pressure of H2 

in the microsite of CH4 production in aquatic 

ecosystems as well. 
The isotopic composition of CH4 has been 

investigated by different approaches. One is a 
determination of fractionation factors during CH4 
production by culture experiments using isolated 

microbes (Games et al. 1978; Krzycki et al. 1987; 

Balabane et al. 1987; Gelwicks et al. 1994; Botz 

et al. 1996). Anothor one is a determination of the 

isotopic composition of CH4 by incubation 
experiments using natural sediments (Sugimoto 
and Wada 1993, 1995; Waldron et al. 1998; Avery 

et al. 1999; Alperin et al. 1992; Blair and Carter, 

1992; Conrad et al. 2002). Another is observations 

of 3D and 313C of CH4 collected in the natural 

environment (Whiticar et al. 1986; Hornibrook 
et al. 1997, 2000; Lansdown et al. 1992; Popp et al. 

1999). Although many interesting results have 
been shown, basic phenomena on carbon and 
hydrogen isotope fractionations during CH4 pro 
duction are not fully understood yet. 

Reported values for carbon and hydrogen iso 
tope fractionation factors are variable with con 
siderably wide range. For example, different 
values (1.045 and 1.061 at 40?C) by Games et al. 

(1978) and a range from 1.048 to 1.079 by Botz 

et al. (1996) have been shown for carbon isotope 

fractionation during CH4 production from C02/ 
H2. Recently, Valentine et al. (2004) showed that 

carbon isotope fractionation during CH4 produc 
tion from CO2/H2 was affected by a partial pres 

sure of H2, and differential irreversibility 
hypothesis was proposed. As pointed out by 

Whiticar et al. (1986), large variability of frac 

tionation values have also been reported in vari 

ous field data, based on a comparison of 313C 

between CH4 and co-existing CO2. The difference 
in 13'C between CO2 and CH4 observed in 
freshwater sediments (around 40%o) are generally 
smaller than that (55-90%O) observed in marine 
sediments (Whiticar et al. 1986). Observations at 
natural wetlands and rice paddies also show large 

variabilities. A smaller difference in 613C (about 

40-50%O.) between CO2 and CH4 has been 

observed for CH4 produced in soil with labile 

organic matter (Hornibrook et al. 2000; Popp 

et al. 1999). Difference in contributions of CO2 

reduction and acetate contribution for the CH4 

production is one of the reasons for the variation. 

Besides, the effect of H2 partial pressure on the 

carbon isotope fractionation may also be 

responsible, nevertheless it has not yet been 
tested in the natural system. 

Hydrogen isotope fractionation factor is also 
still controversial. When CH4 is produced from 
C02/H2, it has been believed that all four 

hydrogen atoms come from water with a certain 

isotope fractionation. The small values of 
difference in 3D between water and CH4 

(A6Dwater-CH4) has been reported to be 160%0 for 

natural gas in a marine environment (Nakai et al. 

1974), which is similar to the value (180%o) shown 

by Whiticar et al. (1986) for CH4 in marine 
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sediments. Methane with relatively high 6D have 
been believed to be produced from CO2/H2. On 
the other hand, a much larger AbDWater-CH4 
(lower iD of CH4) is generally observed in 
freshwater environments; it has been believed 
that this CH4 is dominantly produced from ace 
tate. However, the large AbDWater-CH4 (about 
300%O) were also observed for CH4 produced 
from CO2/H2 in incubation experiments using rice 
paddy soil (Sugimoto and Wada 1995) and landfill 
soil (Waldron et al. 1998), and for that observed 
in a Carex dominated fen (Popp et al. 1999). For 

those systems (rice paddy soil and fen), labile 
organic matter is expected to be rich. Further 
more, intermediate values between marine sedi 
ments (160 and 180%O) and a labile organic rich 
system (about 300%0) have been reported in sev 
eral peat bogs (Hornibrook et al. 1997; Lansdown 
et al. 1992), where less labile organic matter is 
expected. 

It has been pointed out that the reported dis 
crepancies are caused by the difference in H2 
partial pressure during CH4 production (Burke 
1993; Sugimoto and Wada 1995; Hornibrook 
et al. 1997). In the natural environment, H2 par 
tial pressure is expected to be high in the system 
decomposing labile organic matter, because a 
high decomposition rate could cause a high H2 
production rate. 

Hydrogen may be a key factor as described 
above. However, only a few data set on the H2 

concentration have been available from field 
observations. In this study, H2 concentration in 
bubble was observed with carbon and hydrogen 
isotope ratios of CH4 collected in a natural wet 
land, to investigate the H2 partial pressure as a 

controlling factor of a microbial system producing 
CH4, and its isotopic composition. 

Observations and analysis 

Observation site 

Observation was carried out on a floating mat of 

sphagnum peat at Mizorogaike pond, Kyoto, 
Japan, from June 1995 to July 1996 every month 

or twice a month. Bubble methane was sampled 

at three sites with different typical vegetations 

(reed, marsh trefoil, and sphagnum sites). Reed 
and mash trefoil sites are covered by single spe 
cies of Phragmites australis (Cav) Trin. ex Steud, 
and Menyanthes trifoliata L., respectively. 
Sphagnum palustre and S. caspidatum are domi 
nant species at sphagnum site, and various species 
of sedge, grass, iris and tree species are found 
on it. 

Each site shows a characteristic hydrologic 
regime. The reed site is waterlogged throughout 
the year, while the water table at the marsh trefoil 
site varies seasonally depending on the seasonal 
buoyancy of the floating mat. The sphagnum site 
is a small hummock (a ridge of microtopography). 

Details of the observational sites were described 
in Sugimoto and Fujita (1997). 

Sampling of bubbles and water 

Bubble gas was taken at the surface and the depth 

of 40 cm with an inverted funnel with a rubber 

stopper, by agitating the soil with shaking the 
funnel. Funnels at 40 cm were pre-installed in the 
peat soil during the observational period, while 
those at the surface were set at every time of 

sampling. At the sphagnum site bubble gas was 
sampled at the depth of 40 cm only, because it 

was not possible to collect bubble gas above the 
water table. Collected gas was transferred into a 
glass vial with butyl rubber septum, and was 
brought to the laboratory. Sample was taken from 
a funnel, and single or double samples were taken 

depending on the volume of the obtained gas. 

Water was sampled at each site at the surface, 

30, 60 and 90 cm. When the site was waterlogged, 

surface water was taken as the surface water 

sample. When the free water table was below the 

surface, water was sampled by squeezing the 
surface. For water samples at 30, 60, and 90 cm, a 

cylinder (about 5 cm in diameter) with tapered 
end and holes was inserted into the peat soil, and 

water which entered the cylinder through holes at 
its end was sampled. 

Precipitation was sampled with a funnel fixed 
on a container to store the rainwater. To avoid 

evaporation, liquid paraffin was applied to form a 

cover on the water surface in the container. 

Sampling was usually done monthly, but rainwa 

ter was sampled more frequently depending on 
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the amount of rainfall when heavy rainfall was 
observed. 

Analysis 

Hydrogen and CH4 concentrations were analyzed 
with a gas chromatograph with a semi-conductor 
detector (model GS-15, Sensertech Co. Ltd., 
Japan) and a gas chromatograph with an TCD 

(GC8A, Shimadzu, Japan), respectively. Detec 
tion limits were lower than 0.6 ppm for H2 and 

about 100 ppm for CH4, and analytical errors 
were 5% for both. 

For the isotopic composition of bubble meth 
ane, first CO2 was cryogenically removed from 
the bubble sample, then methane in it was 

combusted in a CuO filled furnace in a vacuum 

and the CO2 and H20 produced from the CH4 
were collected. The produced CO2 was purified 
and H20 were reduced to H2 with pre-treated Zn 
shot. The 513C and 5D values of CH4 were 
obtained by analyzing CO2 and H2 with isotope 
ratio mass spectrometers (delta S or MAT252, 
Thermo Electron, USA). 

Isotopic composition of water was obtained for 
the sample taken in 1996 with an automatic C02/ 

H2/H20 equilibration system (Thermo Electron, 
USA). Water samples taken in 1995 were ana 

lyzed only for the oxygen isotope ratio by the 
C02/H20 equilibration method manually. 

All analyses were carried out at Center for 

Ecological research, Kyoto University. 

Results 

CH4 and H2 concentrations in bubbles 

Methane concentrations in bubble gas samples 
collected at surface and 40 cm of reed site were 

lower than those collected at 40 cm of marsh 

trefoils site and sphagnum site (t-test, P < 0.001), 
and that of marsh trefoil at surface was interme 

diate (Fig. la). The maximum value (46%) was 
observed at 40 cm at the marsh trefoil site at the 

end of August, while minimum value (2.3%) was 

obtained at the surface of the reed site in 

December. Methane concentrations observed 
here were mostly similar to those observed by 

Lansdown et al. (1992) at a temperate peatland. 
The lowest value of CH4 concentration was close 
to those observed by Tyler et al. (1997) at rice 
filed in Texas. Uptake of water by dense roots of 
grass plants may be attributed to the low 
concentration of CH4. 

Hydrogen concentration in bubbles varied 
from atmospheric level (about 1 ppm) to 205 ppm 
(Fig. lb). Deviation of the H2 concentration was 
large, though the bubble at the surface of the 

marsh trefoil site showed higher concentration 
than the other sites and depth (P < 0.01). Low 

concentration of H2 (< 25 ppm, and typically less 
than 10 ppm) was observed during winter period 
from November to April. Average concentration 
of H2 during the winter period was lower than 
that for the other period at all sites and depths, 
although the difference in H2 concentration 
between the winter period and the other season 
was statistically significant only for the surface 
and 40 cm of the reed site and 40 cm of the marsh 

trefoil site (P < 0.05). 

613C and 3D values of bubble methane 

Observed I13C and 6D values of CH4 in bubble 
samples were shown in Fig. 2a and b, respectively. 
Those were within the ranges yet reported for 
fresh water environment in temperate region (e.g. 

Hornibrook et al. 1997, 2000; Lansdown et al. 
1992; Tyler et al. 1997), however, despite the 
small area of our observational site, the ranges 

observed here (-76.7 to -52.8%0 for 613C and -371 

to -254%O for 6D) were quite large, reflecting 
vertically and seasonally different conditions of 
the peat as described later. This is contrasting 

with a result for the CH4 produced in an uniform 
and constant condition, for example the 613C of 

CH4 (-79 to -71%0) observed in the bottom sed 

iment of north basin of Lake Biwa (Murase and 

Sugimoto 2001). 
The 613C of values of bubble methane col 

lected at 40 cm were lower than those at surface 

for both reed and marshtrefoil site (P < 0.001). 

Surface bubble 613C at both sites showed char 

acteristic seasonal variation with a high 313C 
(>-60%o) during summer and relatively low values 
(<-60%o) during winter, although the difference 

was statistically significant only for the reed site 
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Fig. 1 Seasonal variations of concentration of CH4 (a) 
and H2 (b) in bubble gas samples collected at the surface 
and at 40 cm at reed and marsh trefoil sites and those 

collected at 40 cm at the sphagnum site 

(P < 0.01). At the marsh trefoil site, since large 

volume of bubble is produced and stored in dee 

per layer of the soil as its temperature increases in 

late summer (Sugimoto and Fujita 1997), bubble 

collected at the surface could be contaminated by 

the gas produced in deeper layer of the soil and its 

313C of CH4 could be also affected. On the other 

hand, the 313C of CH4 collected at 40 cm at the 

reed site showed a different seasonal variation: 

winter maximum was found in contrast to that at 

surface. 
Bubble CH4 collected at 40 cm at the sphag 

num site showed higher 313C than that at 40 cm of 

the reed site (P < 0.0001) and the difference 

between sphagnum site and marsh trefoil site was 

insignificant. 
Observed 3D values of bubble CH4 ranged 

from -367 to -254%o. During the period from the 

end of June to the end of August in 1995, all sites 

showed 3D mostly lower than -320%0. Then the 

3D values of bubble CH4 at the reed and marsh 

trefoil sites increased during the period from 

September to December. The 3D value then 
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Fig. 2 Seasonal variations of 513C (a) and 8D (b) values of 
CH4 in bubble samples 

decreased again and showed a relatively low 

value, around -330%O during the period from 

January to May except for the surface of reed site 

at the end of April. At the sphagnum site, the 

bubble CH4 3D value at 40 cm during winter 

fluctuated at two different levels of 3D values 

(-270 and -305%o.). High 3D values (-270 to 

-260%O0) were also found occasionally (e.g. the 

beginning of June in 1995 at 40 cm of marsh 

trefoil and the end of April in 1996 at the surface 

of reed site), which were accompanied by 

extremely low concentration of H2 (4.1 and 

7.6 ppm for the earlier and latter cases). 

3D values of environmental water and 

difference in 3D between water and CH4 

Daily mean air temperature and precipitation 

observed at Kyoto, and the 3D of precipitation 

collected at Mizorogaike were shown in Fig. 3. 

The isotopic composition of precipitation in the 

observed area depends on the amount of precip 

itation. Rainfall during the Baiu (monsoon rainy 

season) period (usually in June and July at Kyo 

to) showed lower 3D values ( <-50%o0) than in 

other seasons, while the highest 3D value (-23%O1) 
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Fig. 3 Daily mean air temperature (a) and precipitation 

(b) observed at Kyoto Meteorological observatory, and the 

6D values of precipitation (c) observed at Mizorogaike in 

Kyoto. The sampling interval for precipitation was usually 

monthly. However, much more frequent samplings were 
done depending on the amount of rainfall 

was observed in November and December in 

1995 (Fig. 3c). 
Surface water 5D values (Fig. 4) showed a 

large variation reflecting the input of rainwater 

with low 3D value and evaporation of surface 

water. At the marsh trefoil site, the 6D value of 

the surface water observed in 1996 varied from 

-51%o in June to +9%O in July. On the other 

hand, soil water at 30, 60 and 90 cm showed 

relatively constant SD values with slightly lower 

value at 90 cm than 30 and 60 cm at the reed 

and marsh trefoil sites. Average ID values of 

soil water during the observational period in 

1996 differed from site to site. Since the dif 

ference in the iD values of soil water between 

30 and 60 cm was small, average values of them 

were calculated to be -32, -35, and -43%0 for 

marsh trefoil, reed, and sphagnum sites, 

respectively. These differences among sites was 

caused by the hydrologic difference: at the 

sphagnum site, summer precipitation with low 
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Fig. 4 Surface and soil water 6D values at 30, 60, and 
90 cm observed at reed site (a), marsh trefoil site (b) and 
sphagnum site (c). When water lodged on the surface, the 
lodged water was sampled as surface water. When the 

water table was below the surface, water was taken from 
the surface layer by squeezing the surface soil 

3D value infiltrates downward because the 

water table is always below the surface, conse 

quently the 3D values of soil water showed 

relatively lower values than those at the other 

sites. On the other hand, the free water table at 

the marsh trefoil site varies seasonally. Surface 

water evaporates during early summer, then, 

water with high 3D values infiltrates and causes 

high 3D values of soil water at the marsh trefoil 

site. 
The 3D values of CH4 collected at the sur 

face may be influenced by the large fluctuation 

of 3D of surface water, while, the variation in 

water 3D at deeper soil layer was negligible. 

Difference in 3D between water and CH4, 

therefore, was calculated for CH4 collected at 

40 cm (Fig. 5), using the values of -32, -35, and 

-43%0 for water 3D at the marsh trefoil, 

reed, and sphagnum sites, which are the aver 

age values for 30 cm and 60 cm during the 

observational period in 1996. 
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Fig. 5 Difference in 3D values between water and CH4 
observed at 40 cm. Corresponding hydrogen fractionation 
factor defined as aH = (D/H)CH4/(D/H)water was also 
shown in axis at right hand side. For calculation of the 
difference in 3D values, -32, -35, and -43%O were assumed 
for the water 3D values at reed, marsh trefoil and 
sphagnum sites, respectively. These are the average values 
for the 3D observed for 30 and 60 cm at each site shown in 
Fig. 4 

Discussion 

H2 partial pressure during CH4 production 
and 6D and 313C of bubble CH4 

A large variation in H2 concentration was 

observed in the bubble sample (Fig. lb). This is 

not exactly equal to the partial pressure in the 

CH4 producing microsite nor H2 concentration in 

the water. However, it is expected that H2 ob 

served in the bubble equilibrated with H2 in the 

surrounding pore water. 
Comparing the H2 concentrations observed 

on a day among the sites and depths, minimum 

value of H2 concentration was observed mostly 

in the bubble collected at 40 cm of sphagnum 

sites. Since cell wall of sphagnum lacks lignin 

and instead rich in phenol with sphagnum acid 

which is genus-specific and forms very stable 

material with polyphenol (reviewed by Van 

Breemen 1995). As a result, rate of decompo 

sition of sphagnum tissue is extremely low. 

Slower decomposition of sphagnum than of 

other plant material (Sugimoto and Fujita 1997) 

may cause slower production of H2 and thus 

lower concentration of H2 in the bubble. The 

H2 concentration at 40 cm of sphagnum sites 

was typically lower than 10 ppm (Fig. lb). Such 

low H2 concentration is consistent with the 

typical concentration of dissolved H2 observed 

in a CH4 producing sedimentary environment. 

Lovely and Goodwin (1988) showed that 

dissolved H2 concentration is typically 7-10 nM 
in a CH4 producing sedimentary environment. 

Concentration of H2 in gas phase equilibrated 

with 7-10 nM of dissolved H2 is 8-11 ppm, 

assuming 0.02 for H2 solubility. 
Minimum value of H2 concentration appear 

ing in the day also showed seasonality (Fig. lb), 

being slightly higher value (10-17 ppm) during 
summer than in the winter (1-4 ppm). Increase 

in H2 concentration with water temperature has 

been also observed at Cape Lookout Bight by 

Hoehler et al. (1998). They showed that dis 

solved H2 concentrations in pore water were 11 

and 3 nM at 27?C and 14.5?C in August and 

November, respectively. It has been pointed out 
that such low H2 concentrations can be 

achieved by syntrophic colonization between H2 
producers and consumers fringing organic mat 
ter, and that H2 partial pressure is controlled to 

obtain a constant free energy required for the 

syntrophic system (Hoehler et al. 2001). Mini 
mum H2 concentration on each day seen in 

Fig. lb (10-17 ppm in summer and 1-4 ppm in 

winter) were similar to those values (11 and 

3 nM) shown by Hoehler et al. (1998, 2001). It 

appears, therefore, minimum H2 partial pres 

sures observed in the bubble samples reflected 

H2 concentration of syntrophic system on H2 

producing CH4. 
Not only at the sphagnum site but also the reed 

and marsh trefoil sites, observed H2 concentra 

tion at 40 cm was lower than that at the surface, 

probably depending on the difference in the rate 
of decomposition of organic matter. Adding to 

the decrease in the decomposition rate of organic 

matter with depth, larger contribution of sphag 

num derived material in the deeper layer of peat 

may cause the slow-down of decomposition. As a 

result, H2 production rate may also be low at 

deeper layer of the peat soil. 

High concentration of H2 was observed in the 

surface where a high H2 production was expected. 

It is also reasonable that extremely high H2 con 

centration was observed in July when tempera 

ture increase stimulates decomposition and H2 

production but growth of methanogen lags 

behind. When the concentration of H2 is high, it is 

possible for methanogens to grow apart from H2 

producers (free-living status). 
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Controlling factor for CH4 313C 

Generally, CH4 j13C value depends on its pro 

duction pathway, substrate 13'C, and fraction 
ation factor. Low 313C values of CH4 and large 

difference in the j13C between CO2 and CH4 are 

a typical result of CH4 production from CO2/H2 
(Sugimoto and Wada 1993; Avery et al. 1999; 

Hornibrook et al. 2000; Conrad et al. 2002). 

Methane production predominantly from C02/H2 
has been observed for natural wetlands, especially 
for peat bogs (Lansdown et al. 1992; Kelley et al. 

1992). Meanwhile, Avery et al. (1999) investi 
gated production pathway and j13C of CH4 at 

temperate peatland, and showed that CH4 was 

predominantly produced from CO2/H2 during 
winter, while acetate was a main substrate of 

production of CH4 with high j13C during summer. 
Production pathway was not determined in our 

observation. However, we expect that main sub 

strate of CH4 production was CO2/H2, especially 
for the bubbles collected at 40 cm and those 

collected during winter. 
In this study, the j13C of CO2 was not obtained 

for all samples because of a problem in storage of 

bubble samples, but several data were available. 

The j13C values of CO2 in bubbles collected on 

October 11 in 1995 were -11.5, -6.7, -7.7, -5.6, 
and -2.9%0 for the surface and 40 cm at the reed 

site, surface and 40 cm at marsh trefoil site, and 

40 cm at sphagnum site, respectively. The 313C of 

CO2 at the surface was lower than that at 40 cm. 

The difference in the j13C value between CO2 

(described before) and CH4 (Fig. 2a) observed at 

40 cm on October 11, 1995, was 66.3, 62.0, and 

65.3%0 at the reed, marsh trefoil and sphagnum 

sites, respectively, and 64.5%0 in average, whereas 

that for the surface at the marsh trefoil was 

52.5%0o, indicating apparent carbon fractionation 

observed between CO2 and CH4 was smaller in 

the surface than 40 cm. 

The 313C of CO2 is generally lower at the 

surface than 40 cm because of higher rate of CO2 

production at the surface. The j13C of CH4 is, by 

contrast, higher at the surface than at 40 cm as 

seen in Fig. 2a, consequently, the difference in the 

313C value between CO2 and CH4 is smaller at the 

surface than 40 cm. As a result, apparent frac 

tionation between CO2 and CH4 at the surface is 

smaller than that at 40 cm. One of the reasons for 

observed difference in apparent fractionation is 
"closed effect" in the deeper soil layer, and 

another possibility is larger fractionation due to 
higher partial pressure of H2 in the surface layer. 

Figure 6a shows relationship between 613C of 
CH4 and concentration of H2. Relationship is not 

so clear probably due to the close effect as 

described above, though it can be said that higher 

concentration of H2 than 50 ppm was accompa 

nied by high 313C of CH4 observed, while lower 

613C was observed with low concentration of H2 

in the site of the depth. Recently, Valentine et al. 

(2004) proposed that carbon isotope fractionation 
depends on the difference in reversibility of CO2 

molecules which is caused by the difference in H2 

partial pressure in the biochemical reaction steps 

of CO2 reduction to CH4. They suggested that 

carbon isotope fractionation is large when H2 

partial pressure is low because biochemical reac 

tion is reversible at the fourth step out of 7 steps, 

while carbon fractionation is small when H2 par 

tial pressure is high due to irreversibility of the 
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Fig. 6 Relationship between 613C of CH4 and H2 concen 
tration (a) and that between A5DWater-CH4 and H2 
concentration in bubbles collected at 40 cm (b) 
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reaction at the fourth step. Our observational 
results are consistent with their hypothesis. 

In natural systems, it has been pointed out that 
decomposition of labile (or fresh) organic matter 
produces a CH4 with higher 313C values than that 
of old and less reactive organic matter does (e.g. 

Jenden and Kaplan 1986; Sugimoto and Wada 

1995; Hornibrook et al. 1997). Larger contribu 
tion of CH4 from acetate as shown by Avery et al. 

(1999) is one of the reasons for the high 313C 
values of CH4 during summer. In addition, high 
partial pressure of H2 in the system decomposing 
labile organic matter may cause the high 313C of 
CH4 because of smaller fractionation between 
CO2 and CH4 during CH4 production as observed 
at the surface of marsh trefoil site in our 

observation. 

Hydrogen as a controlling factor of CH4 3D 

The 3D of CH4 generally depends on the 3D of 

water and substrates and fractionation during 
CH4 production. Since observed 3D of water was 
almost constant at 40 cm, we discuss hydrogen 
isotope fractionation during CH4 production at 
40 cm here based on the difference in 3D 

between CH4 and water. Figure 5 shows the dif 
ference in 3D values between water and CH4 

observed at 40 cm and hydrogen fractionation 
factor (aH) defined to be (D/H)cH4 /(D/H)H2o, 
calculated using the average values for water 3D 

obtained in the section '3D values of environ 
mental water and difference in 3D between water 
and CH4'. 

Difference in 3D value between water and CH4 

(AbDwater-CH4) at 40 cm ranges from 211 to 339%0 

(Fig. 5). The value of AbDwater-CH4 around 220%0 
observed at 40 cm of sphagnum site during winter 

is similar to that reported by Lansdown et al. 
(1992), and much larger than those reported 
for CO2/H2 reduction in marine sediments 

(160-180%o) by Whiticar et al. (1986) and Nakai 
(1974). The value around 300%0 is similar or 
slightly smaller than that obtained by Sugimoto 
and Wada (1995) in an incubation experiment 
using paddy soil, and much smaller than that 

(about 400%0) obtained by Balabane et al. (1987) 
using a pure culture of Methanobacterium for 
micicum in a pressurized atmosphere with 80% of 

H2. Obtained value around 300%O was also similar 
or slightly smaller than that obtained by Chid 
thaisong et al. (2002) for soil enrichment incuba 
tion experiment. 

As seen in Figs. 5 and 6b, AbDwater-CH4 corre 

lates with H2 concentration. Smaller value of the 
AbDwater-CH4 (about 220%O) was all observed 
during the period from winter to spring when the 
H2 concentration in the bubble was very low 
(typically 2-4 ppm). Meanwhile, the A6Dwater-CH4 

was large (?300%o) during summer mostly when 
H2 partial pressure was high. Although the large 
AbDwater-CH4 was also observed during winter at 
40 cm of reeds and marsh trefoil sites, despite the 
low concentration of H2, it is not surprising that 
A6Dwater-CH4 is not strictly corresponding to the 
H2 concentration, because H2 partial pressure in 
the microsite of CH4 production is expected to be 

much higher than those in the environmental 
water and bubble. 

Although the mechanism of variation in 
hydrogen fractionation between water and CH4 
from C02/H2 is not clear at this moment, how 
ever, it may vary as a result of isotope exchange 

among water H2, and CH4 as below. 

Variation in the hydrogen fractionation means 
the difference in 3D of hydrogen atoms incorpo 
rated into CH4. If all four hydrogen atoms were 
incorporated into CH4 from H2 produced in the 

water without fractionation during CH4 produc 
tion, CH4 with extremely low 3D as low as H2 3D 

might be produced, and the CH4 3D still reflects 
water 3D, because H2 was produced after isotope 
exchange with water in the natural system. On the 

other hand, if CH4 itself was fully equilibrated 
with water at the time of its production, the 3D of 

CH4 would be much higher than that observed. 

According to the /B factor calculated by Richet 
et al. (1977), A3Dwater-CH4 may be about 720%0 
and 80%0 at 20?C for the earlier and the latter 

cases, respectively. Observed 3D value of CH4 in 
natural environment is within this range of 3D. 

One of the possible explanations is variation in 
the extent of isotope exchange caused by the 
difference in the rate of CH4 production. When 
CH4 production rate is low under a low H2 partial 

pressure, larger extent of isotope exchange 
between water and CH4 may cause smaller 

A6Dwater-CH4 in other words higher 3D of CH4. 
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Valentine et al. (2004) also suggested that 
hydrogen fractionation may vary with the rate of 
CH4 production in pure culture experiment. This 
may be understood by longer time for CH4 pro 
duction and by lower possibility for direct 
incorporation of H2 into CH4. 

The second possible explanation is a different 
hydrogenase functioning under a different H2 
partial pressure. There are various hydrogenases 
found in vivo (Thauer et al. 1993): hydrogenase 
functioning in methanogenesis may vary from 
species to species, and also may vary depending on 
the H2 partial pressure. It has been also recognized 
that some of hydrogenases localize on the cyto 
plasmic membrane, and are probably functioning 
as an association with the membrane (Sprott and 

Beveridge 1993). Those hydrogenases may cata 
lyze hydrogen isotope exchange outside. It is, 
therefore, expected that each hydrogenase shows 
specific way of hydrogen uptake and different 
fractionation among water, H2, and CH4, because 
some of them may take up hydrogen from water 

after some extent of isotope exchange, and the 
other may just catch hydrogen in the cell. There 

may be also a large difference in affinity with H2, 

probably causing a variation in the fractionation. 
Diffusion of H2 to the site of enzymatic reaction 
may also affect the 5D of hydrogen atoms 

incorporated into the CH4 molecule. 
Two isofunctional genes have been found for 

three reactions among seven and for the enzyme 
to take up H2, and two types of hydrogenase have 

been also found, in biochemical reactions during 
CH4 production from C02/H2. Luo et al. (2002) 
showed that expressions of these genes were 
regulated by H2 partial pressure in the system, 
from the comparison between two different con 
ditions on H2, namely pure culture in the pres 
surized H2 atmosphere and co-culture with fatty 
acid oxidizing bacteria in which H2 partial pres 
sure was kept low because of interspecies transfer 
of H2. It has been observed that availability of H2 

also regulates the growth yield of bacteria (Mor 
gan et al. 1997). Such regulations of the gene 

expression and bacterial growth with H2 concen 
tration may be an adaptation to the low H2 

concentration in the natural condition, and 
hydrogen fractionation may vary with the com 

bination of these enzymes functioning in vivo. 

The third possible explanation is the difference 
in 6D between H2 in the environmental water and 
that transferred directly from H2 producer to 

methanogen. When H2 partial pressure is high, 
free-living methanogens (living without tight rela 
tionship with another microorganisms) can grow, 
using H2 released from H2 producer, of which iD is 
expected to be extremely low due to the fraction 
ation between water and H2. On the other hand, 
when H2 partial pressure is very low, methanogen 
only in a syntrophic system can survive. Since H2 
transferred from H2 producer to methanogen is not 
released outside of the system, it is possible that the 
extent of isotope exchange between water and CH4 
(A/\Dwater-CH4) differs between syntrophic system 
and free-living methanogen. 

Concluding remarks 

Although the correlation between H2 concen 
tration and isotopic composition of CH4 in the 
bubble samples was not strict, low 313C and high 
5D values of CH4 (thus large carbon isotope 
fractionation between CO2 and CH4 and small 
hydrogen fractionation between water and CH4) 
tended to be found with low H2 concentration in 
the bubble collected at deeper soil layer (40 cm) 
during winter. On the other hand, high 613C and 

low 6D values of CH4 were observed during 
summer when H2 partial pressure was high. 

Low value of AbDwater-CH4 observed for 40 cm 

at the sphagnum site was around 220%0 during 

winter when H2 partial pressure was very low, 
typically 2-4 ppm, corresponding to 2-4 nM of 
dissolved H2 concentration assuming equilibrium 
with the bubble. Such a low level of H2 has never 

been performed in culture experiments. Frac 
tionation between water and CH4 observed at this 
condition (220%o) is, however, still larger than 
that observed in marine sediments (160-180%0). 

To understand the mechanism of variations in 
carbon and hydrogen isotope fractionations dur 
ing CH4 production, further investigations are 
required with taking account of way of hydrogen 

incorporation into the CH4 molecule under such 
low concentration of H2 as observed here in a 

natural wetland. 
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