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The total methane flux to the troposphere from tundra environments of the Yukon-Kuskokwim Delta is 
dominated by emissions from wet meadow tundra (-75%) and small, organic-rich lakes (-20%). The mean 
513C value of methane diffusing into collar-mounted flux chambers from wet meadow environments near 
Bethel, Alaska, was -65.82 _ 2.21%o (_1 sigma, n = 18) for the period July 10 to August 10, 1988. 
Detritus-rich sediments of Delta lakes, including margins of large lakes and entire submerged areas of 
smaller ones, are laden with gas bubbles whose methane concentration ranges from 11% to 79%. Lowest 
methane concentrations are found along heavily vegetated lake edge environments and highest through- 
out organic-rich, fibrous sediments of small lakes. A minimum ebullition flux estimated for the 5% of 
total Delta area comprised of small lakes ranges from 0.34 to 9.7 x 1010 g CH 4 yr-1, which represents 
0.6% to 17% of the total Delta methane emission. The f13C and kid values of this ebullitive flux are 
-61.41 _+ 2.46%0 (n = 38) and -341.8 + 18.2%o (n = 21), respectively. The methane in gas bubbles from 
two lakes is of modem, bomb carbon enriched, radiocarbon age. Gas bubble f13C values varied from 2 to 
5%0 seasonally, reaching heaviest values in midsummer, no such variations in fD values were observed. 
Combined isotope data reveal that higher f13C values in heavily vegetated areas correlate with lower fD 
values, suggesting enhanced methane production via acetate fermentation. Spatial isotopic variations in 
lakes appear to be controlled by variations in production rather than oxidation processes. 

INTRODUCTION 

In this paper we report the results of a study of the carbon 
and hydrogen isotopic composition of methane from tundra 
environments of the Yukon-Kuskokwim Delta of western 

Alaska (Figure 1). The work was conducted as part of NASA's 
Global Tropospheric Experiment/Arctic Boundary Layer 
Experiment (GTE/ABLE 3A), which included ground-based 
studies of methane production, distribution, and fluxes [Sass et 
al., 1989; Bartlett et al., this issue] as well as the effect of 
macrophytes on these fluxes [Chanton et al., this issue]. The 
overall study included methane emission measurements, which 
were performed using static chambers as well as by eddy corre- 
lation flux techniques used at a micrometeorological tower site 
[Fan et al., this issue] and on board the NASA Electra aircraft 
[Ritter et al., this issue]. 

Recent measurements of 14C in methane from various 
sources and in atmospheric methane [Wahlen et al., 1989] 
indicate that approximately 79% of the methane reservoir in 
the atmosphere in 1987 is of recent biogenic origin. This 
finding is in reasonable agreement with previous budget esti- 
mates for identified sources of atmospheric methane [e.g., 
Ehhalt and Schmidt, 1978]. In a recent review of such budgets, 
Cicerone and Oremland [1988] estimate that natural wetlands 

could account for 100 to 200 x 1012 g CH 4 yr -1 of the total 400 
to 640 x 1012 g CH 4 yr -1 flux to the atmosphere. 
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High-latitude wetland ecosystems appear to be important 
atmospheric methane sources based on budgets and direct flux 
measurements [Sebacher et al., 1986; Matthews and Fung, 
1987; Aselman and Crutzen, 1989; Whalen and Reeburgh, 
1990; Crill, 1992; Bartlett et al., this issue]. The wet peats 
and soils of tundra and boreal ecosystems contain huge quanti- 
ties of organic carbon [Schlesinger, 1977; Aitjay et al., 1979; 
Post et al., 1982], the tundra alone representing over 10% of 
the total global reservoir [Billings, 1987]. This organic car- 
bon is readily decomposed to carbon dioxide and methane via 
microbial processes during warmer periods [e.g., Svensson, 
1976; Svensson and Rosswall, 1984]. 

Methane fluxes to the atmosphere from tundra environments 
are controlled by both temperature and moisture conditions. 
Over 90% of the net flux occurs during the warm season when 
soils overlying permafrost are thawed [Whalen and Reeburgh, 
1988]. However, Sebacher et al. [1986], Whalen and Reeburgh 
[1988], Crill [1992], Bartlett et al. [this issue], and others 
have found a relatively poor correlation between temperature 
and methane flux from tundra; soil moisture content appears to 
be the controlling factor. High methane fluxes are observed 
only when soils are water saturated. Small-scale patchiness in 
plant distribution and topography of the tundra surface is also 
important [Whalen and Reeburgh, 1988]. 

Stable carbon isotopes can be utilized to help quantify the 
relative importance of natural wetlands and other sources of 
methane to the atmosphere [e.g., Stevens and Engelkemeir, 
1988; Craig et al., 1988; Quay et al., 1988; Tyler, 1989; 
Wahlen et al., 1989]. The 13C/12C isotopic ratio of methane 
for the global atmosphere using the $13C notation was -47.7%0 
in 1980 [Stevens and Engelkemeir, 1988] and -46.7%0 at the 
end of 1987 [Wahlen et al., 1989]. The $13C value is defined 
as the relative difference between the sample 13C/12C isotopic 
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Fig. 1. The locations of the GTE/ABLE 3A tower and lakes on the Yukon-Kuskokwim Delta near Bethel, westem Alaska. 

ratio and that of the Peettee belemhire standard in parts per mil 
(9'00) [Craig, 1953]. When corrected for fractionations resulting 
from removal by OH radicals in the troposphere and nonsteady- 
state variations in concentration and isotopic composition, 
the average õ13C value of summed methane sources is consider- 
ably lighter than the measured atmospheric value. Average 
values for atmospheric methane sources of-55.5 and -55.49'00 
were calculated by Stevens and Engelkerneir [1988] and Craig 
et al. [1988], respectively, using Davidson et al.'s [1987] 
kinetic isotope fractionation factor for k12/k13 of 1.010 + 
0.007 for OH radical fractionation. Recently, Cantrell et al. 
[1990] have redetermined this fractionation factor to be 
1.0054 + 0.0009, suggesting that total methane sources to the 
atmosphere may have an average value significantly heavier 
than -55%o. 

In general, natural wetlands appear to produce methane with 
a lighter, more negative õ13C value, whereas methane from 
abiogenic sources and biomass burning has a heavier, more 
positive õ13C value (see reviews by Cicerone and Oreroland, 
1988; Tyler, 1989]). However, isotopic values of methane 
from individual wetland environments should reflect the bal- 

ance of processes controlling its production, transport, and 
consumption (oxidation) and thus net fluxes to the atmo- 
sphere. Isotopic fractionation of carbon during methane pro- 
ducfion [Rosenfeld and Silverman, 1959] and consumption 
[Silverman and Oyama, 1968; Coleman et al., 1981; Alperin 
et al., 1988] as well as isotopic differences in organic carbon 
sources will control the isotopic value of the net flux from a 
specific site. Complications result from observations that 
seasonal variations which occur in all of these processes can 
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Plate 1. Aerial photograph of Yukon-Kuskokwim Delta surrounding the GTE/ABLE 3A tower site Lake ABLE is immedi- 
ately behind tower boardwalk. 

apparently lead to relatively large seasonal variations in the 
õ13C value of emitted methane [Martens et al., 1986; Chanton 
and Martens, 1988; Kelley et al., 1992]. Seasonal observa- 
tions may be required to adequately characterize the isotopic 
composition of methane fluxes from sites where such varia- 
tions occur. These observations may also require weighting to 
account for seasonal methane flux variation itself [Martens et 
al., 1986]. 

The central objective of our work was to isotopically charac- 
terize methane emitted from tundra environments supporting 
relatively high fluxes to the atmosphere. During initial field 
reconnaissance, we found large quantities of methane-rich gas 
bubbles in the sediments of lakes and expanded our objectives 

to include (1) characterizing both lake and tundra methane 
releases, (2) examining factors controlling bubble composi- 
tion in lakes, (3) assessing spatial and temporal variability in 
gas bubble major gas and isotopic composition, (4) determin- 
ing the importance of lake gas bubble ebullition to the 
regional methane flux, and finally, (5) making preliminary 
measurements of the age of methane carbon in lake gas bubbles 
using radiocarbon dating. 

STUDY AREA 

All study sites were located within 40 km of the town of 
Bethel (60 ø 45' N, 161 ø 45' W) on the Yukon-Kuskokwim 
Delta near the southwestern coast of Alaska (Figure 1). The 
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Delta consists of flat, poorly drained tundra truncated by the 
Yukon and Kuskokwim Rivers and numerous shallow lakes 

(Plate 1). Much of the Delta is a wildlife refuge which has been 
extensively surveyed [U.S. Fish and Wildlife Service, 1988]. 
A detailed summary of terrain, vegetation, soil types, water 
coverage and temperature variation is presented in Bartlett et 
al. [this issue]. 

The isotope measurements we report here were performed on 
methane collected from static chamber flux experiments and on 
methane in gas bubbles found in organic-rich tundra lake envi- 
ronments including those in the Bethel area and surrounding 
the GTE micrometeorological tower site approx'nnately 34 km 
to the NW of Bethel. In addition, eight accelerator mass 
spectrometry (AMS) radiocarbon measurements were obtained 
for methane in gas bubbles from two tundra lakes near Bethel. 

.:?..........,•v•],.,,•,.• _ _lIETHANE FLUX (mg/m'2/d) 
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Fig. 2. Methane fluxes from tundra environments of the Yukon- 
Kuskokwim Delta measured during the 1988 ABLE 3A mission [data 
from Bartlett et al., this issue]. 

MEITIODS 

Site Selection 

On the basis of the previous methane flux measurements of 
Sebacher et al. [1986] and those conducted during the field 
experiments by Bartlett et al. [this issue] using static chamber 
techniques, we have focused our isotopic characterization of 
methane fluxes on herbaceous or "wet meadow" tundra which 

comprises approximately 25% of the Delta area but contributes 
approximately 75% of the total regional methane flux. Wet 
meadow tundra is dominated by grasses and sedges as compared 
with the drier dwarf scrub or "upland" tundra which includes 
raised bogs, tussock tundra, and heaths. Upland tundra ac- 
counts for approximately 42% of the Delta area. 

Wet meadow vegetation on moist to saturated soils grades 
into aquatic vegetation on flooded and nonflooded margins of 
lakes and ponds. We measured the isotopic composition of 
methane emitted from flooded "lake edge" vegetation as part of 
our characterization of the total wet meadow flux. 

Open water comprises approximately 15% of the total Delta 
area, the small lakes contributing approximately 20% of the 
annual flux from the Delta [Bartlett et al., this issue]; see 
below. The remaining 18% of Delta area consists of small 
areas of forest along the major rivers and scrub thickets. 
Dominant plant species found in each type of environment are 
summarized by Bartlett et al. [this issue]. 

Average methane fluxes measured by static chamber tech- 
niques from upland tundra, wet meadow tundra and lake edge 
vegetation, and open lake waters by Bartlett et al. [this issue] 
are schematically presented in Figure 2. 

Preliminary observational surveys revealed the presence of 
large quantities of methane-rich gas bubbles, particularly 
along lake edge environments and in smaller lakes rich in 
organic detritus. We systematically collected gas bubble 
samples from five lakes in order to characterize spatial and 
temporal variations in concentrations of methane and other 
gases as well as methane isotopic composition. Other lakes 
were sampled in order to provide information concerning 
ranges in composition in the Bethel and tower site areas. 

Isotope Flux Measurements 

Flux measurements utilized to characterize the 813C value of 
methane emitted from wet meadow tundra were all made over 

0.4 m 2 aluminum flux collars installed at the beginning of the 
study period. The three wet meadow sites were located on the 
Bethel transect described by Bartlett et al. [this issue]. No 

collars were used to obtain measurements from the nonperma- 
nent lake edge sites. Box-shaped aluminum chambers of 82 or 
144 L voltune used to capture emitted gases were covered with 
insulating, solar-reflecting blankets during gas sample collec- 
tion. Generally, the isotope flux experiments were carried out 
following the methane flux measurements of Bartlett et al. 
[this issue] and utilized the same chambers left in place to con- 
tinue collecting emitted gases. We attempted to reach chamber 
air concentrations of 20 to 100 ppm methane which required 
total sample collection times averaging four hours. At the end 
of each experiment, chamber air was pumped into a 4 L evacu- 
ated Scotty IV Extra-Life cylinder (Scott Specialty Gases, 
Plumsteadville, PA) and pressurized to approximately 35 psi 
using a battery-driven stainless steel bellows pump. During 
sample pumping, a stopper at the opposite end of the chamber 
was opened slightly to avoid effects of chamber depressuriza- 
tion. Corrections were made for inclusion of outside air con- 

taining low methane concentrations. 

Gas Bubble Sampling Sites 

In order to examine factors controlling lake bubble compo- 
sition including spatial and temporal variability, we estab- 
lished fixed sites at four lakes with widely varying vegetation 
densities and other lake edge characteristics. These lakes in- 
cluded Lake ABLE adjoining the GTE/ABLE tower site (Plate 1), 
three Bethel area lakes (Figure 1) named Radar Lake, because of 
its immediate proximity to the abandoned DEW line radar site 
known as White Alice; Tundra Ridge Lake, located in the 
northwestern subdivision of Bethel; and Pingo Pond, located 
near the wet meadow experimental site just outside the town. A 
second lake near the wet meadow site, Lake CHAOS, was also 
sampled extensively at a variety of stations during the expedi- 
tion. All of the lakes sampled had maximum depths less than 1 
to 2 m and were lined along their margins with varying 
amounts of emergent vegetation. We measured spatial gas 
bubble composition variations within Lake CHAOS and Lake 
ABLE through sampling transects between open water sedi- 
ments and heavily vegetated lake edge sites. In addition, we 
made single sampling visits to numerous lakes in the tower 
site area in order to investigate the full range of spatial compo- 
sitional variation as well as factors controlling it. 

Gas Bubble Sampling 

Gas bubble samples were collected from flooded lake edge 
environments utilizing a new invention designed in a leading 
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Bethel food and department store. The device, nicknamed the hours of sample collection, with the exception of late August 
"whumper," consists of a 2 m extendable pole, at the end of and September samples, which were returned to our laboratory 
which a large plastic funnel of rugged construction is mounted. at the University of North Carolina for analysis. 
Thick-walled (3.2 mm o.d.) nylon tubing is attached to the in- 
side apex of the funnel such that gas collected while the funnel Measurements of 613C and 6D 
is under water can be pulled through the tubing into a 60 mL 
sample syringe at the handle end of the pole. A plastic 3-way 
stopcock attached to the tubing with tube end fittings provides 
the interface to which a sample syringe can be attached. When 
pushed up and down on the surface of gas-rich sediments, the 
whumper can quickly obtain relatively large gas samples. 

Gas bubble samples were collected for measurements of 
methane, CO 2 and N 2 + 0 2 + Ar concentration, fi13C and fid 
methane values, and methane radiocarbon concentration. 
Bubble samples for stable isotope analysis were transferred via 
water displacement into precleaned 7 or 15 mL glass serum 
bottles, sealed with thick butyl rubber stoppers and crimp- 
sealed. Larger volumes of gas needed for radiocarbon measure- 
ments were transferred into evacuated stainless steel cylinders. 

Gas Bubble Concentration Analyses 

The N 2 + 0 2 + At, CO 2 and methane concentrations of gas 
bubbles from lake edge environments were determined by 
thermal conductivity detector gas chromatography within 

Methods used for methane f13C measurements are described 
in Chanton et al. [this issue]. The preparation of methane in 
gas bubble samples for fid measurements utilized the same vac- 
uum line employed for f13C sample combustion. The fD sam- 
ples were processed following the zinc preparation technique 
of Coleman et al. [1982] using sealed glass tubes [Kendall and 
Coplen, 1985]. After combustion of methane to CO 2 and H20 
[Chanton et al., this issue], the H20 was quantitatively trapped 
with a pentane-liquid nitrogen slush trap (-128øC). The water 
was then cryogenically transferred to 9 mm o.d. glass tubes 
containing zinc turnings obtained from John Hayes of Indiana 
University; the tubes were flame-sealed. Reaction of the water 
with the zinc to form H 2 was accomplished by heating the 
tubes in a block heater at 500øC for 30 min. The liberated H 2 
gas was then analyzed for H/D content on a Finnigan MAT 251 
isotope ratio mass spectrometer at the North Carolina State 
University Isotope Facility. 

Through the courtesy of Susan Trumbore and co-workers at 
Lawrence Livermore Laboratory's Center for Accelerator Mass 

TABLE 1. The •513C Values of Methane Emitted from Wet Meadow and 
Vegetated Lake Edge Environments 

Habitat 

Type 

Chamber Corrected 

Date in Chamber Methane, 813CH4, 
1988 Number ppm %0 

Wet Meadow July 10 4A 33 -67.69 
July 19 4A 97 -61.06 
July 26 4A 19 -63.85 
Aug. 4 4A 22 -63.72 
Aug. 10 4A 109 -63.64 
July 10 4B 172 -65.95 
July 12 4B 122 -66.02 
July 19 4B 126 -64.78 

*July 19 4B 126 -65.07 
July 26 4B 37 -66.54 
Aug. 4 4B 20 -67.41 
Aug. 10 4B 21 -68.20 
July 10 4C 120 -65.96 

*July 10 4C 120 -66.31 

X = -65.43 __+ 2.07 

(n = 12) 

Lake Edge July 18 A 62 -66.15 
July 18 B 53 -68.55 
July 25 A 94 -65.54 
July 25 B 60 -63.39 
Aug. 2 A 71 -65.70 
Aug. 2 B 64 -70.30 

x = -66.61 _+ 2.45 (n = 6) 

Summed Mean X = -65.82 _+ 2.21 

(n = 18) 

*Duplicate sample processing and analysis (X + 1/2 range); July 19, X = -64.92 + 0.14; July 10, X = 
-66.14 + 0.18. 
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Spectrometry (CAMS), we were able to obtain duplicate AMS correlation between these variations and isotopic values for 
radiocarbon measurements on methane from four gas bubble emitted methane. 
samples, two from the fixed temporal sampling site off the Our mean •513C value for methane emissions from wet 
dock at Lake ABLE, one from the fixed site in Pingo Pond, and meadow tundra falls within the range of values observed in two 
another on the opposite shore of Pingo Pond. previous studies of tundra ecosystems. Quay et al. [1988] re- 

RESULTS AND DISCUSSION 

The 613C Value of Wet Meadow Methane Emissions 

The results of 18 wet meadow and vegetated lake edge õ13C 
flux measurements are summarized in Table 1. Twelve flux ex- 

periments were carried out at the wet meadow sites near Bethel 
using three different collars numbered 4A, 4B and 4C. The 4A 
and 4B sites were sampled on a nearly weekly basis from July 
10 through August 10, 1988. A mean õ13C value for emitted 
methane of-65.43 + 2.079'00 (+1 sigma) is calculated by 
summing these fluxes. Six experiments in the flooded lake 
edge environments at the Lake CHAOS site yielded a mean 
õ13C value of-66.61 + 2.459'00. These sites were sampled on 
July 18, July 25, and August 2, 1988. 

The mean õ13C value for methane emitted from all wet 

ported a range of-70 to -599'00 based on 17 chamber flux exper- 
iments carried out during August 1987 along a 200 km transect 
following the Alyeska pipeline from the northern foothills of 
the Brooks Range to Prudhoe Bay. The mean value for methane 
emissions was -64 + 49'0o. As in our study, no correlation be- 
tween methane flux rate and isotopic value was observed. 

Wahlen et al. [1989] report a mean •513C value of -62.9 + 
1.99'oo (n = 8) for methane emitted from tundra in Manitoba, 
Canada. This mean value is within the uncertainty of our 
Alaskan results. 

Variation in Gas Bubble Composition 

The concentrations of methane, N 2 + 0 2 + Ar and CO 2 ob- 
served in gas bubbles sampled from July through September at 
the fixed Sites in the three lakes near Bethel plus Lake ABLE at 
the tower site are presented in Table 2. The vegetation at these 

meadow and vegetated lake edge sites is -65.82 + 2.219'oo. No sites ranged from low density in Lake ABLE and Pingo Pond to 
correlation was observed between fluxes and •513C values of high density at Radar Lake and Tundra Ridge Lake. 
emitted methane. Temporal and spatial variations in tempera- Compositional differences at these sites (Figure 3) appear to 
ture at wet meadow sites as determined from thermistor probes reflect observed variations in the density of both living vege- 
are presented in Bartlett et al., [this issue]. We observed no tation, primarily Carex rostrata, and macrophyte plus tundra 

TABLE 2. Temporal Variations in Bubble Composition From Four Alaskan Lakes 

Date in Methane, N 2 + 02 + At, C02, 
Lake 1988 % % % 

Radar Lake July 13 16.0 (2, 4.4)* 82.8 (2, 4.8) 1.07 (2, 0.48) 
July 22 19.9 O, 0.6) 78.9 (3, 0.7) 1.24 (3, 0.27) 
July 31 20.5 O, 3.3) 77.5 O, 3.8) 1.97 (3, 0.45) 
Aug. 5 18.7 O, 1.0) 79.3 O, 0.9) 1.96 (3, 0.14) 
Aug. 28 29.6 (2, 0.6) 67.8 (2, 1.8) 1.48 (1) 
Sept. 25 42.2 (2, 1.2) 55.2 (2, 0.2) 1.66 (1) 

Mean 23.5 (15, 8.8) 74.6 (15, 9.3) 1.60 (13, 0.48) 

Tundra Ridge 
Lake 

July 13 34.8 O, 5.3) 64.4 O, 5.4) 0.78 (3, 0.37) 
July 22 43.6 O, 3.6) 54.6 (3, 3.6) 1.85 (3, 0.09) 
July 31 18.1 O, 0.3) 79.8 O, 0.3) 2.11 (3, 0.02) 
Aug. 5 20.4 O, 0.5) 77.7 O, 0.6) 1.98 (3, 0.15) 
Aug. 28 29.7 (2, 5.3) 66.8 (2, 7.0) 5.11 (1) 
Sept. 25 35.0 (2, 17.4) 64.1 (2, 17.6) 1.18 (1) 

Mean 30.0 (16, 11.9) 68.2 (16, 11.9) 1.89 (14, 1.08) 

Pingo Pond July 13 61.2 (2, 3.2) 32.8 (2, 3.0) 6.06 (2, 0.16) 
July 22 60.6 O, 5.6) 30.1 O, 7.1) 9.26 (3, 1.50) 
July 31 44.2 O, 0.5) 50.0 O, 0.5) 5.71 (3, 0.11) 
Aug. 1 37.2 (1) 57.7 (1) 5.15 (1) 
Aug. 5 39.9 O, 2.6) 53.4 O, 3.8) 6.70 (3, 1.66) 
Aug. 28 45.0 (2, 9.4) 52.1 (2, 11.9) 5.49 (1) 
Sept. 25 55.6 (1) 41.4 (1) n.d. 

Mean 49.3 (15, 10.4) 44.6 (15, 11.8) 6.75 (13, 1.76) 

Lake ABLE July 14 47.0 (2, 4.8) 51.5 (2, 4.8) 1.53 (2, 0.15) 
July 21 62.4 O, 8.8) 32.4 (3, 11.7) 5.24 (3, 3.11) 
July 25 66.5 (6, 3.8) 27.8 (6, 3.3) 5.73 (6, 1.62) 
Aug. 8 62.2 (6, 11.9) 34.7 (6, 13.1) 3.08 (6, 1.16) 

Mean 62.0 (17, 9.9) 33.8 (17, 11.4) 4.21 (17, 2.21) 

*Data include number of analyses plus standard deviation or 1/2 range if n = 2 (n, S.D.); n.d., not determined. 
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Fig. 3. Variations in mean bubble gas concentrations from fLxed 
temporal sampling sites in four Delta lakes (error bars = 1 o). 

detritus; no systematic temporal changes are apparent. Gas 
bubbles from gently sloping, shallow (< 50 cm deep) lake edge 
sites dominated by Carex plants such as Radar Lake, Tundra 
Ridge Lake, and Lake CHAOS (Table 3) have low methane con- 
centrations and correspondingly high N 2 + 0 2 + Ar concentra- 
tions. Gas bubbles from the deeper edges of relatively steep- 
sided lakes such as Pingo Pond and Lake ABLE with less dense 
and patchy stands of Carex and evidence for ongoing or recent 
slumps of tundra detritus have methane concentrations as high 
as 79% with much lower N 2 + 0 2 + Ar content. Mean methane 
content at the Lake ABLE fixed site is 62,0 _+ 9.9% (n = 17). 
Similar gas bubble compositional differences between vege- 
tated and nonvegetated sites have been previously observed by 
Chanton et al. [1989] and Chanton and Dacey [1991]. 

Mean gas composition values from the four fixed sites 
(Table 2) plus spatial variation data from within-lake and 
multiple-lake surveys are summarized in Table 3. These data 
further amplify the differences seen between the fixed sites. 

TABLE 3. Spatial Variations in Bubble Composition of Lakes on the Yukon-Kuskokwim Delta Near Bethel, Alaska 

Date in Methane, N 2 + 0 2 + At, CO2, 
Lake 1988 % % % Comments 

Table 2 Means 

Radar Lake - 23.5 (15, 8.8)* 74.6 (15, 9.3) 1.60 (13, 0.48) July 13 to Sept. 25 
Tundra Ridge - 30.0 (16, 11.9) 68.2 (16, 11.9) 1.89 (14, 1.08) July 13 to Sept. 25 
Pingo Pond - 49.3 (15, 10.4) 44.6 (15, 11.8) 6.75 (13, 1.76) July 13 to Sept. 25 
Lake ABLE - 62.0 (17, 9.9) 33.4 (17, 11.4) 4.21 (17, 2.21) July 13 to Sept. 25 

Lake CHAOS Survey 
Lake CHAOS July 12 28.0 (2, 1.4) 70.4 (2, 1.8) 1.60 (2, 0.36) Arctophila bed 
Lake CHAOS July 12 20.4 (1) 78.0 (1) 1.57 (1) Carexbed 
Lake CHAOS July 12 42.2 (2, 0.4) 54.4 (2, 0.4) 3.42 (2, 0.12) muddy sediment 
Lake CHAOS July 22 18.1 (1) 80.6 (1) 1.27 (1) muddy sediment 
Lake CHAOS July 31 24.9 (3, 3.2) 71.5 (3, 4.2) 3.57 (3, 1.14) Arctophila bed 
Lake CHAOS Aug. 5 11.2 (2, 3.2) 86.6 (2, 2.8) 2.20 (2, 0.44) Arctophila bed 
Lake CHAOS Aug. 10 15.4 (1) 82.6 (1) 2.04 (1) Carexbed 

Lake ABLE Edge Surveys 
Lake ABLE July 14 65.1 (2, 2.5) 28.7 (2, 3.1) 6.22 (2, 0.62) slumping tundra detritus 
Lake ABLE July 14 42.6 (2, 5.4) 55.6 (2, 5.4) 1.75 (2, 0.09) Carexbed 
Lake ABLE July 14 12.3 (2, 1.3) 84.4 (2, 0.2) 2.26 (2, 0.44) Carexbed 
Lake ABLE July 14 61.6 (2, 2.4) 35.2 (2, 2.6) 3.26 (2, 0.16) 7 m into lake 
Lake ABLE July 25 69.0 (6, 4.6) 22.7 (6, 7.7) 8.26 (6, 3.13) slumping tundra detritus 
Lake ABLE Aug. 8 72.9 (6, 2.7) 18.3 (6, 3.8) 8.80 (6, 2.33) slumping tundra detritus 

Lake ABLE Cross Lake Transect 

Lake ABLE July 18 4a J (2, 5.0) 51.6 (2, 6.2) 3.74 (2, 1.80) -100 m into lake; Equisetum 
bed; muddy 

Lake ABLE July 18 54.2 (2, 1.1) 41.2 (2, 2.0) 4.54 (2, 0.96) -90 m into lake; muddy 
detritus 

Lake ABLE July 18 57.2 (2, 0.1) 38.2 (2, 0.6) 4.62 (2, 0.49) -70 m into lake; muddy 
detritus 

Lake ABLE July 18 62.4 (1) 32.2 (1) 5.46 (1) -40 m into lake; muddy 
detritus 

Lake ABLE July 18 59.6 (2, 1.8) 33.0 (2, 3.6) 7.30 (2, 1.88) -15 m into lake; muddy 
detritus 

Tower Site Area Lake Survey 
Lake BREW July 19 16.6 (4, 5.3) 82.7 (4, 5.6) 0.73 (4, 0.33) 
Lake BREW Aug. 8 21.3 (3, 1.5) 76.7 (3, 2.2) 2.12 (3, 0.75) 
Lake Peter Aug. 8 31.8 (1) 59.3 (1) 8.84 (1) 
Lake Karen Aug. 8 69.6 (1) 26.9 (1) 3.49 (1) 
Shirley Slough Aug. 8 63.4 (1) 31.2 (1) 5.39 (1) 
Lake Turn Aug. 8 36.9 (1) 62.0 (1) 1.04 (1) 

the Comer 

Lake Drewry Aug. 8 26.5 (1) 71.7 (1) 1.76 (1) 
Lake Crill Aug. 8 48.8 (1) 47.2 (1) 3.99 (1) 
Lake Kathy Aug. 8 29.6 (1) 66.6 (1) 3.78 (1) 
Lake Song-Miao Aug. 8 13.1 (1) 82.1 (1) 4.78 (1) 

*Data include number of analyses plus standard deviation or 1/2 range if n - 2 (n, S.D.). 

detritus-rich 

detritus-rich 
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The spatial variation in methane concentration is large, rang- 
ing from 11% to 79% (Table 3), the lowest concentrations 
generally found in heavily vegetated lake edge sites and high- 
est concentrations in detritus-laden open water sites. For ex- 
ample, the mean methane content of all Lake ABLE samples 
(data from Tables 2 and 3) is 60.0 + 14.3% (n = 46), which in- 
eludes samples from patches of lake edges with dense stands of 
emergent macrophytes. This mean value rises to 63.1 + 9.3% 
(n = 42) when samples from these latter, heavily vegetated 
edge sites are excluded. 

Gas Bubble Composition and Ebullitive Methane Fluxes Ill 

It is now thought that gas bubble ebullition is the dominant nC 
mode of methane transport from organic-rich sediments and I-- 

nonvegetated wetlands in tropical and temperate environments • 
[e.g., Martens and Klump, 1980; Chanton et al., 1989; Devol 
et al., 1988; Crill, 1992]. 

Direct observations suggest that the small organic detritus- 
rich lakes of the Yukon-Kuskokwim Delta can support signifi- 
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cant ebullitive fluxes. During the expedition, gas bubbles were Fig. 4. Relationship between ebullitive methane flux and gas• bubble 
frequently sighted breaking the surface of Lake ABLE during methane concentration for southeastern U.S. wetland and coastal envi- 

ronments. Mean methane concentrations for Lake ABLE and Pingo 
calm weather conditions. Even gentle disturbances of the Pond samples are indicated. 
bottom of Lake ABLE and Pingo Pond induced by samplers or 
swimmers resulted in eruptions of gas bubbles. 

Turbid lake waters observed during low-altitude flights (Plate methane concentration data from the four frequently sampled 
1) suggest that the shallow lakes are frequently stirred by high small lakes are listed in Table 2. Methane content ranges from 
winds associated with storm events. Spontaneous release of 23.5% in Radar Lake to 62.0% in Lake ABLE. Using this range 
methane-rich bubbles appears to occur at least into early fall. of values, we interpolate the Figure 4 curve fit to obtain 
Local Bethel residents note the practice of flaring gas pockets methane ebullition rates ranging from 8.0 to 231 mL CH 4 m -2 
trapped under ice immediately following lake ice formation in d -1, or 5.4 to 155 mg CH 4 m -2 d -1. If ebullition occurs for ap- 
late September or October. Aerobic oxidation of methane 
trapped under the ice may play a major role in producing anoxic 
winter lake conditions as previously observed in the 
Experimental Lakes Area of Canada [Rudd et al., 1976; Rudd 
and Hamilton, 1978] and for a subalpine lake in the Cascades 
of Washington [Rau, 1978]. 

Recent work has established an empirical relationship 
(Figure 4) between gas bubble methane (or N2) concentrations 
and ebullitive fluxes through a direct comparison of concentra- 

proximately 130 days during frost-free conditions [Bartlett et 
al., this issue], then the small lakes of the Delta comprising 
approximately 4800 km 2 area can emit approximately 0.34 to 
9.7 x 1010 g CH 4 yr -1 to the atmosphere. This range of values 
is approximately 0.8% to 22% of the wet meadow flux of 45 x 
1010 g CH 4 yr -1 or 0.6% to 17% of the total emission calcu- 
lated for the Delta by Bartlett et al. [this issue]. The calculated 
bubble ebullition rates indicate that nonvegetated areas of 
detritus-rich lakes such as Lake ABLE and Pingo Pond will sup- 

tion versus flux results from a variety of open water wetland port much higher ebullitive fluxes than heavily vegetated and river-estuarine environments in the southeastern United 
areas. Further work will obviously be required to establish 

States [Chanton et al., 1989]. This relationship is based on what fraction of the total lake area actually supports ebullitive the fact that the pore waters of sediments experiencing greater 
rates of bubble production and ebullition are more effectively emissions and to directly determine bubble ebullition rates. 
stripped of dissolved N 2 + 0 2 + At, which generally must be Stable Isotope Composition of Gas Bubble Methane 
replaced by relatively slow diffusion from overlying waters 
[Kipphut and Martens, 1982]. As a result, gas bubbles from Upon finding significant reservoirs of methane-rich gas 
sites with high ebullitive fluxes are depleted in N 2 + 0 2 + Ar bubbles in Delta lakes, we systematically collected samples for 
and enriched in methane. isotope analyses at the same sites where the gas bubble corn- 

An estimate of ebullitive transport from the Delta can be position measurements summarized in Figure 3 were made. In 
made by interpolating a bubble release rate from the ebullitive order to investigate the possibility of temporal as well as 
flux versus composition results (Figure 4). This estimate is spatial variations in methane isotopic composition, we 
likely to be conservative on an aerial basis if we assume that resampled the fixed sites from mid-July through September in 
significant ebullition only occurs from small, detritus-rich three of the five lakes. Lake CHAOS was not systematically 
lakes such as Lake ABLE and Pingo Pond during the warm sampled because of water level fluctuations. We sampled Lake 
season (June to September). As observed by Bartlett et al. ABLE on five dates between July 11 and August 8, 1988, when 
[this issue], diffusive methane fluxes from such small lakes and the tower experiments were shut down. The results of •i13C and 
ponds are nearly 20 times higher than those from larger lakes •iD analyses at the fixed stations for temporal s•udies are sum- 
and are approximately equal to fluxes from wet meadow sites marized in Table 4, while spatial data from all lakes sampled 
(Figure 2). Such small lakes represent approximately 5% of are summarized in Table 5. 
the total Delta area according to these authors. Combined stable carbon and hydrogen isotopic analyses 

Gas bubble composition data for all the small lakes we were carried out because they can together provide greater in- 
sampled are included in Tables 2 and 3. Mean gas bubble sights concerning methane production and oxidation processes 
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TABLE 4. Temporal Variations in Gas Bubble Methane Stable Isotopic Composition 

Lake 

Date in Methane Methane 
1988 •513C, %o 6D, %o 

Radar Lake July 13 -60.30 (2, 3.12)* n.d. 
July 22 -56.26 (2, 0.02) -360.0 (1) 
July 31 -55.48 (3, 0.20) n.d. 
Aug. 5 -55.18 (2, 0.40) -360.0 (1) 
Aug. 28 -56.58 (2, 0.24) -381.3 (1) 
Sept. 25 -57.78 (2, 0.02) -376.9 (1) 

Mean -56.82 (13, 2.19) -369.6 (4, 11.8) 

Tundra Ridge 
Lake 

July 13 -62.90 (4, 5.19) n.d. 
July 22 -57.37 (2, 0.41) -382.5 (1) 
July 31 -59.57 (2, 0.07) -361.0 (1) 
Aug. 5 -59.27 (2, 0.46) -367.4 (1) 
Aug. 28 -57.93 (2, 1.43) -382.4 (1) 
Sept. 25 -61.67 (1) -360.5 (1) 

Mean -60.12 (13, 3.49) -370.8 (5, 11.0) 

Pingo Pond July 13 -63.26 (3, 0.72) -340.6 (1) 
July 22 -62.67 (2, 0.03) -326.4 (1) 
July 31 -62.54 (2, 0.08) -338.6 (1) 
Aug. 1 -59.96 (1) n.d. 
Aug. 5 -59.80 (2, 0.38) -370.8 (1) 
Aug. 28 -63.54 (1) -361.0 (1) 
Sept. 25 -58.04 (1) -362.1 (1) 

Mean -61.78 (12, 1.88) -349.9 (6, 17.2) 

Lake ABLE July 11 -60.99 (2, 0.01) -321.5 (1) 
July 14 -58.41 (2, 2.71) -346.6 (1) 
July 21 -60.51 (3, 0.37) -342.4 (1) 
July 25 -59.16 (2, 0.16) -354.4 (3, 2.6) 
Aug. 8 -61.64 (3, 0.40) -361.1 (1) 

Mean -60.30 (12, 1.69) -347.8 (7, 13.2) 

*Data includes number of analyses plus standard deviation or 1/2 range if n - 2 (n, S.D.); n.d., not 
determined. 

ultimately controlling net fluxes to the atmosphere. In partic- 
ular, the combination of these stable isotope values has 
proven useful for differentiating between production and oxida- 
tion mechanisms [Schoell, 1980; Coleman et al., 1981; 
Woltemate et al., 1984; Whiticar et al., 1986; Burke et al., 
1988]. Heavier õ13C and lighter õD values are associated with 
methane production via acetate fermentation as opposed to 
CO 2 reduction. The oxidation of biogenic methane leads to a 
shift to heavier values for both õ13C and õD. 

Temporal Variation in Isotopic Values 

Seasonal variations in the õ13C of methane attributed to 
changes in production pathways or substrates utilized in pro- 
duction have been observed at several sites in North Carolina 

[Martens et al., 1986; Burke et al., 1988; Chanton and 
Martens, 1988]. Evidence for seasonal variations in the õ13C 
of methane at the Alaskan lake sites is summarized in Figure 5. 

In all four lakes there appears to be a trend toward heavier 
õ13C values during late July or early August, and a drop toward 
lighter values later in the summer. One exception is the heavy 
-58%o value found in Pingo Pond in late September. The mid- 
summer shift toward heavier values ranges from 2%o to 5%o 
among the lakes. As mentioned above, we have observed simi- 
lar, though generally larger midsummer shifts toward heavier 

õ13C values in gas bubble methane from a coastal marine 
basin, Cape Lookout Bight [Martens et al., 1986], and tidal 
freshwater sediments of the White Oak River Estuary [Chanton 
and Martens, 1988]. The seasonal range observed at these pre- 
viously studied sites ranged from 3%o to 12%o. Combined mea- 
surements of seasonal õ13C and õD variations at the Cape 
Lookout Bight site [Burke et al., 1988] indicated that produc- 
tion rather than oxidation effects resulted in the observed 
isotopic variations. 

Also included in Figure 5 are õD variations in methane from 
the Alaskan lake bubble samples. Although there is some ten- 
dency for õD values to become lighter as õ13C values become 
heavier (see discussion below), it is not possible to discern 
any clear seasonal trends in the õD values alone. 

Spatial Variations in Isotopic Values 

Among lakes, there are trends toward lighter õ13C and heav- 
ier õD values (Figure 6) as one progresses from lakes with low- 
est gas bubble methane concentration (Radar Lake) toward lake 
sites with the least emergent vegetation and highest gas 
bubble methane concentrations (Pingo Pond and Lake ABLE). 
A plot (Figure 7) of all gas bubble õ13C versus õD values 
(Tables 4 and 5) from the four frequently sampled lakes, 
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TABLE 5. Spatial Variations in Gas Bubble Methane Stable Isotopic Composition 

Date in Methane Methane 

Lake 1988 813C, %0 $D, %0 Comments 

Table 2 Means 

Radar Lake - - -56.82 (13, 2.19)* 
Tundra Ridge -- -60.12 (13, 3.49) 
Pingo Pond -- -61.78 (12, 1.88) 
Lake ABLE - - -60.30 (12, 1.69) 

-369.6 (4, 11.8) 
-370.8 (5, 11.0) 
-349.9 (6, 17.2) 
-347.8 (7, 13.2) 

July 13 to Sept. 25 
July 13 to Sept. 25 
July 13 to Sept. 25 
July 11 to Aug. 8 

Lake CHAOS Survey 
Lake CHAOS July 12 -56.70 (5, 3.40) n.d. 
Lake CHAOS July 22 -70.86 (2, 0.10) n.d. 
Lake CHAOS July 31 -52.53 (2, 0.05) n.d. 
Lake CHAOS Aug. 5 -55.23 (1) n.d. 
Lake CHAOS Aug. 10 -61.44 (1) n.d. 

Arctophila bed 
muddy sediment 
Arctophila bed 
Arctophila bed 
Carex bed 

Lake ABLE Edge Survey 
Lake ABLE July 14 -56.50 (1) -371.0 (1) 
Lake ABLE July 14 -54.08 (2, 0.50) -364.4 (2, 1.8) 
Lake ABLE July 14 -50.04 (2, 1.76) n.d. 
Lake ABLE July 14 -59.47 (3, 5.44) -337.9 (1) 

slumping tundra detritus 
Carex bed 
Carex bed 

7 m into lake 

Lake ABLE Cross Lake Transect 
Lake ABLE July 18 -63.65 (2, 1.11) -312.6 (1) 
Lake ABLE July 18 -63.76 (2, 0.28) -317.9 (2, 2.8) 
Lake ABLE July 18 -63.47 (2, 0.01) -327.7 (1) 
Lake ABLE July 18 -62.17 (1) n.d. 
Lake ABLE July 18 -63.39 (3, 0.02) -328.9 (2, 6.1) 

-100 m into lake; Equisetum bed 
--90 m into lake; muddy detritus 
--70 m into lake; muddy detritus 
--40 m into lake; muddy detritus 
-15 m into lake; muddy detritus 

Tower Site Area Lake Survey 
Lake BREW July 19 -60.26 (1) n.d. 
Lake BREW Aug. 8 n.d. -369.0 (1) 
Lake Peter Aug. 8 -54.25 (1) -351.1 (1) 
Lake Karen Aug. 8 -64.23 (1) n.d. 
Shirley Slough Aug. 8 -63.15 (1) n.d. 
Lake Turn Aug. 8 -53.08 (1) n.d. 

the Comer 

Lake Drewry Aug. 8 -53.60 (1) n.d. 
Lake Crill Aug. 8 -55.23 (1) n.d. 
Lake Kathy Aug. 8 -46.35 (1) -384.0 (1) 
Lake Song-Miao Aug. 8 -47.42 (1) n.d. 

detritus-rich 
detritus-rich 

*Data include number of analyses plus standard deviation or 1/2 range if n = 2 (n, S.D.); n.d., not determined. 

including fixed site and survey stations in Lake ABLE, illus- 
trates this trend. 

Within individual lakes these same trends in isotopic values 
can be discerned. In Lake CHAOS, for which only õ13C data are 
available, isotopic values are heavier in samples from lake 
edge sites heavily populated by Carex (July 12, 1988, 
-56.70%o; July 31, 1988, -52.535roo) as compared with samples 
from muddy bottom sites (July 22, 1988, -70.865roo) in open 
water areas. 

The cross lake transcot and lake edge survey of gas bubble 
composition within Lake ABLE provide the best evidence for 
trends associated with emergent macrophytes. The combined 
õ13C and õD from these studies are included in Table 5. Ten 
samples from open water areas of the lake had õ13C values 
ranging from -63.76 to -62.175roo; $D values for these same 
samples ranged from -328.9 to -312.65roo. Four samples col- 
lected along the edges of Lake ABLE within 2 m of the shore- 
line, all in areas of relatively luxuriant emergent plant commu- 
nities, had õ13C values ranging from -54.08 to -50.04!Yoo and 
õD values averaging -364.45roo. 

The spatial isotopic trends observed in our study appear to 
be caused by variations in production processes and substrates 
rather than by preferential consumption of 12C-enriched 

methane during microbially mediated oxidation. Previous 
work on isotopic shifts caused by methane oxidation [Coleman 
et al., 1981] indicates that both õ13C and õD values should be- 
come heavier. Our data, instead, suggest that õD values be- 
come lighter as õ13C values become heavier, as seen earlier in 
the Cape Lookout Bight study [Burke et al., 1988]. The iso- 
topic txends we observe follow those suggested for a shift from 
methane production via CO 2 reduction to acetate fermentation 
(to heavier õ13C and lighter õD values) by Whiticar et al. 
[1986] and others. 

The 813C and 8D Signature of the Ebullitive Methane Flux 

The relationship between bubble methane content and ebul- 
lition rate illustrated in Figure 4 indicates that the ebullitive 
methane flux emanates largely from detritus-rich small lakes. 
The õ13C and õD values of this flux are therefore best estimated 
from our Pingo Pond and Lake ABLE data. The mean õ13C of 
methane from open-water sites for both lakes (Tables 4 and 5) 
is -61.41 + 2.465roo (n = 38), whereas the corresponding fid 
value is -341.8 + 18.25roo (n = 21). 

If a significant ebullitive flux actually occurs from more 
heavily vegetated lake environments, we would then expect the 



MARTENS hi' AL.: ALASKAN TUND• METHAN• ISOTOPIC COMPOSITION 16,699 

-55 - 

-60 

-65 ' 

Radar Lake 

ß i ! 

July A•g S;pt 

-300 -50 

-320 

-340 

- -360 

-55 - 

-6O 

-65 

-400 -70 

Tundra Ridge Lake 

ß i i 

July A•g S;pt 

-320 

-340 o 

- -360 _. 

-380 

-400 

-55 - 

-65 - 

-7O 

Pingo Pond 
-300 -50 

-340 

-38O 

-55 

-6O 

-65 

-400 -70 

July Aug Sept July 

Lake ABLE 

u- Del 13C-CH4 

-- Del D-CH4 

A;g ' S;pt 

- -320 

-340 

-360 

-380 

-400 
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õ13C value of the total ebullitive flux to be heavier, and the Radiocarbon Content of Gas Bubble Methane 
corresponding õD value to be •;,',•'"•.' m•; ..... 1..;,-,. is based 
on the combined isotopic results summarized in Figure 7 as 
well as the individual site data listed in Tables 4 and 5. 
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Fig. 6. Relationship between mean gas bubble methane concen- 
trations and methane 813C (A) and 8D (B) isotopic values in four Delta 
lakes. 

Our purpose in obtaining radiocarbon measurements was to 
establish whether the organic carbon source supporting 
methane fluxes was old or recently produced (modem) organic 
matter containing bomb radiocarbon. The results are summa- 
rized in Table 6. With the exception of one sample from Lake 
ABLE, for which duplicate runs yield radiocarbon ages of 156 + 
155 and 280 + 130 years B.P., respectively, the methane 
sampled is bomb carbon enriched. The relatively large preci- 
sion errors listed in Table 6 resulted from instabilities in the 

high voltage accelerator. Variations in the radiocarbon con- 
tent of the two samples (four AMS analyses) collected sequen- 
tially from the same Lake ABLE site as well as differences be- 
tween Lake ABLE and Pingo Pond samples (Table 6) suggest 
that further radiocarbon data must be obtained in order to better 
characterize the mean radiocarbon content of organic materials 
supporting these methane fluxes. It appears, however, that 
methane production and fluxes to the atmosphere at our lake 
sites are supported primarily by the degradation of recently 
produced organic matter as opposed to older materials slowly 
degrading over hundreds or thousands of years. 

SUMMARY AND CONCLUSIONS 

The õ13C value of diffusive methane emissions from wet 
meadow tundra of the Yukon-Kuskokwim Delta near Bethel, 

Alaska, is -65.82 + 2.21ø7oo (n = 18). This value is within the 
uncertainty of previous observations by Quay et al. [1988] of 
-64 + 4ø700, n =17 and Whalen et al. [1989] of-62.9 + 1.9ø7oo, n = 
6 in tundra environments. 

We have discovered that detritus-rich sediments of tundra 

lakes are loaded with methane-rich gas bubbles during the warm 
season. Spatial trends in the major gas concentrations and iso- 
topic values of methane in these gas bubbles appear to reflect 
processes associated with production rates and mechanisms; 
high methane concentrations, lightest õ13C values and heavi- 
est 8D values occur in detritus-rich sediments isolated from 
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TABLE 6. Radiocarbon Content of Methane in Four Gas Bubble Samples From Two Lakes on the 
Yukon-Kuskokwim Delta Near Bethel, Alaska 

Lake 
Date in Mean 813C,* CAMS A14C, 
1988 %0 Run No. %0 Radiocarbon Age t 

Pingo Pond 
Duplicate 
Pingo Pond 
Duplicate 
Lake ABLE 

Duplicate 
Lake ABLE 

Duplicate 

Aug. 1 -61.78 530 150 (68)$ 115 (7) % Modem 
Aug. 1 -61.78 531 111 (65) 111 (7) % Modem 
Aug. 2 -61.78 532 205 (18) 121 (2) % Modem 
Aug. 2 -61.78 533 177 (56) 118 (6) % Modem 
Aug. 6 -60.16 526 -28 (20) 185 (155) Years B.P. 
Aug. 6 -60.16 527 -42 (15) 310 (130) Years B.P. 
Aug. 6 -60.16 528 71 (63) 107 (6) % Modem 
Aug. 6 -60.16 529 72 (18) 107 (2) % Modem 

*Mean values from Table 4. 

tQuoted age in radiocarbon years using Libby half life of 5568 yr and following conventions of Stuiver 
and Polach [1977]. 
$Data includes standard deviation (S.D.). 

emergent vegetation. Heavier õ13C and lighter õD values in -61.41 + 2.469'00 (n = 38) and -341.8 + 18.29'oo (n = 21), respec- 
methane from heavily vegetated lake margins suggest a shift tively. The õ13C value should be heavier and the õD value 
toward a larger role for acetate fermentation in association with lighter if heavily vegetated lakes with less methane-rich gas 
aquatic plants and plant detritus. Preliminary radiocarbon dat- bubbles contribute significantly to the ebullitive flux. 
ing indicates that gas bubble methane largely originates from 
modem carbon. 
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