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Abs t rac t - -Atmospher ic  methane (CH4) oxidation occurs in soils at sites in the Bonanza Creek L.T.E.R. 
near Fairbanks, Alaska, USA, at rates -<2 mg CH4 m -2 d - l ;  the maximum CH4 oxidizing activity is 
located in loess at a depth of ~15 cm. Methane, carbon dioxide, and stable isotope (t~13C-CH4, t~13C - 
CO2) depth distributions were measured at two sites: South facing Aspen (AS2) and North facing Black 
Spruce (BS2).  

The combined effects of diffusion and oxidation are similar at both sites and result in a CH4 concentra- 
tion decrease (1.8-0.1 ppm) and a 6~3C-CI~ increase (-48%0 to -43%o) from the soil surface to 6 0 -  
80 cm depth. Isotope flux ratio and diffusion-consumption models were used to estimate the kinetic 
isotope effect (KIE);  these results agree with the observed top-to-bottom difference in 613C-CH4, which 
is the integrated result of isotope fractionation due to diffusion and oxidation. The KIE for CH4 oxidation 
determined from these measurements is 1.022-1.025, which agrees with previous KIE determinations 
based on changes in headspace CH4 concentration and 6 ~3C-CI-L over time. 

A much lower soil respiration rate in the North facing Black Spruce soils is indicated by fivefold 
lower soil CO2 concentrations. The similarity in CH4 oxidation at the two sites and the differences in 
inferred soil respiration at the two sites suggest that soil CH4 oxidation and soil respiration are independent 
processes. The soil organic matter responsible for the CO2 flux has a 613C estimated to be - 2 7  to -28%~. 
Copyright © 1997 Elsevier Science Ltd 

1. INTRODUCTION 

Microbially mediated CH4 oxidation serves as an important 
control on CH4 emitted to the atmosphere; its magnitude is 
estimated to be about 200 Tg yr -~ larger than the 500 Tg 
yr -~ emitted to the atmosphere (Reeburgh et al., 1993). 
Much of this oxidation occurs in zones below soil and sedi- 
ment surfaces, where it affects both the flux and isotope 
composition of CH4 emitted to the atmosphere. 

Oxidation of atmospheric CH4 in aerobic soils is an im- 
portant secondary sink for atmospheric CH4. Born et al. 
(1990) have estimated a soil sink magnitude of 10-58 Tg 
CH4 yr -~ , or 3-15%o of the net atmospheric budget. Uptake 
and oxidation of atmospheric CH4 by soils has been observed 
in a wide range of agricultural, tundra, grassland, desert, 
boreal forest, deciduous forest, and landfill cover soils (see 
Reeburgh et al., 1993 for summary). The process is mediated 
by an unidentified community of aerobic methanotrophic 
bacteria (Conrad, 1996) operating at low, diffusion-limited 
rates (Born et al., 1990; Striegl, 1993) and at low concentra- 
tion (0.1 ppm CH4) thresholds (Whalen et al., 1992). 

Microbially-mediated CH4 oxidation is accompanied by a 
kinetic isotope effect (KIE).  A summary of estimates of the 
KIE for CI-L oxidation (Reeburgh, 1996: Table 2) shows a 
large range of values. The existing data suggest that fraction- 
ation factors are system- and experiment-specific and may 
not be suitable for general application in global models of 
CH4 sources and sinks. Estimates of the CH4 budget which 
rely on stable carbon isotope data to balance sources and 
sinks require information on the isotope fractionation effect 
of the major sinks, oxidation by OH and C1, and the soil 
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sink. The model study of Gupta et al. (1996) shows that 
uptake of CI-L by the soil sink can enrich the isotopic compo- 
sition of atmospheric CH4 by about 1.2%0. Only two esti- 
mates of the KIE for oxidation of CH4 in soils were available, 
highlighting the need for a better understanding of isotope 
fractionation associated with microbial oxidation. 

Previous estimates of the carbon isotopic fractionation 
factors for CH4 oxidation in soils were based on analyses of 
samples collected from the headspaces of chambers placed 
above methane-consuming soils. King et al. (1989) collected 
large (40 L) samples from the headspace of a large (300 
L) static chamber deployed at two tundra sites observed to 
consume methane and used changes in the chamber methane 
concentration and 6 ~3CH4 with the relationship for Rayleigh 
fractionation under equilibrium conditions to calculate a ki- 
netic isotope effect [k12/k13 = 1.026 (14°C); 1.016 (4°(2)] 
for soil oxidation. Tyler et al. (1994) used a smaller (152 
L) chamber deployed on mixed deciduous hardwood forest 
soils and applied corrections to account for outside air drawn 
into the static chamber during isotope sampling. This work 
involved seasonal field measurements over 2 yr as well as 
laboratory incubations. The Rayleigh fractionation relation- 
ship was used to calculate a KIE of klE/kl3 = 1.022 -+ 0.004. 
A slight temperature effect opposite that of King et al. 
(1989) was noted, as was the similarity of the KIE to that 
expected for diffusion, 1.0195 (Mason and Marrero, 1970; 
Tyler et al., 1994). 

This work extends these two previous studies on decreases 
in headspace CH4 by presenting 6~3CH4 measurements on 
CH4 samples collected from a soil profile. The soils consid- 
ered in this study produce no CH4 internally and are net CH4 
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consumers  (Whalen  et al., 1992).  All CH4 is supplied by 
diffusion from the atmosphere,  and all but  a small  quantity 
is microbially oxidized in the soil. Diffusion and biological 
oxidation are the major  processes altering the isotopic com- 
position of  soil CH4. An advantage of  the approach used in 
this study is the fact that the samples were collected in the 
soil f rom separate probes, so that the soil methane gradient 
was essentially undisturbed, and the measurements  likely 
represent in situ values. We show here that changes with 
depth in the soil are analogous to changes with t ime in 
chamber  headspaces.  

Carbon dioxide concentrat ion and isotope measurements  
are an additional result of  this study. Similar measurements  
of isotopic variations in CO2 from soils have been presented 
by Ceding  et al. (1991) ;  results f rom Bonanza  Creek soils 
are presented to demonstrate the similarity of  Bonanza  Creek 
soils to that study and to estimate 613C of  the source material 
for respiration, the soil organic matter. 

2. EXPERIMENTAL METHODS 

2.1. Field Sites 

Samples were taken at two previously studied sites in the Bonanza 
Creek Long Term Ecological Research (L.T.E.R.) site, near Fair- 
banks, AK. Methane flux studies at these sites have documented a 
seasonal record of negative methane fluxes (Whalen et al., 1991 ), 
the location of the oxidation maximum and soil physical characteris- 
tics (Whalen et al., 1992), and the temperature-moisture response 
of CI-h oxidation (Whalen and Reeburgh, 1996). Seasonal and site- 
to-site differences in CH4 flux and dark-chamber carbon dioxide 
fluxes (gross system respiration) are reported by Barber (1995). 
Soils at AS2, a south facing Aspen site, have a thin layer of litter 
and decomposed organic matter that grades directly into loess. Soils 
at BS2, a north facing Black Spruce site, are covered with a moss 
layer that grades into decomposed organic matter overlying loess. 
Temperature profiles to 15 cm were measured during time-series 
studies; October 1990 measurements to 60 cm show that BS2 soils 
are slightly cooler (2.5°C) than AS2 soils (5.5°C; Whalen et al., 
1992). Maximum methane CH4 rates occur below the surface ( -  15 
cm) in the loess at both sites (Whalen et al., 1992). Methane is 
consistently consumed at both sites at rates of -<2 mg m -2 d-~; 
integrated growing season CH4 consumption averages 83 and 73 mg 
m -2 for AS2 and BS2, respectively (Barber, 1995). Dark chamber 
carbon dioxide fluxes (gross system respiration) reflect the differ- 
ences in overall productivity at the two sites; they are maximum in 
July with averages of the 1991 and 1992 median values of 8.2 and 
3.9 g m -2 d -1 at AS2 and BS2, respectively. 

2.2. Gas Sampling 

Soil air samples were collected using permanently installed gas 
sampling probes. The probes were made from 1/2" o.d. stainless 
steel tubes perforated over the bottom 5 cm. A pointed driving rod, 
which fitted snugly inside the sampling probe and extended 1 cm 
beyond the sampling tube, prevented plugging during driving and 
was withdrawn when the perforated end of the sampling probe was 
driven to the desired depth. Arrays of gas sampling probes spaced 
30 cm apart were deployed at each site; probe depths were adjusted 
so that soil gases could be sampled at 5 cm intervals. After driving, 
the top of each tube was capped with a 1 / 2 - 1 / 4 "  Swagelok reduc- 
ing union. The 1/4"  end was fitted with a silicone rubber septum 
for syringe sampling. These probes had been in place for over 2 yr 
when the samples treated in this paper were collected. 

The gas samples for concentration analysis were collected with 
syringes. Approximately three sample probe volumes of gas were 
withdrawn with large syringes prior to sampling with 10 cc glass 
syringes. The syringes were sealed by inserting the hypodermic nee- 
dle tips into a butyl rubber stopper. The samples for isotope analysis 

were collected by pumping through 1/4" Teflon tubing into evacu- 
ated 6 L electropolished stainless steel canisters with a battery- 
operated diaphragm pump (KNF Neuberger, Trenton, N J). To avoid 
isotope fractionation, the canister valve was opened only slightly so 
that it remained under positive pressure as the initially evacuated 
canister was filled to a final pressure of ~27 psig. The canister 
samples were pumped from probes with a lateral separation of at 
least 1 m. Average agreement between CH4 measurements on sam- 
ples withdrawn from the pressurized canisters and the concentration 
profiles collected by syringes at the same soil depths was 0.1 ppmv. 
Only one instance (BS2, see Fig 2) of contamination of the samples 
by air channelling along the probes in the upper portion of the profile 
is evident. 

This work involved isotope measurements on very low concentra- 
tions of CH4 (0.1 ppmv) in the soil gas. We anticipated that large 
soil gas samples would be required for reliable isotope measurements 
on CH4 with conventional techniques and collected large ( -  18 L) 
samples. Following sample collection we learned of advances in gas 
chromatography combustion isotope ratio monitoring (irm GC/MS ) 
techniques (Sansone et al., 1997) and arranged to collaborate in the 
isotope analyses with colleagues at the University of Hawaii. 

2.3. Gas Concentration Analyses 

Gas samples from the syringes and canisters were analyzed within 
hours of collection by gas chromatography. A Shimadzu GC mini- 
2 gas chromatograph equipped with a flame ionization detector 
(FID) and a Molecular Sieve 5A column (60/80 mesh, 1 m x 1/ 
8"  o.d.) operated at 70°C with N2 (33 mL min -l ) carrier was used 
for the methane analyses. The carbon dioxide measurements were 
performed with a Shimadzu GC-8A equipped with a thermal conduc- 
tivity detector and a Porapak Q column (50/80 mesh, 1 m x 1/8" 
o.d.) column operated at 50°(2 with He carrier (33 mL min-~). 
Both gas chromatographs were equipped with sampling valves and 
calibrated sample loops. Standards from the National Institute for 
Technology and Standards (NIST) or NIST-relatable standards were 
used for calibration. 

2.4. Carbon Isotope Analyses 

2.4.1. 613C-CH4 

The carbon isotopic composition of CH4 was determined by irm- 
GC/MS using the method of Sansone et al. (1997), which incorpo- 
rates modifications of methods by Merritt et al. (1995a) and Popp 
et al. (1995). Gases were transferred into a 50 mL sample loop at 
60 mL min -~ using the pressure in the sample canister. Carbon 
dioxide was removed by passing the sample after injection through 
a 6 c m x  6.4 mm o.d. polypropylene column packed with Ascarite. 
The remaining gases were trapped on a 15 cm x 3.2 nun o.d. stainless 
steel column packed with Porapak-Q (80-120 mesh) at liquid nitro- 
gen temperature. Rapid heating of the Porapak-Q column with boil- 
ing water desorbed the gases onto a 2.4 m x 6.4 mm o.d. column 
packed with Porapak-Q (80-100 mesh) held at subambient tempera- 
tures (0 to -6°C).  This column allowed baseline separation of N2 
and 02 from CH4 in ~4.5 min at a cartier flow rate of 60 mL min ~. 
Methane was trapped by diverting the CI-I4 peak to a second 15 cm 
x 3.2 mm o.d. stainless steel column packed with Porapak-Q (80-  
120 mesh) held at liquid nitrogen temperature. Methane and any 
remaining gases were subsequently transferred to a cryofocusing 
segment prior to final separation of CH4 from residual N2, O2, and 
CO2 using a PoroPLOT-Q column (0.32 mm o.d. x 25 m) held at 
subambient temperature ( -25°C; see Poppet al., 1995 for procedural 
details). The CH4 separated on the PoroPLOT-Q column was corn- 
busted (1150°C, NiO2/Pt oxidant), water from combustion was re- 
moved, and isotopic composition was determined using a MAT 252 
irm-GC/MS system previously described by Hayes et al. (1990) and 
Merrirt et al. (1995b). Accuracy and precision of this method was 
determined to be _+ 0.3%0 by analysis of 2.5-5 nmoles of C H  4 from 
a tank of a laboratory standard containing 100 ppm CI-L in He. The 
size and isotopic composition of the analytical blank was determined 
using the techniques of Gelwicks and Hayes (1990). The analytical 
blank ranged from 2-31Y7~ of the total concentration (sample 



Soil methane oxidation KIE 4763 

+ blank) of the samples analyzed. The d-value of the blank 
(-44.1%o vs. PDB) was close to that of the samples and resulted 
in a small correction to the isotopic composition of the samples (up 
to 0.6%0, but typically less than 0.1%0). 

2.4.2. 613C-C02 

The carbon isotopic composition of CO2 was determined by irm- 
GC/MS using a modification of the headspace method of Poppet 
al. (1995). Briefly, gas was transferred to a sample loop using the 
pressure in the sample container. The sample loops ranged in size 
from 50-500 #L depending on the concentration of CO2 in the gas 
analyzed. Gases were cryofocused on a 2 cm Porapak-Q (80-120 
mesh) segment located within a capillary precolumn which was 
cooled to -75°C using a dry ice-pentane slush. Separation of N2, 
02, and CO: was accomplished on a 25 m x 0.32 mm PoraPLOT- 
Q (Chrompack Inc.) analytical capillary column held at 30°C. Accu- 
racy and precision was determined to be better than 0.2%0 by re- 
peated analysis of a laboratory standard containing 100 ppm CO2 
in He. The analytical blank was found to be negligible for these 
samples. 

3. RESULTS AND DISCUSSION 

The methane and 613C-CH4 depth distributions at sites 
AS2 and BS2 are shown in Figs. 1 and 2. The carbon dioxide 
and 6 t3C-CO2 distributions for sites AS2 and BS2 are shown 
in Figs. 3 and 4. Note that the points plotted at 0 cm are air 
samples collected at 1 m height above the forest floor. 

The kinetic isotope effect (KIE)  due to microbiaily-medi- 
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Fig. 1. Soil methane concentration and 6]3C-CI-h depth distribu- 
tions at the AS2 (South-facing Aspen) site in the Bonanza Creek 
L.T.E.R., 29 July 1994. Circles are methane concentrations from 
syringe (O) and canister (O) samples, squares ([3) are 6~3C-CI-h. 
The 0 cm points are air samples collected at 1 m height. The CI-I4 
depth distribution (syringe samples: O) was fitted using Eqn. 9. 
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Fig. 2. Soil methane concentration and 6]3C-CI-h depth distribu- 
tions at the BS2 (North-facing Black Spruce) site in the Bonanza 
Creek L.T.E.R, 1 August 1994. Circles are methane concentrations 
from syringe (0 )  and canister ( e )  samples; squares (rq) are 6t3C - 
CI-L. The 0 cm points are air samples collected at 1 m height. The 
CI-L depth distribution [syringe samples (0 ) ]  was fired using 
Eqn. 9. 

ated methane oxidation can be inferred from our data by 
three approaches: a flux ratio model, a simple steady-state 
diffusion-consumption model, and by the difference between 
the 6 ~3C values at the top and bottom of the soil profile. 

3.1. Determination of KIE Using Flux Ratios 

The most straightforward way to calculate the isotopic 
signature of the methane flux into the soil is to take the ratio 
of the ]3CH4 and the ]2CH4 fluxes into the soil. This approach 
also allows direct comparison with previous studies which 
used chamber headspace changes over time (King et ai., 
1989; Tyler et al., 1994). We assume that the fluxes (F)  
obey Fick's  first law, F = Dafd[CI-h]/dz,  so the ratio of 
fluxes (using the ratio of diffusivities) is: 

F13/F12 = ( 1 / 1.0195) ( [ 12CH4] 15cm -- [ 12CH4] 0cm) / 

([13CH4115cm - [13CH4]ocm) (1 )  

Note that using this expression, we do not need to know 
the actual values for the effective diffusivities for 12CI-h and 
~3CI-h; we know their ratio, which is 1.0195, the ratio of 
their reduced masses (Tyler et al., 1994). For the AS2 site, 
we calculate a 613CI-h value of -70.88%o, and for the BS2 
site, we calculate -73.87%o. These values are 23 and 26%0 
lighter than the atmospheric value for the two sites; that is, 
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distributions at the AS2 (South-facing Aspen) site in the Bonanza 
Creek L.T.E.R., 29 July 1994. Squares are CO2 concentrations from 
syringe (O) and cannister (m) samples, triangles (A) are 613C - 
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Fig. 4. Soil carbon dioxide concentration and 613C-CO2 depth 
distributions at the BS2 (North facing Black Spruce) site in the 
Bonanza Creek L.T.E.R., 1 August 1994. Squares are CO2 concentra- 
tions from syringe (O) and cannister ( I )  samples; triangles (A) 
are 6 ~3C-CO2. The 0 cm points are air samples collected at 1 m 
height. Note that maximum BS2 CO2 concentrations are fivefold 
Lower than AS2, indicating a Lower soil respiration rate. 

we can say the KIE for soil uptake is 1.023 for the AS2 site 
and 1.026 for the BS2 site. The isotopic gradient in the soil 
at both sites is set by the balance of diffusion and fraction- 
ation by microbial oxidation. However, the flux into the soil 
will be lighter than that simply determined by the isotopic 
gradient because 12CH4 will diffuse more quickly along its 
12CI-h gradient than will 13CI-h along its gradient (by a factor 
of 1.0195). That is, we are seeing the effect of diffusion 
into the soil along a gradient set by the net effect of diffusion 
(a = 1.0195) and microbial discrimination (a = 1.022- 
1.025) in the soil. 

3.2. KIE Using Steady-State Diffusion-Consumption 
Model  

3.2.1. Bot tom [ CH4] approaches  zero 

The second approach involves evaluating the KIE profile 
using a simple diffusion-consumption model. If we assume 
that only diffusion and oxidation are influencing CH4, we 
can represent the time dependence of methane in the soil by 
the following differential equation: 

d[CH4] /d t  = D~ffd2[CH4]/dz 2 - L[CH4] (2) 

where Defy is the effective diffusivity for CH4, and L ( s e c  ~ ) 
is a first order loss frequency or rate constant describing 
consumption. If  we assume steady-state, ( d [ C H 4 ] / d t  = 0),  

d2[ CH4] /dz  2 - (L/Def f  )[CH4] = 0 (3) 

This equation has the solution (for now approximating by 
assuming that [CH4] goes to 0 at depth; see discussion be- 
low ) : 

[CH4]: = [CH4]oe -Iz'(L/D~")I (4) 

which can be solved for L, yielding 

L = Defr[ln([CH4]o/[CH4]z)]  2 (5) 

This expression for L holds true for both 12CH4 and 13CH4, 
and we can take the ratio of L~: to LI3 to find the KIE due 
to bacterial CH4 consumption 

Lt2/Lt.~ = KIE = (Deff,12/Deff,13) 

[ln([12CH4]z/[lZCH4]o)/ln([13CH4]J[13CH4]o)] 2 (6) 

The KIE values calculated for various depth intervals at AS2 
and BS2 are shown in Table 1. 
The term ~Deff/L (Eqn. 3) is commonly referred to as the 
relaxation depth (Dr r r  and Munnich, 1990) and can be 
thought of  as the average distance methane will diffuse into 
the soil before being consumed. Denoting the relaxation 
depth as z*, we can rearrange Eqn. 6 to give the following: 

z,3*lzl2* = ~'(KIE/1.0195 ) 

= In ([12CI-h]z/[12CH4]o)/ln([13CH4]z/[13CI-h]o) (7) 
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Table 1. Biological KIE for Bonanza Creek soil meth- 
ane consumption. 

Biological KIE 
Depth interval 

(cm) AS2 BS2 

0-15  (a) (a) 
15-30 1.022 1.026 
15-45 1.022 1.023 
15-60 1.022 - -  

(a) Consumption does not occur in the upper 10 
cm of these soils (Whalen et al., 1992), so equation 
(5) cannot be used for the 0 -15  cm depth interval. 

Substituting 13CH4 -- R~2CH4 in Eqn. 7, where R is the ~3C/ 
~2C ratio at a given depth gives 

= ln([ 12CH4]z/[ 12CH4]o)/[ln(Rz/Ro) 

+ In ( [ 12CH4 ]z/[ 12CH4 ]0) ] (8 )  

and 

= 1/{1 + ln[(6Cz + 1000)/(6(7o + 1000)]/ lnF} (9) 

where 6C is the 6~3C value for CH4 in %o at a given depth, 
and F is the fraction of the initial concentration remaining 
at depth z. 

The right-hand side of Eqn. 8 is used in many different 
systems to calculate the fractionation factor associated with 
Rayleigh distillation (Hoefs, 1987). Tyler et al. (1994) used 
this expression to calculate the KIE of methane oxidation by 
observing the isotopic enrichment of methane in a chamber 
headspace over time. Here we can think of the isotopic en- 
richment of CH4 as it diffuses through the soil as a Rayleigh 
distillation process and can calculate the KIE by measuring 
the enrichment in ~3C with distance into the soil. The ~3C 
enrichment with depth can also be envisioned to occur be- 
cause ~3CH4 is likely to diffuse deeper into the soil than 
~2CH4 before being consumed (as shown in the left-hand 
side of Eqn. 6). 

3.2.2. Bottom [ CH4] -~ zero 

The equations derived above for KIE are only approxima- 
tions because they assume that CH4 concentration goes to 
zero deep in the soil. The CI'L profile can be modeled more 
accurately by taking the bottom boundary (d[CH4]/dz = O) 
into account 

[cn4]z  = [CI"L~ + ([CH4]o - [CH4]~)e  -z/z* (10 )  

where [CH4]~ is the steady-state concentration at depth 
(D6rr and Munnich, 1990). Figures 1 and 2 show [CH4] 
from syringe samples fitted using Eqn. 9. Again we can solve 
for L12/LI3 (KIE) 

KIE = 1.0195 { In [ ([ 12CH4]o - [ 12CI-h]~)/( [ 12CH4]z 

-- [12CH4]~)] / ln[ ( [13cn4]  0 - [12CH4]~) / 

([13CH4]z - [13CH4]~)]} 2 (11 )  

We can also fit curves to the CH4 profiles to obtain 
12[CH4]~ and 13[CI-h]®. Because there is no oxidation and a 
change in soil properties (moss/litter vs. loess) above 10 
cm at both AS2 and BS2 (Whalen et al., 1992), only data 
below 15 cm yields a good fit to Eqn. 9. Fitting the AS2 
data gives the values 0.065 ppmv for ~2[CH4]~ and 0.00073 
ppmv for ~3[CI-h]®.There were only three usable points 
above 45 cm for the BS2 site, which did not allow us to fit 
the curve with Eqn. 9. The error associated with the [CH4]~ 
terms is approximately equal to their magnitudes, which 
means that using Eqn. 10 will not yield meaningful results; 
more measurements along the profile and extending deeper 
in the soil will make Eqn. 10 more useful. The overall error 
in using Eqn. 5 instead of Eqn. 9 will be (1 - [12CH4]J 
[ 12CH4]0)/( 1 - [ ~aCH4]®/[ 13CI-L]0), which is the ratio of the 
errors in the second derivatives of the 12CH4 and 13CI-L pro- 
files (which are similar and almost cancel). Using the above 
values, Eqn. 5 underestimates the KIE by 1.7%o, which gives 
a corrected KIE of 1.024. 

3.3. KIE  Using Top-to-Bottom 813C-CH4 Difference 

Since CH4 is almost completely (95%0) oxidized in the 
upper 45-60  cm of these soils, we can determine an approxi- 
mate KIE by taking the difference of the 6~3C values at the 
top and bottom of the soil profile. This difference represents 
the integration of the net isotopic effects of diffusion (mak- 
ing CH4 isotopicaUy lighter) and consumption (making CH4 
isotopically heavier) with depth. This approach is an approx- 
imation, because the absolute lowest CH4 concentration 
(maximum effect of both bacterial CI-I4 oxidation and diffu- 
sion) may lie below our deepest sampling point. The CH4 
profiles from the AS2 and BS2 sites become isotopically 
heavier with depth, indicating that the kinetic isotope effect 
due to bacterial CI-h oxidation must predominate over the 
diffusional isotopic effect (i.e., exceed 19.5%o). Comparing 
0 cm and 60 cm at the AS2 site, we calculate a value of 
4.48%0. Accounting for the isotopic effect of diffusion (add 
19.5%o) gives a value of 24%0 for the bacterial oxidation 
effect, a KIE of 1.024. Comparing 0 cm and 45 cm at the 
BS2 site yields a value of 5.52%0, a bacterial KIE of 1.025. 
All of the approaches used for estimating the KIE for bacte- 
rial oxidation of CH4, the isotope flux ratio model, the diffu- 
sion-consumption model, and finally, the inspection ap- 
proach described above, give the same result. 

3.4. Carbon Dioxide 

Carbon dioxide concentration and isotope measurements 
are an additional result of this study. Similar measurements 
of isotopic variations in carbon dioxide from soils have been 
presented by Ceriing (1984) and Ceriing et al. ( 1991 ). These 
results are presented to demonstrate the similarity of Bo- 
nanza Creek soils to those studies. Carbon dioxide is pro- 
duced in the soil by root respiration and soil organic matter 
oxidation. Cerling et al. (1991) distinguished between the 
isotopic composition of soil CO2, which is the gas occupying 
pore space in the soil, and soil respired-CO2, which repre- 
sents the flux through a soil. The isotopic differences ob- 
served between soil CO2 and soil respired-CO2 reflect isoto- 
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pic fractionation of respired C O  2 due to diffusion. Samples 
collected in surface chambers have the same isotopic compo- 
sition as the organic matter respired at depth in the soil. The 
isotope ratio and soil distribution of CO2 are determined by 
the soil respiration rate and diffusion, and model results are 
presented graphically in Ceding et al. ( 1991 ). The processes 
producing the CH4 profiles presented here are opposite in 
sense to those for CO2; the flux of CH4 is from the atmo- 
sphere into the soils, where oxidation occurs, while CO2 
is produced in the soil by respiration and diffuses to the 
atmosphere. The large concentration differences between 
CO2 and CH4 make detection of CO2 produced from CH 4 
oxidation unlikely. 

Since Ceding et al. ( 1991 ) have previously modeled CO2 
isotope distributions, we restrict attention to estimating the 
isotopic composition of the soil organic matter (SOM) sub- 
strate for CO2 production. No measurements of the 6 ~3C of 
soil organic matter are available, but it can be inferred from 
the soil CO2 isotopic and concentration profiles. Ceding 
(1984) modeled 6 ~3CO2 in soils, assuming that soil respira- 
tion is distributed equally over a depth (L) so that the rate 
of CO2 production at a given depth is 

F *  =- ( C *  - C * a ) D * ( L z  - Z2/2) (12) 

where C* is the soil CO2 concentration, C* is the atmo- 
spheric concentration, and D* is the effective diffusivity of 
CO2 in the soil, where the asterisk (*) denotes bulk COz 
values. If we assume that microbes do not fractionate the 
SOM substrate, we can take the ratio of 12F* and 13F* to 
calculate the 13C/~2C ratio of the SOM, by the expression 

1 3 C / 1 2 C  = ( D ~ 3 / D 2 2 ) ( 1 3 C s  - 1 3 C a ) / ( 1 2 C  s - 12Ca) (13) 

and can then convert this ratio to a 6 ~3C value. Again, we 
do not need to know the absolute values for the two effective 
diffusivities: we know that DsI3/D~ 12 is the ratio of the re- 
duced masses of 12CO2 and 13CO2, or 1.0044 (Mason and 
Marrero, 1970). Calculated values for SOM over several 
depth intervals are given in Table 2. For both sites, the 
calculated 6 ~3C values are close to the measured values for 
C3 vegetation (approximately -27%0). 

4. CONCLUSIONS AND FUTURE WORK 

Isotope fractionation by both diffusion and microbial oxi- 
dation occurs in soils that consume atmospheric CH4. The 
similarity in CH4 oxidation at the two sites and the differ- 
ences in inferred soil respiration at the two sites suggests 
that soil CH4 oxidation and soil respiration are independent 
processes. The soils considered here to estimate the biologi- 
cal KIE produce no CH4 internally and are net consumers 

Table 2. Bonanza Creek soil organic matter 6J3C. 

Depth (cm) AS2 BS2 

15 -28.0  -27.3 
30 -28.0 -27.0 
45 -28.2 -26.5 
60 -28.2 - -  

of atmospheric CH4. The overall KIE in net CH4-consuming 
systems depends on the balance of two factors: the ratio of 
~2CH4 and 13CH4 effective diffusivities, 1.0195, and a factor 
related to the biological consumption of CH4, estimated here 
to be 1.022-1.025. 

Three approaches were used to estimate the biological 
KIE. Simple steady-state diffusion-consumption models that 
assume [CH4] goes to zero with depth or evaluate [CH4] at 
depth, and a flux ratio model give similar KIE's and agree 
very well with two previous determinations derived from 
headspace 6'3CH4 changes over time (Tyler et al., 1994; 
King et al., 1989). A first-order estimate of the biological 
KIE can be obtained in systems where methane is consumed 
to low levels by examining the top-to-bottom differences 
in ~13CH4 over a soil profile. Isotope ratio monitoring gas 
chromatography/mass spectrometry techniques require 
much smaller samples than collected here, so much greater 
depth resolution than reported here is possible in future work. 
Model studies evaluating the role of soil oxidation on atmo- 
spheric 613CH4 (e.g., Gupta et al., 1996) are correct in using 
the biological KIE derived from this study and the two previ- 
ous ones. 

The suggestions of Tyler et al. (1994) that the biological 
KIE may vary with temperature and CI-h concentration im- 
plies that there will be natural variations in the KIE of CH4 
oxidation. An approach to understanding the global range of 
the KIE for CH4 oxidation is to make seasonal measurements 
of the biological KIE from several globally important CH4- 
consuming site types (e.g. grasslands, desert, forests), much 
like the the Tyler et al. (1994) study, which reported a range 
in bacterial KIE of 1.017-1.029. Extending this approach 
to other sites, relationships can be developed between soil 
characteristics and temperature, microbial characteristics, 
and the KIE of soil CH4 consumption, and applied in models 
similar to those of Gupta et al. (1996). 

Future stable isotope work should also address systems 
where both CH4 production and consumption occur. Oxida- 
tion in these systems (wetlands, rice paddies, landfills) not 
only modulates the flux of CH4 to the atmosphere but also 
modifies the isotopic composition of the emitted CH4. 

Acknowledgmen t s - -Th i s  work was supported by grants to WSR from 
EPA (Cooperative Agreement AERL 9002, 9003) and NSF (DPP 
9318531). AIH was supported by a NSF Graduate Traineeship 
(GER 9454066). The work of FJS, BP, and TR was supported by 
grants from the University of Hawaii Research Council and the 
Office of Naval Research. The Bonanza Creek Long Term Ecologi- 
cal Research Program is supported by NSF (BSR 8702629). We 
are grateful for the use of laboratory space at the Institute of Marine 
Science, University of Alaska Fairbanks. Kevin Mandernack assisted 
with field sampling. Larry Hinzman assisted with early phases of 
data analysis and modeling. This work and the manuscript have 
benefitted from discussions with Stanley Tyler, Jeff Severinghaus, 
and Susan Trumbore. 

REFERENCES 

Barber V. A. ( 1995 ) Comparison of chamber and 22ZRn-based meth- 
ane and carbon dioxide fluxes in boreal forest soils. M.S. thesis, 
Univ. Alaska Fairbanks. 

Born M., D6rr H., and Levin I (1990) Methane consumption in 
aerated soils of the temperate zone. Tellus 42B, 2-8. 

Ceding T. (1984) The stable isotopic composition of modern soil 



Soil methane oxidation KIE 4767 

carbonate and its relationship to climate. Earth Planet. Sci. Left. 
71,229-240. 

Cerling T. E., Solomon D. K., Quade J., and Bowman J. R. (1991) 
On the isotopic composition of carbon in soil carbon dioxide. 
Geochim. Cosmochim. Acta 55, 3403-3405. 

Conrad R. (1996) Soil organisms as controllers of atmospheric trace 
gases (H2, CO, CI-L, OCS, N20, and NO). Microbiol. Revs. 60, 
609-640. 

DOrr H. and Munnich K. O. (1990) 222Rn flux and soil air concentra- 
tion profiles in West-Germany. Soil 2~Rn as tracer for gas trans- 
port in the unsaturated soil zone. Tellus 42B, 20-28. 

Gelwicks J. T. and Hayes J. M. (1990) Carbon-isotopic analysis of 
dissolved acetate. Anal, Chem. 62,535-539. 

Gupta M., Tyler S. C., and Cicerone R. J. (1996) Modeling atmo- 
spheric 613CH4 and the causes of recent changes in atmospheric 
amounts. J. Geophys. Res. 101, 22923-22932. 

Hayes J. M., Freeman K. H., Hoham C. H., and Popp B. N. (1990) 
Compound-specific isotopic analyses, a novel tool for reconstruc- 
tion of ancient biogeochemical processes. Org. Geochem. 16, 
1115-1128. 

Hoers J. (1987) Stable Isotope Geochemistry. 3rd ed. Springer- 
Verlag. 

King S. L., Quay P. D., and Lansdown J. M. (1989) The 13C/12C 
kinetic isotope effect for soil oxidation of methane at ambient 
atmospheric concentrations. J. Geophys. Res. 94, 18273-18277. 

Mason E. A. and Marrero T. R. (1970) The diffusion of atoms and 
molecules. Adv. At. Mol.Phys. 6,155-232. 

Merritt D. A., Hayes J. M., and Des Marais D. J. (1995a) Carbon 
isotopic analysis of atmospheric methane by isotope-ratio-moni- 
toring gas chromatography-mass spectrometry. J. Geophys. Res. 
100, 1317-1326. 

Merritt D. A., Freeman K. H., Ricci M. P., Studley S. A., and Hayes 
J. M. (1995b) Performance and optimization of a combustion in- 
terface for isotope-ratio-monitoring gas chromatography/mass 
spectrometry. Anal Chem. 67, 2461-2473. 

Popp B.N., Sansone F.J., Rust T. M., and Merritt D.A. (1995) 
Determination of concentration and carbon isotopic composition 
of dissolved methane in sediments and nearshore waters. Anal .  
Chem. 67,405-411. 

Reeburgh W. S. (1996) "Soft Spots" in the Global Methane Budget. 
In Microbial Growth on C-1 Compounds (ed. M. E. Lidstrom and 
F. R. Tabita), pp. 334-342. Kluwer. 

Reeburgh W. S., Whalen S. C., and Alperin M. J. (1993) The role 
of methylotrophy in the global methane budget. In Microbial 
Growth on C-1 Compounds (ed. J. C. Murrell and D. P. Kelly), 
pp. 1-14. Intercept, Ltd, Andover. 

Sansone F.J., Popp B.N., and Rust T.M. (1997) Stable carbon 
isotopic analysis of low-level methane in water and gas. Anal 
Chem. 69, 40-44. 

Striegl R. G. (1993) Diffusional limits to the consumption of atmo- 
spheric methane by soils. Chemosphere 26,715-720.  

Tyler S. C., Crill P. M., and Brailsford G. W. (1994) ~3C/t2C frac- 
tionation of methane during oxidation in a temperate forested soil. 
Geochim. Cosmochim. Acta 58,1625-1633. 

Whalen S.C. and Reeburgh W. S. (1996) Moisture, temperature, 
and nitrogen sensitivity of CI-L oxidation in boreal soils. Soil Biol. 
Biochem. 28, 1271-1281. 

Whalen S.C., Reeburgh W. S., and Kizer K.S. (1991) Methane 
consumption and emission from taiga sites. Global Biogeochem. 
Cycles 5,261-274. 

Whalen S. C., Reeburgh W. S., and Barber V. A. (1992) Oxidation 
of methane in boreal forest soils: A comparison of seven measures. 
Biogeochem. 16, 181-211. 


