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Department of Geology and Geophysics, University of Minnesota,
310 Pillsbury Dr. SE, Minneapolis, Minnesota, USA 55455

Jennifer Y. King
Department of Soil, Water and Climate and Department of Ecology, Evolution, and Behavior,
University of Minnesota, 439 Borlaug Hall, 1991 Upper Buford Circle, St. Paul, Minnesota, USA 55108
Abstract
Biogenic methane (CH4) from wetlands plays a crucial role in the carbon cycle, but the dynamics of dissolved
methane flux across the surface water-ground water interface remain poorly understood. This study focused
on the effects of spatial transformation of dissolved methane and the role of ground-water recharge in the distribution of dissolved methane across the surface water-ground water interface. Here we present carbon isotopic measurements of biogenic methane and dissolved inorganic carbon (DIC) from the Sarita Wetland, on the
St. Paul Campus of the University of Minnesota, and also in six monitoring wells located down gradient from
the wetland. The δ13C values of CH4 vary between −10.6 and −58.4‰, and the δ13C values of DIC vary between
+0.8 and −14.1‰ across the study site. Based on dissolved methane concentrations during the growing season, we estimate that ground water methane represents 8%–38% of total methane dissolved in the wetland. Using the carbon isotopic composition of methane and knowledge of the site hydrology, we found that the degree
of methane oxidation increased as methane moved away from the wetland along the ground water flowpath.
The proportion of methane oxidized ranged between 4% and 99% with most of the methane oxidation occurring within the first 120 m from the wetland. The degree of oxidation within the wetland itself varied from 81%
in the spring to 99% during the winter, suggesting that oxidation of dissolved methane occurs more rapidly in
surface waters than in ground water recharge. This study shows that ground water flow paths are a primary
control on the export of dissolved methane produced in wetlands. This study also demonstrates that C stable
isotopes can be used to study transport of dissolved methane across the surface water-ground water interface,
accounting for methane oxidation during transport.
Keywords: carbon stable isotopes, dissolved methane transport, ground water, wetland

as a greenhouse gas (Whiting and Chanton 2001, Bousquet et al. 2006). Furthermore, scales of methane oxidation studies have usually been at the profile level. Researchers have focused primarily on methane fluxes in
wetland or lake profiles (Strayer and Tiedje 1978, Frenzel and Karofeld 2000), soil profiles (Giani et al. 2002,
Teh et al. 2005), or landfill cover profiles (Liptay et al.
1998, De Visscher and Van Cleemput 2003, De Visscher
et al. 2004). However, measurements of dissolved methane oxidation across the surface water-ground water in-

Introduction
Temperate and boreal wetlands represent an enormous carbon reservoir and are considered an important source of atmospheric methane (CH4; Reeburgh
2003). Major research efforts have focused on measuring
methane emissions across the air-water interface (Whiting and Chanton 1993, Xing et al. 2005), understanding
the role of methane in the global carbon (C) cycle (Tyler
1991, Wahlen 1993, 2005), and determining its potential
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terface are limited, and the temporal and spatial variability of methane oxidation involving subsurface flow
remains poorly understood.
Stable isotopes have been widely used to study methane oxidation (Bastviken et al. 2002, Van Breukelen
and Griffioen 2004). Microbially mediated oxidation
of methane discriminates against 13C, leaving residual
methane enriched in 13C (Barker and Fritz 1981, Alperin
et al. 1988). Using stable carbon isotopes as a tracer for
methane oxidation in a landfill-leachate plume, recent
studies show that 84% of methane is oxidized within
200 m from the landfill (Grossman et al. 2002). Similar
studies have found variable oxidation rates (24%–46%)
during transport through landfill covers (Bergamaschi
et al. 1998, Liptay et al. 1998).
In wetland soils, ground water levels exert the most
important control on methane emissions to the atmosphere (Liblik et al. 1997) because they affect the vertical extension of the oxidation zone in the soil. Given
this control, the coupling of ground water and dissolved methane dynamics is critical to understanding the transformation of methane beyond the profile scale. In fact, carbon loss via ground water can be
greater than carbon loss to the atmosphere in peatland
settings (Waddington and Roulet 1997). Ground water
recharge may serve as a dilution mechanism in settings
where dissolved methane is found in the subsurface
(Simpkins and Parkin 1993). In a recent study, Darling and Gooddy (2006) demonstrated that detectable
concentrations of ground water methane can be found
under a range of redox conditions, highlighting the
potential for transport and relocation. Thus the importance of ground water transport of dissolved methane
is widely accepted (e.g., Barker and Fritz 1981, Gooddy
and Darling 2005), but currently there is a lack of studies that address it within the context of connected wetland-ground water settings.
This study targeted the spatial pattern of dissolved
methane oxidation occurring within a small freshwater
wetland and in the ground water flowpath down gradient from it. The specific goal of this work was to evaluate the dynamics of dissolved methane flux across
the surface water-ground water interface and address
the following questions: 1) how much methane from
the wetland is lost via ground water? and 2) what is
the degree of methane oxidation across the surface water-ground water interface and along the ground water
flowpath? To address these questions, the natural abundances of stable carbon isotopes of methane and dissolved inorganic carbon (DIC) were measured to quantify methane oxidation occurring in the wetland and in
the ground water flowpath. The working hypothesis
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for this study is that methane produced in the wetland
has a distinctive isotopic signature, so that methane oxidation is measurable within the wetland’s catchment
as methane is translocated from the wetland through
ground water recharge pathways.
Methods
Site Description
The Sarita Wetland is a ~3-ha natural wetland located
on the south side of the University of Minnesota, St. Paul
campus (44.98° N, 93.18° W, and 270 m above sea level).
The wetland collects runoff water from the campus and
drains it into a storm water duct located at its southeast
end. Ground water seepage occurs at the northeast end
of the wetland, as indicated by a differential in hydraulic head monitored at two ground water wells located in
this end, and by rapid thawing of the ice cover during
the winter. According to the Canadian Wetland Classification System (NWWG 1997), this wetland is classified
as a fen due to its fluctuating water table, relatively high
pH ( 7.1), high dissolved mineral content, and abundant brown mosses. High organic matter accumulation
exists due to high primary productivity, waterfowl nutrient input, and slow decomposition. Vegetation within
this wetland is dominated by cattail (T. glauca), evenly
distributed throughout the wetland. The unconsolidated sediments (loose sediments) were measured to be
2.5 m thick in June 2004.
Ground water within the Minneapolis-St. Paul basin
is stored in both the Quaternary deposits and bedrock.
The Quaternary deposits consist of sand and gravel outwash at the surface within the glacial debris. A high degree of spatial variability in transmissivity and hydraulic
conductivity values exist due to the heterogeneity typical
of glacial deposits such as these. Ground water samples
taken for this study come from the Quaternary deposits.
Sampling
Samples for dissolved methane and DIC analysis were
collected on the following dates in 2004: February 23,
March 17, April 11, April 23, May 19, and June 14. Given
that no major differences existed in wetland characteristics and vegetation cover throughout the wetland, six
sites were selected forming a 3 × 2 grid to ensure coverage from all parts of the wetland. A portable sampling
pump (Masterflex L/S No. 7570-10, Cole-Parmer Instrument Company, Vernon Hills, IL) was used to extract
water at the sediment-water interface, maintaining low
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pumping rates (< 0.5 LPM) to minimize disturbance. Water was pumped for a few minutes before taking the sample, so the possibility of degassing of the samples would
be minimized. Samples were collected in triplicate in 27ml amber glass vials leaving no air space and sealed with
aluminum seals and rubber septa with a Teflon cover inside. Glass vials were immediately refrigerated and carried to the lab to be analyzed within 2 days of collection.
Ground water samples were taken from six monitoring wells (MW-1, MW-1D, MW-2, MW-3, MW-9, and
MW-10) already in place and semi-distributed in the
catchment (Figure 1), and following similar procedures
to the wetland samples. MW-1D was screened below
the water table and it can be considered a piezometer.
MW-1D was useful to calculate difference in hydraulic
potential between the wetland and deep ground water
(for more on the use of wells and piezometers see Methods description in Bradley et al. 2007). To collect ground
water, a submersible pump was lowered into each well
and at least 1–2 times the borehole volume was extracted before collecting the sample. Depth of completion of these wells ranged between 3.3 and 25 m below
the surface (Figure 1).
Analytical Measurements
Methods for extraction of DIC were modified from
Miyajima et al. (1995). A headspace was created inside
each of the 27-ml glass vials by concurrently removing 5
ml of water through the septum with a gas-tight syringe
(Hamilton Co., Reno, NV) and replacing it with ultra
pure, research-grade nitrogen (N2) gas. Samples were
subsequently acidified by injection of 0.5 ml of CO2free hydrochloric acid (6 N) and equilibrated by hand
shaking so the CO2 dissolved in the water would degas
into the headspace. The sample bottles were left upside
down in the dark for at least two hours before analysis.
Gas concentrations were quantified by gas chromatography on a Perkin-Elmer Auto-system gas chromatograph (GC) equipped with a fused silica capillary column (30 m, 0.53 mm internal diameter, Carboxen 1010
PLOT, Supelco), a flame ionization detector (FID), and
a thermal conductivity detector (TCD). Research-purity argon was used as the carrier gas at a flow rate of
20 ml/min. The column temperature step-heating was
performed as follows: 40°C for 1.7 min, with a 40°C/
min increase up to 220°C, and continuing at 220°C for 20
min. This system was calibrated by using a commercial
mixture of 1% CO2 and 1% CH4 balanced in N2 (Matheson Tri Gas, Newark, CA). Concentrations were calculated by using Henry’s law and are expressed in mmol
l−1. Uncertainties in reported concentrations are estimated to be within ± 5%.
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Figure 1. A) Ground water contours of the Sarita Wetland watershed. Contour interval is 0.25 m. Solid arrows indicate flowpath. Axes are in the Universal Transverse Mercator (UTM)
grid system. B) Relative elevations and depths of monitoring
wells and their screening (mesh). The dashed line represents
the water table and the elevation values are given in meters
above sea level. Actual variations in water table elevation cannot be represented at the scale of this figure, and therefore a
flat water table is shown.

The procedure to extract dissolved methane was
modified from McAuliffe (1971) and is summarized
here. After collection in the field and transport to the
lab, 2.5 ml of water were extracted from each of the 27ml glass vials in the same manner as for DIC. Next, 2.5
ml of N2 were added into the syringe and then vigorously hand-shaken for 3–5 min to obtain equilibrium between the two phases. Concentrations were quantified
in a similar manner and same equipment as for DIC and
are expressed in mmol l−1.
Isotopic analyses were performed using a cryofocusing trace gas preconcentrator (Micromass TraceGas,
Manchester, England) and continuous flow isotope
ratio mass spectrometer (Fisons Optima, Manchester, England). The TraceGas preconcentrator methods
for methane analysis are based on methods similar to
those described by Rice et al. (2001) and Miller et al.
(2002) and used by many others (e.g., Tarasova et al.
2006, Kinnaman et al. 2007). The operation of the Trace-
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Gas preconcentrator is summarized here and described
in more detail by Fisher et al. (2006). Once gas samples
were extracted from water samples as previously described, gas samples were transferred using a gas-tight
syringe (Hamilton Co., Reno, NV) from glass vials into
glass flasks fitted with a septum port. On the TraceGas system, air samples to be analyzed for δ13C-CH4
were passed through chemical traps (magnesium perchlorate and Carbosorb) to remove water and CO2.
Samples were then passed through a combustion furnace (1,000°C) containing platinum, nichrom, and copper (Pt/NiCr/Cu) oxidation catalysts for quantitative
conversion of CH4 to CO2. The oxidation catalysts were
regularly reconditioned overnight with ultra-high purity O2. The resulting CO2 was retained in a cryofocusing trap and then passed through a Nafion membrane
to remove water before gas chromatographic separation on a PoraPLOT Q GC column and passage to the
mass spectrometer through an open split. Air samples
to be analyzed for δ13C-CO2 were not passed through
chemical traps to remove CO2 or through the combustion furnace.
Isotopic compositions are reported relative to Vienna
Pee Dee Belemnite (VPDB) standards, and ratios are expressed in delta notation:
δ13C (‰) = [(Rsample/Rstd) – 1] × 1000

(1)

where Rsample and Rstd refer to the 13C/12C ratio in the
sample and in the standard, respectively. As laboratory reference standards we used atmospheric CO2
standards obtained from the National Oceanic and
Atmospheric Administration Earth System Research
Laboratory, and analyzed by the Stable Isotope Laboratory at the University of Colorado and traceable to
National Bureau of Standards. Although an international standard material for the isotopic composition of
methane does not exist, an in-house methane standard
was maintained and analyzed along with the samples.
Based on multiple analyses of these standards the analytical uncertainty is within ± 0.2‰ for both δ13C-CO2
and δ13C-CH4.
Methane Oxidation
Fractionation factors were used to determine the origin of biogenic methane and examine degree of oxidation (Whiticar 2000). Assuming that the system was in
steady state, the fractionation factor CO –CH was de2
4
fined as:
CO
where

= [(δ13CO2 + 1000) / (δ13CH4 + 1000)]

2–CH4
13
δ CO2

is the signature of DIC as CO2 and

(2)

δ13CH

4
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is the signature of dissolved methane. To measure methane oxidation, we used the Rayleigh model, in which
the isotopic composition of methane found in ground
water is related to the isotopic composition of methane
in the anoxic zone by the following equation (Bergamaschi et al. 1998):
δ13CH4i – δ13CH4 source = [(δ13CH4 source + 1000)

× ((1/) – 1) × ln (F) ]

(3)

where δCH4i is the isotopic value of methane at any time
i, δCH4 source is the isotopic composition of methane at
the source, α is the fractionation factor, and F is the fraction of residual methane, which for this study is referred
to as the remaining concentration of dissolved methane.
Statistical analyses were performed in Sigmaplot 10.0,
and error bars reported represent one standard deviation of the means.
Results and Discussion
In the wetland, DIC concentrations ranged from
0.43 to 2.63 mmol l−1, and δ13C-DIC values varied from
−5.1 to −11.0‰ during the length of the study (Table 1). Methane concentrations varied from 0.0227 to
0.3118 mmol l−1, and δ13C-CH4 values ranged from
−12.1 to −50.2‰. In general, more positive values of
δ13CH4 were found when the wetland was ice covered
and the sediments were frozen. More negative values of
δ13C-CH4 were found after thawing and throughout the
growing season.
In ground water, DIC concentrations ranged from
1.09 to 9.23 mmol l−1, and δ13C-DIC values ranged
from +0.8 to −14.1‰ during the length of the study.
Methane concentrations varied from levels below detection limit to 1.728 mmol l−1 and δ13C-CH4 values
ranged from −10.6 to −58.4‰. The more positive values of δ13CH4 were measured in MW-1D and MW10, and the more negative values were measured in
MW-1 and MW-2. Prior to snowmelt, methane concentrations were low in ground water near the wetland ( 0.01 mmol l−1), perhaps because methane production during the winter is low and ground water
recharge is so slow that methane does not reach the
ground water. After snowmelt, methane concentrations increased in both the wetland and ground water,
and the δ13C-CH4 values became significantly more
negative. This increase of dissolved methane concentrations in the ground water during the growing season is a combined effect of increased methane production at the surface and greater ground water recharge
driven by snowmelt and rain.
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Table 1. Concentration and isotopic composition of dissolved inorganic carbon (DIC) and methane (CH4). Delta values are
expressed with respect to VPDB standards. Dash indicates either not determined or not detected.
Date

Sample

DIC [mmol l–1]
(as CO2)

Feb-04

Sarita
MW-1
MW-1D
MW-2
MW-3
MW-9
MW-10
Sarita
MW-1
MW-1D
MW-2
MW-3
MW-9
MW-10
Sarita
MW-1
MW-1D
MW-2
MW-3
MW-9
MW-10
Sarita
MW-1
MW-1D
MW-2
MW-3
MW-9
MW-10
Sarita
MW-1
MW-1D
MW-2
MW-3
MW-9
MW-10

2.63
4.44
7.17
–
5.85
6.88
3.80
–
1.35
4.62
7.22
9.21
6.71
9.23
2.08
5.05
3.69
4.71
5.08
1.45
4.84
0.43
3.92
2.76
1.39
3.91
3.59
4.04
1.59
2.34
1.09
1.57
2.62
2.67
5.36

Mar-04

Apr-04

May-04

Jun-04

δ13CDIC ‰
–8.4
–9.8
–3.2
–
–9.5
–10.6
–9.8
–8.2
–7.7
–10.6
0.8
–6.5
–10.3
–7.7
–5.1
–8.8
–11.4
–7.5
–10.7
–12.2
–10.4
–11.0
–9.5
–10.9
–8.0
–10.2
–12.8
–10.2
–9.7
–10.5
–11.0
–11.2
–10.2
–14.1
–10.6

In general, δ13C-CH4 values of dissolved methane in
ground water were more positive with increasing distance from the wetland (Figure 2). When δ13C-CH4 values were plotted against the natural log of distance, samples collected from MW-1, MW-2, MW-3, MW-9, and
MW-10 exhibited a linear relationship (r2 = 0.63), indicating a logarithmic relation among samples from these
sites. This relationship was the result of a logarithmic decay due to the discrimination against 13CH4 during methane oxidation (Abichou et al. 2006) occurring from the
same methane pool, where the degree of isotopic fractionation has been shown to decrease with decreasing
methane concentrations (Teh et al. 2006). However, samples collected from MW-1D and MW-9 did not follow

CH4
[mmol l–1]

δ13CCH4 ‰

–
0.011
0.011
–
–
0.013
–
–
0.054
0.019
1.728
0.014
0.010
–
0.245
0.021
0.018
–
–
–
–
0.023
0.105
0.014
0.300
–
0.009
–
0.312
0.046
–
0.114
–
–
–

–27.8
–
–
–
–
–
–
–12.1
–
–
–
–
–
–
–50.2
–42.1
–11.3
–57.5
–33.25
–22.9
–27.6
–41.4
–58.0
–10.6
–54.2
–32.1
–24.9
–24.5
–46.2
–58.4
–13.3
–57.9
–29.2
–27.5
–26.7

Fraction
Oxidized (%)
99.8
–
–
–
–
–
–
99.9
–
–
–
–
–
–
81.6
96.6
99.9
13.8
99.5
99.9
99.8
97.1
4.2
99.9
57.2
99.6
99.9
99.9
92.1
0
99.9
6.2
99.8
99.8
99.9

the same relationship. Due to the heterogeneity of the
sediments in this basin, samples collected from MW-9
likely followed a longer ground water flowpath, rather
than a simple “straight line” from the wetland (as measured in Figure 2), so a higher degree of oxidation occurred resulting in more positive δ13C-CH4 values. While
MW-1D was very close to the wetland, it did not show
similar δ13C-CH4 values to MW-1 or MW-2. Instead,
MW-1D, which was the deepest well in this study (Figure 1), consistently showed the most positive δ13C-CH4
values among all sites, reflecting highly oxidized methane. Given that dissolved methane collected in MW1D corresponded to the deepest ground water samples
in this study, our results suggest that methane found

isotopic evidence of methane oxidation across the surface water–ground water interface

Figure 2. Variation of δ13C-CH4 values and horizontal distance
from wetland. Horizontal distance is shown on a logarithmic
scale. Error bars represent one standard deviation of the mean
(n = 3) and dashed lines represent 95% confidence intervals.
Note that given the depth of samples from MW-1D (Figure 1),
this site was not included in the regression (y = 11.064(Ln(x))−
99.47; r2 = 0.63.

in this well was likely the result of a transport mechanism driven by a concentration gradient (diffusion) as
opposed to a hydraulic gradient (advection), as occurring in the other wells. Thus diffusion caused methane to
migrate from the wetland down into the saturated area,
and as a result, the movement of methane away from the
wetland was much slower than when caused by advection, allowing more oxidation to occur. Recent studies of
pore water methane under peatlands have demonstrated
that dissolved methane can diffuse vertically for several
meters (Beer and Blodau 2007). However, our attempts
to estimate discharge and flow velocities of ground water based on hydraulic conductivity and slug tests were
hampered by the high spatial heterogeneity of the sediments, typical of glacial deposits, which led to inaccurate estimates.
The isotopic analyses of biogenic methane in surface
and ground water showed consistency at each sampling
occasion relative to one another. The δ13C-CH4 values of wetland samples were more positive than MW-1
and MW-2 and more negative than MW-3, MW-9, and
MW-10 (Figure 3). This pattern indicates that MW-1 and
MW-2 contained methane closer in composition to that
of the anoxic zone or anoxic “microsites” (as discussed
in Darling and Gooddy 2006) and that methane oxidation occurred faster in surface waters than in proximal
ground water.
Stable isotopes are commonly used to study methane oxidation (Happell et al. 1994, Zhang et al. 1998,
Whiticar 1999), due to discrimination against 13C dur-
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ing methane oxidation. Various degrees of methane oxidation have been reported by using stable isotopes
(Schoell 1980, Whiticar and Faber 1986, Happell et al.
1994, Liptay et al. 1998, Whiticar 2000). To test our original hypothesis that the fate of methane produced in the
wetland can be detected in ground water, we used combined analyses of carbon isotopic composition of CH4
and DIC. In February, δ13C-CH4 and δ13C-DIC values
in the wetland were −27.8 and −8.4‰, respectively (Figure 3a). These unusually heavy values are not uncommon for dissolved methane sampled in the water column (Whiticar 1999) and may be the result of methane
that remained dissolved in the water column or in the
wetland sediments during the cold months. After snowmelt, δ13C-CH4 values became more negative, and this
can be interpreted as greater production of methane
and shorter time since production. Similar comparisons
were made for the months of April, May, and June (Figures 3b, 3c, and 3d).
To aid in interpreting methane oxidation, the Rayleigh model proposed in Equation 3 can be conceptually
read as:
ΔCH4 = f (δ13CH4 source, 1/, ln F)

(4)

where ΔCH4 is the change in the δ13CH4source and is a
function of the value of δ13CH4source itself, the reciprocal of α (the fractionation factor), and the logarithmic
change of F (the fraction of residual methane). Hence,
to obtain δCH4 source, δ13C-CH4 values were compared
to ln (F) (Figure 4) and the regression line of this relationship was extrapolated to intersect the y axis
(δCH4 source = −58.2‰). Subsequently, using a range
of α values, the Rayleigh model in Equation 3 was fitted to this regression and this yielded a value for α
of 1.005 (Figure 4). This α value was introduced into
Equation 3 to estimate amounts of methane oxidized
at each point.
The amounts of methane oxidized ranged between
4% and 99% (Table 1) with most of the oxidation occurring within the first 120 m from the wetland. Oxidation
within the wetland itself varied from 81% in the spring
to 99% during the winter. This variability in oxidation
was likely the result of a shift from combined production-oxidation during the spring to oxidation being predominant during winter. In ground water, oxidation
amounts were lower for MW-1 and MW-2, especially
during the growing season. This seasonal pattern was
likely the result of faster methane transport from wetland to ground water after recharge pathways become
active. The fact that oxidation amounts were higher in
surface than at depth suggests that oxidation of methane
occurs more rapidly in surface waters than in ground

934
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Figure 3. Values of δ13C-DIC vs. δ13C-CH4 for the months of A) February, B) April, C) May, and D) June. No methane was found
in the monitoring wells during February. Straight lines represent different fractionation factors as presented in Equation (2). Data
points from the wetland are consistently located in the oxidation trajectory between two groups of wells: the group of wells with
more negative δ13C-CH4 values (MW-1 and MW-2) and the group of wells with more positive δ13C-CH4 values (MW-3, MW-9,
and MW-10), indicating that CH4 oxidation occurs faster in surface waters (wetland) than in proximal ground water (MW-1, MW2). Error bars represent one standard deviation of the mean (n = 3).

water recharge. Oxidation amounts calculated for this
study were comparable to those reported by Happell et
al. (1994; 22%–92%) on methane emitted from Florida
swamps and Liptay et al. (1998; 1%–68%) on methane
oxidized in landfill cover soils.
According to the ground water table elevation (Figure 1) and data presented in Figures 2, 3, and 4, there is
evidence to suggest that methane generated in the wetland was being carried into the ground water. The most
negative δ13C-CH4 values were not found in the wetland but in the anoxic zone near it (Figure 5), which was
also an active zone for hydrologic exchange due to differences in hydraulic head. Simultaneously, methane

concentrations decreased with distance from the wetland (with exception of MW-1D), and the δ13C-CH4 values became more positive due to preferential consumption of 12CH4 by methane oxidizing bacteria.
The results of this study suggest that connectivity between surface water and ground water is an important
contributor to the export of dissolved methane from the
wetland. Based on dissolved methane concentrations
during the growing season, ground water methane represented 8%–38% of total methane dissolved in the wetland. Methane export was greater during the summer,
when wetland and ground water were actively connected. These are important observations as methane
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about how much methane is being exported via ground
water. The integration of a ground water export component into methane budgets of wetlands (especially those
actively connected to ground water) may help constrain
such budgets and further our understanding of interactions between the hydrologic and methane cycles. Our
results highlight the role of ground water recharge pathways on transport and allocation of components of the
methane cycle.
Acknowledgments
Figure 4. Comparison of δ13C-CH4 values and the natural log
of the inverse of residual methane (ln(F)). The δ13C-CH4source is
estimated to be −58.2‰. A fitted Rayleigh fractionation model
allows for estimation of α = 1.005.

export via ground water recharge is commonly not addressed. Methane emissions from wetlands to the atmosphere in northern latitudes have been estimated to
be 40 Tg/yr (Reeburgh 2003). However, little is known
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Figure 5. Profile of the carbon isotopic variation from the Sarita Wetland towards MW-1 (upper screen) and MW-1D (lower
screen) during June 2004. Since MW-1 and MW-1D are adjacent to each other, they are shown as the same well in this figure. The
dashed line represents the water table. The dotted lines are inferred lines of equal isotopic composition. The scale (right) shows a
minimum of −58‰ in the anoxic zone from which the δ13C value of methane becomes more enriched in both vertical directions
due to CH4 oxidation.
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