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Abstract. Methane oxidation in the anoxic sediments
of Skan Bay, Alaska resulted in fractionation of carbon
and hydrogen isotopes in methane. Isotope fractionation
factors were estimated by fitting methane concentration,
§13C-CH,, and §D-CH, data with depth distributions pre-
dicted by an open system, steady state model. Assuming
that molecular diffusion coefficients for 12CH,, 13CH,, and
12CHgD are identical, the predicted fractionation factors
were 1.0088-:0.0013 and 1.157+0.023 for carbon and hy-
drogen isotopes, respectively. If aqueous diffusion coeffi-
cients for the different isotopic species of methane differ
significantly, the predicted fractionation factors are larger
by an amount proportional to the diffusion isotope effect.

INTRODUCTION

Increasing concentrations of atmospheric methane have
recently been reported [Rasmussen and Khalil, 1981; Blake
et al., 1982; Rinsland et al., 1985; Blake and Rowland,
1988]. Ice core analyses demonstrate that the increase
has been occurring for 200 to 300 years [Craig and Chou,
1982; Pearman et al., 1986]. Isotope mass balance models
provide a powerful tool for elucidating the cause of the in-
crease in atmospheric methane [Stevene and Engelkemeir,
1988]. These models exploit the fact that methane derived
from different sources is often isotopically distinct.

Identification of atmospheric methane sources by iso-
tope mass balance models requires knowledge of the ki-
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netic isotope effect associated with atmospheric oxidation
of methane by hydroxyl radical [Rust and Stevens, 1980;
Davidson et al., 1987], as well as measurements of the iso-
topic composition of the methane emitted to the atmo-
sphere from each potential source. A kinetic isotope ef-
fect arises because methane containing the lighter isotopes
of carbon and hydrogen is oxidized slightly faster than
methane containing the heavier isotopes [Bigeleisen and
Wolfsberg, 1958]. The magnitude of this effect is expressed
as an isotope fractionation factor (a), which may be de-
fined as the ratio of relative reaction rates of molecules
containing different isotopes [Rees, 1973]:

R/c
R‘;c‘ (1)

where R is the reaction rate for a particular process, ¢
is the concentration of reacting species, and the asterisk
represents the molecule containing the heavier isotope.

In addition to knowledge of the kinetic isotope effect as-
sociated with the methane-hydroxyl reaction, information
regarding isotope fractionation in methane prior to atmo-
spheric release would be useful. This information would
allow a quantitative assessment of the effect of consump-
tion on the isotopic composition of methane.

The principal sink for methane prior to atmospheric re-
lease is bacterial oxidation, which can occur in both oxic
and anoxic environments [Hanson, 1980; Reeburgh, 1980].
Methane oxidation by aerobic bacteria has been studied
extensively in the laboratory, but the significance of its role
in the global methane cycle is uncertain. Isotope fraction-
ation factors, ranging from 1.005 to 1.031 for carbon and
1.103 to 1.325 for hydrogen, have been measured by cul-
turing aerobic methylotrophs in a closed system, and mon-
itoring changes in stable isotope ratios in either methane
or the products of oxidation, COz and HzO [Silverman
and Oyama, 1968; Barker and Fritz, 1981; Coleman et
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al., 1981]. Since fractionation factors may be a func-
tion of physiological as well as environmental variables,
kinetic isotope effects calculated from laboratory exper-
iments may not be directly applicable to environmental
data.

Methane oxidation by anaerobic bacteria is still consid-
ered controversial because organisms responsible for the
process have not been isolated. Despite the lack of an
isolated organism, a body of geochemical data suggests
that anaerobic methane oxidation occurs [Alperin and
Reeburgh, 1984] and may be a globally significant process
[Henrichs and Reeburgh, 1987]. Anaerobic methane oxida-
tion appears to be a nearly quantitative sink for methane
in subtidal, anoxic marine sediments where ebullition is ab-
sent [Reeburgh, 1976; Alperin and Reeburgh, 1984]. The
effects of anaerobic methane oxidation have been observed
in numerous anoxic marine sediments [Reeburgh and Heg-
gie, 1977; Martens and Berner, 1977; Reeburgh, 1980;
Iversen and Blackburn, 1981; Devol, 1983; and others]
and include a large shift in carbon stable isotope ratios
of methane [Doose, 1980; Oremland and DesMarais, 1983;
Alperin and Reeburgh, 1984; Whiticar and Faber, 1986].

The fractionation factors resulting from methane oxida-
tion by anaerobic bacteria have not been measured in the
laboratory because of the absence of enrichment cultures.
This study estimates carbon and hydrogen isotope frac-
tionation factors resulting from anaerobic methane oxida-
tion by modeling measured distributions of isotope ratios
in anoxic marine sediments. In contrast to the laboratory
measurements for aerobic methane oxidation, fractiona-
tion factors estimated by this approach have the advan-
tage of being directly applicable to the environment from
which the isotope ratio distributions were derived.

METHODS

Study Site

Sediment was collected from Skan Bay (57°N, 167°W), a
gilled (10 m) embayment on the northwest side of Unalaska
Island in the Aleutian Chain [Hattori et al., 1978]. During
the summer, stable temperature and salinity gradients
are established in the upper 30 m, leading to oxygen
depletion within the water column. By September, bottom
water oxygen concentrations are less than 10% of the air-
saturated value.

The deep basin of Skan Bay (65 m) is a relatively
isothermal environment. Bottom water temperatures in
late September are about 3°C. Air temperature records
indicate that the September bottom water temperature
represents the annual maximum and also suggest that
bottom water is unlikely to cool below 1°C during the
winter. Thus, the annual temperature range within the
sediment is on the order of 2°C.

The data included in this paper come from sediment col-
lected in September 1984, Sediment was sampled by box
coring followed by subcoring with 6.6-cm-ID Plexiglas core
liner. The sediment appeared jet black from the interface
down to 40 cm and dark grey thereafter. Hydrogen sul-
fide was abundant in samples near the sediment surface,
indicating anoxia at or just below the sediment-water in-
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terface. After core retrieval, methane bubbles formed at
depths greater than 30 cm. Ebullition was minimized by
gentle but rapid handling of subcores.

Methane Concentrations and Stable
Isotope Ratios

Subcores were sampled by extruding the sediment up-
ward into a 3-cm segment of core liner. A metal shim
was inserted beneath the segment and the sediment was
quickly transferred to a N3-flushed 600-mL lacquered steel
can (#303). The 0-3 cm segment, which was composed of
high-porosity flocculent material, was transferred to the
can using a 50-mL plastic syringe with the tip partially
removed. Methane bubble formation gave sediment below
30 cm a porous texture and may have led to some methane
loss.

The cans were sealed using an Ives-Way Can Sealer,
model #500 (Ives-Way Products, Inc., Buffalo Grove, Illi-
nois). The entire process of sampling and canning was
completed within 3 hours of the time the box core was
taken. The cans were stored frozen (—10°C) until analy-
sis (1 to 1.5 years). Six cans filled with 60 mL Nj-purged
distilled water served as procedural blanks.

Methane was flushed from the can using a headspace
sampler shown in Figure 1. This device consists of an
upper plate fitted with an O ring, a recessed lower plate
for positioning the can, and three threaded rods equipped
with wing nuts to hold the plates together. The cans were
penetrated by forcing sharpened cannulae through the
lid. Quantitative recovery of known amounts of methane
injected into the can demonstrated that the headspace
sampler provided gas tight penetration.

The headspace sampler was attached to a combustion
line. Methane was flushed from the can by circulating
ultrapure Nz through the sample (100 mL min~!} with a
Metal Bellows pump. Water was removed by a trap cooled
to —89°C (2-propanol slurry), and CO2 stripped from the
pore water was collected in two serial liquid nitrogen traps.
Blanks and methane standards run with and without CO;
present were quantitatively and isotopically identical, in-
dicating that negligible amounts of CO; were escaping the
two traps.

Methane was combusted to CO; and H3O by pas-
sage through a 25 em x 16.6 cm ID Vycor tube packed
with CuO wire heated to 800°C. Combustion efficiency of
greater than 99.9% was shown by attaching a flame ioniza-
tion detector to the efluent of the combustion tube. The
combustion products were collected in two traps cooled
with liquid nitrogen. Tests showed that the two traps in
series collected 100.1+0.4% (n=4) of the CO,.

Following a 40-min stripping period, noncondensible
gases were pumped from the combustion line. The CO,
was transferred to a reservoir of known volume and quanti-
fied manometrically while the H,O was captured in a trap
cooled to —89°C. The CO; and H20O were flame-sealed in
separate Pyrex tubes for carbon and hydrogen isotope ra-
tio analyses. The HoO was subsequently transferred to a
Pyrex tube containing zinc catalyst and was quantitatively
reduced to Hy [Coleman et al., 1932].

Methane concentrations were calculated from the quan-
tity of CO2 recovered and the mass of wet sediment con-
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Fig. 1. Headspace sampler for removal of methane from
the can. Numbered features are as follows: 1, lower plate;
2, upper plate; 3, 2"x 3/16" silicone O ring; 4, bored-
through 1/4" O seal straight thread connector (Swagelok);
5, inline filter (Nupro) with 60-um sintered stainless steel
element; 6, toggle-operated bellows valve (Nupro); 7, inlet
cannula (1/4” stainless steel tubing sharpened to a point
on the end); 8, outlet cannula.

tained in the can. The following relationship was used to
convert data to pore water concentration units:

pmol CO, P

[CH|(mM) = g wet sediment ¢

The porosity (¢) and wet sediment density {p) were mea-
sured on replicate subcores.

Carbon and hydrogen stable isotope ratios were mea-
sured by ratio mass spectrometry. Results are reported
uging the standard “del” notation:

R{sample

6(°/a0) = [R(standard) - 1] 1000 @)

where R is the ratio of heavy to light isotope in the sample
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or the reference standard. The reference standard for
carbon is Pee Dee Belemnite [Craig, 1957]; the standard
for hydrogen is Standard Mean Ocean Water [Hagemann
et al., 1970].

This analysis is not specific for methane, but includes
any combustible compound having a significant vapor
pressure at liquid nitrogen temperature (—196°C). Fortu-
nately, nonmethane combustible gases that do not quan-
titatively condense in liquid nitrogen are rare; carbon
monoxide and ethane are the two gases most likely to be
present in recently deposited coastal sediments. There are
no data on carbon monoxide concentrations in subtidal
anoxic marine sediment, but it is likely that they are neg-
ligible relative to methane. Likewise, the ratio of ethane
to methane is less than 103 in sediments similar to Skan
Bay, where the methane is of biogenic origin [Bernard et
al., 1977; Whiticar and Faber, 1986].

Standards and Blanks

Standards were analyzed by injecting 2 to 400 umol of
pure CH, (equivalent to concentrations ranging from 0.025
to 5 mM) into cans filled with 100 mL buffered solution
(pH 7) containing 50 mM NaHCOjz. The bicarbonate
served to mimic the dissolved inorganic carbon present in
the pore water. The average recovery for standards larger
than 6 pmol was 100+2% (n=11). The precision of the
513C and 5D analyses for these standards was +0.1°/0,
(n=11) and +5.5°/,, (n=5), respectively. Neither the
recovery nor the §!3C showed any systematic variation
with the quantity of CH; added. However, §D values
became isotopically heavier with decreasing sample size,
presumably due to an H2O blank. The magnitude of this
blank effect was less than 10°/,,, which is small relative
to natural variation in §D-CH4 within the sediment.

Blanks and samples or standards containing less than
6 pmol CH, (equivalent to concentrations below 0.075
mM) could not be quantified manometrically. Alterna-
tively, pressures were measured with a thermocouple gauge
calibrated against CO2. Although accuracies of standards
containing less than 6 umol CH, were low, recoveries were
80 to 100%.

Carbon blanks for the methane analysis were 0.24+
0.04 pmol (n=6), which was insufficient gas for an isotope
ratio analysis. The §*3C of the methane blank was calcu-
lated to be —34.4°/,, by extrapolation to 100% of a plot of
513C-CH, versus percent blank for standards containing
less than 6 umol CH4. Sample carbon isotope ratios were
corrected for this blank contribution by a mass balance cal-
culation. The magnitude of the correction was less than
0.5°/ 50 except for samples within 6 cm of the sediment-
water interface, where the correction was 1-2°/,,. The
quantity of methane recovered from the 0-3 cm sediment
interval was insufficient for isotope ratio analysis.

RESULTS

Depth distributions of methane concentrations and car-
bon and hydrogen stable isotope ratios are shown in Fig-
ure 2. Methane concentration profiles are concave up
above 30 cm, a common characteristic of profiles from
anoxic marine sediments [Reeburgh and Heggie, 1977]
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Fig. 2. Depth distributions of CH, concentration, §13C-CHy, and 6D-CHy. The solid circles represent the
midpoint of the depth interval sampled. Subcores 84-A and 84-B are replicates from a single box core; subcore
84-E is from a second box core taken at approximately the same location. Solid and dashed curves represent
cubic splines fit to the concentration data or model-derived §13C-CH, and 6§D-CH, profiles, while horizontal
dotted lines mark the base of the methane oxidation zone (see the section on isotopic fractionation models).
Definitions of f and « are provided in the text. Concentration measurements bracketed by parentheses are
assumed to be unreliable due to methane bubble formation after core retrieval. Note changes in methane

concentration and §13C-CH, scale for each subcore.

indicating net methane consumption [Reeburgh, 1976;
Martens and Berner, 1977]. The concentration profiles
change curvature and become linear or slightly concave
down below 30 cm, suggesting net methane production in
this zone.

Methane §!2C values are relatively constant below 30 cm
and become isotopically heavier between 30 and 20 cm as
the methane concentration decreases. A similar shift in
§13C-CH has been reported in other studies [Doose, 1980;
Oremland and DesMarais, 1983; Alperin and Reeburgh,
1984; Whiticar and Faber, 1986] and has been attributed
to the kinetic isotope effect associated with methane ox-
idation: !2CH, is oxidized at a faster rate than 3CH,
leaving the residual methane isotopically heavier. The di-
rection of the shift in §'3C-CH, reverses above 20 cm for
two of the three subcores. Possible causes for this reversal
are discussed below.

Methane 6§D and §3C profiles are similar in shape.
There is a dramatic shift in §D-CH values between 40 and
20 cm as they become isotopically heavier by more than
100°/,,. There is also a reversal in the direction of the
6§D-CH, shift above 20 cm, as was seen in two of the three
613C-CH, profiles. Throughout the sediment column, the
6D-H20 of the pore water was uniform at —5+2°/,,.

ISOTOPE FRACTIONATION MODELS

Raylesgh Models

Rayleigh distillation equations have been used exten-
sively to model stable isotope fractionation in natural
systems [Broecker and Oversby, 1970; Claypool and Ka-
plan, 1974]. These models assume that isotope fraction-
ation is analogous to a distillation: molecules containing
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the lighter isotopes react or “distill” preferentially leaving
the unreacted reservoir isotopically heavier. The isotope
fractionation factor for anaerobic methane oxidation has
been estimated by applying Rayleigh models to §*3C-CH,
data from a variety of sedimentary environments. Alperin
and Reeburgh [1984] predicted a fractionation factor for
anaerobic methane oxidation of 1.004, while estimates of
Whiticar and Faber [1986], which may include the effects
of aerobic as well as anaerobic oxidation, range from 1.002
to 1.014.

The Rayleigh model assumes that isotope fractionation
associated with methane oxidation is the only process in-
fluencing the isotope ratio depth distributions. However,
natural sediments are open systems, and isotope frac-
tionation models of pore water methane profiles should
take account of diffusive transport. Diffusion can influ-
ence isotope ratio depth distributions in two ways. First,
the kinetic isotope effect leads to preferential oxidation
of isotopically light methane, thereby steepening the con-
centration gradient and enhancing the diffusive flux of
light methane relative to heavy methane [J$rgensen, 1979;
Goldhaber and Kaplan, 1980; Chanton et al., 1987]. Sec-
ond, diffusion coefficients for 2CH,, *CH,, and CHsD
may differ. This latter point is discussed below.

Diagenetic Models

Berner [1980] derived a theoretical equation that de-
scribes the concentration-depth distribution of a pore wa-
ter constituent as a function of diffusion, sediment accu-
mulation, compaction, and reaction:

P

d¢  weodoo
¢*Doo + (36D,

iz ¢

):—:+R,=o (3)

where ¢ is pore water concentration, x is depth below the
sediment surface, D, is the free solution diffusion coef-
ficient (which is related to the whole sediment diffusion
coefficient following Ullman and Aller [1982]), ¢ is poros-
ity, w is burial velocity of solid particles relative to the
sediment-water interface, the subscript (co) represents the
depth where the porosity gradient approaches 0, and R,
is the depth dependent reaction rate. This form of the
diagenetic equation is derived by Murray et al. [1978].

The significant assumptions involved in application of
(3) are (1) the system is at steady state with respect
to methane; (2) molecular diffusion and sedimentation
are the dominant transport processes for methane; and
(3) the increase in methane concentration with depth is
large compared to horizontal concentration gradients. Un-
der these conditions, (3) provides a numerical representa~
tion of the 3CH, concentration-depth distribution. Like-
wise, an analogous equation for isotopically heavy methane
(1*CH,4 or CH3D) can be written

3 Do &3¢

Dodé _ wooboo
oL (-

[ dz 4

)%+R;=o (4)

where ¢* and R} are the concentration and reaction rate
for the isotopically heavy species, respectively, and f rep-
regents the molecular diffusivity ratio (light:heavy) for iso-
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topic species. Substituting (1) into (4), and assuming that
o is constant with depth,

D, d3c* D,d¢ woodoo) dc*
Prat T % o)

R\ .
+ (;)c =0
Model parameters whose values have been measured or
estimated from the literature (D,, ¢, and wy,) are sum-
marized in Table 1. If the !2CH, reaction rate (R;) and
diffusivity ratio for molecules containing light and heavy
isotopes (f) are known, and a value for the fractionation
factor () assumed, (3) and (5) can be numerically solved

to yield depth distributions of isotopically light and heavy
methane.

12 CH, Reaction Rate

The diagenetic equation provides a means of estimating
the methane reaction rate from the methane concentration
profile. Inversion of (3) shows that the depth dependent
reaction rate (R;) is a function of the first and second
derivatives of the methane concentration profile:

_ 2 d3¢ d¢ Woo Poo \ de

Ry = 4Dz — (3D - “==) 2 (0)
First and second derivatives were estimated by differ-
entiating a cubic spline fit to the methane concentration
data. A cubic spline is a function consisting of multiple
cubic polynomials joined together with the condition of
continuous first and second derivatives [Cheney and Kin-
caid, 1980]. Ahlberg et al. [1967] have demonstrated that
cubic splines provide reliable estimates of derivatives for
a wide variety of functional shapes. Details of the spline
fitting routine are available in the work by Alperin [1988].
The accuracy of model-predicted reaction rates was
tested by comparison with methane oxidation rates mea-
sured by the 14CH, tracer technique [Alperin and Ree-
burgh, 1985]. A cubic spline was fit to the methane concen-
tration data and the first and second derivatives estimated

TABLE 1. Model Parameters

Parameter Value

é 0.135 exp(—0.0929 x) + 0.864°
d¢/dx —0.0126 exp(—0.0929 x)

oo 0.864°

Woo 1.0+ 02ecmyrt?

D, 8.0 x 107® cm2s ¢

%Least squares fit of porosity versus depth data
[Alperin, 1988| to an exponential function (r=0.95,
n=39).

bBased on 37Cs and ?'1°Pb geochronologies.

°From Sahores and Witherspoon [1970] corrected to
in situ salinity using the Stokes-Einstein equation
[Lerman, 1979).
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by differentiating the spline function. The reaction rates
were calculated according to (6) (Figure 3}. The mod-
eled rate distribution accurately reproduced the main fea-
tures in the data: low rates near the surface, a mid-depth
maximum in methane oxidation rate, and reduced rates at
greater depth. Agreement between measured (oxidation)
and modeled (production plus oxidation) rates suggests
minimal methane production over the depth interval rep-
resented by these cores.

Cubic splines fit to the methane concentration data from
subcores subjected to stable isotope analysis are shown in
Figure 2. Reaction rates predicted by differentiating the
spline functions show a distinct maximum in methane ox-
idation between 20 and 30 cm (Figure 4), in agreement
with rates measured by the 4CH, tracer technique (Fig-
ure 3). Differences in the magnitude of the predicted rate
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Fig. 3. Comparison of measured and modeled methane
reaction rates. Upper panel: Symbols represent methane
concentration data for three subcores from a single box
core. Solid curve represents a cubic spline fit to the con-
centration data. Lower panel: Symbols represent methane
oxidation rates determined by the 14CH, tracer technique.
Solid curve represents the methane reaction rate predicted
by differentiating the spline function fit to the concen-
tration data. Positive rates indicate methane oxidation;
negative rates indicate methane production. The zone of
methane oxidation is represented by the hatched region.
Methane concentration and oxidation rate data are from
Alperin and Reeburgh [1985].
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Fig. 4, Model-derived methane reaction rates for subcores
subjected to stable isotope ratio analysis. Positive rates in-
dicate net methane oxidation; negative rates indicate net
methane production. The base of the methane oxidation
sone (horizontal dotted line) is defined as the depth below
which there is no further net oxidation. Methane reaction
rate profiles incorporated into the diagenetic model (equa-
tions (3) and (5)) are represented by the hatched regions.
Note changes in reaction rate scale for each subcore.

maxima between subcores are consistent with the variabil-
ity in measured rates (compare subcores 84-T and 84-U,
Figure 3) and appear to result from sediment heterogene-
ity.

High methane production rates begin just below the
methane oxidation sone in subcores 84-A and 84-B (Fig-
ure 4). Subcore 84-E, like subcores 84-T, 84-U, and 84-V
(Figure 3), apparently did not extend to the depth of the
production zone.

The low-amplitude oscillations in the methane reaction
rate above 20 cm (Figure 4, subcores 84-A and 84-E) re-
flect very subtle changes in curvature of the concentration
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profile (Figure 2) and are not considered to be reliable es-
timates of in situ reaction rates. Therefore, reaction rates
above the oxidation zone are taken as zero. These rates,
which represent reaction of *2CH,, *CHy, and 2CH,3D,
are not significantly different from 2CH4 reaction rates,
since 12CH, represents about 99% of the total methane.

D, for *3CH, and CHsD

It is well established that gaseous diffusion coeflicients
for the different methane isotopic species vary inversely
with the square root of their reduced masses [Mason and
Marrero, 1970]. However, for methane in aqueous solu-
tion, the effect of isotopic substitution on the diffusion
coefficient is uncertain. Diffusion coefficients for dissolved
13CH, and CHsD have not been determined experimen-
tally, and current theories of tracer diffusion in aqueous
solution are inadequate for demonstrating either the pres-
ence or absence of a small isotope effect [Mills and Harris,
1976).

Of the available experimental data on aqueous diffusion
coeflicients for isotopically related solutes, CO; is proba-
bly the best methane analogue. O’Leary [1984] measured
a small difference between 2CO5 and *CO; diffusion co-
efficients (f=1.0007+0.0002), suggesting that a measur-
able effect may exist for the different isotopic species of
methane. However, the magnitude of this effect, which is
probably strongly dependent on CH;—H20 molecular in-
teractions, cannot be predicted. Therefore, we will con-
sider two extreme cases: (1) aqueous diffusion coefficients
for methane are unaffected by isotopic substitution (i.e.,
f=1.0000); and (2) CH4-H2O interactions are sufficiently
small that diffusion coefficients for isotopic species follow
the inverse square root reduced mass relationship applica-
ble to a gaseous system (ie., f=1.016).

Isotope Model Results

The diagenetic equations for isotopically light and heavy
methane (equations (3) and (5)) were solved numerically
using a finite difference method (IMSL Software Systems,
Houston, Texas). These differential equations are second
order and thus require two boundary conditions to define a
unique solution. The upper boundary condition was estab-
lished by the shallowest sample having sufficient methane
for isotope ratio analyses. The lower boundary was set
at the base of the methane oxidation zone, defined as the
depth below which there is no further net oxidation (Fig-
ure 4). Solution of (3) and (5) yielded depth distributions
of isotopically light and heavy methane, which were then
used to calculate §!3C-CHy and §D-CH, profiles (equa-
tion (2)).

Sensitivity of the stable isotope model to « is shown in
Figure 5. Note that these profiles are not the result of
curve fitting an arbitrary function to the data. Rather,
the curves represent solutions to the diagenetic equations
(equations (3) and (5)). In the absence of an oxidation
isotope effect (@=1.000), isotope ratio profiles are approx-
imately constant from the base of the oxidation zone to
within 10 cm of the sediment surface, where diffusive mix-
ing at the upper boundary becomes important. A value of
a greater than 1.000 produces a shift toward isotopically

285
3
6~C-CH, (o/00)
-76 -75 74 -73 -72 -7
o T { I 1
=1 10000 10035 }
E / I ;
L ] i
=l // 10045
o P
L “:_,__4.' ----
Q 30 | '/"
40
6D-CH, (0/00)
-200 -190 -180 -170  -160  -150
° L) 1 1 I
_ 10 | 1.000/——’_—1.}50
=20 7 1060
o. (sTee "
! .ﬁﬁ‘ﬁ -met
Q3 | !
40

Fig. 5. Sensitivity of model-predicted §'°C-CH4 and §D-
CH, profiles to the magnitude of the isotope fractionation
factor. The solid circles represent arbitrary boundary
conditions. The curves represent predicted isotope ratio
profiles for three values of . The methane reaction rate
profile is assumed to equal that of subcore 84-A (Figure 4).
The region enclosed by the horizontal dotted lines marks
the upper and lower boundaries of the methane oxidation
gone. In this sensitivity analysis, diffusion coefficients for
all isotopic species of methane are assumed to be equal

(i.e., £=1.000).

heavier methane through the oxidation zone. The extent of
this shift is quite sensitive to the magnitude of a; a change
of +0.001 shifts the predicted §'3C-CH, or §D-CH, pro-
file by approximately +0.5°/0,. Above the oxidation zone,
§13C-CH, and §D-CH, values are relatively constant un-
til shallow depths where diffusive mixing occurs.

Results of applying the isotope model to the §13C~CH,
and §D-CH4 data are shown in Figure 2. Isotope ratio
profiles were predicted for two diffusion coefficient cases
(f=1.000 and f=1.016). The steep §'2C-CH, and §D-
CH, gradients through the methane oxidation zone rep-
resent the most robust portion of the data set. There-
fore, values of a were adjusted until the model-predicted
profiles reproduced the shift in §2C-CH, and §D-CH,
observed in the data. No attempt was made to fit the
model-predicted profiles to isotope ratio data above the
methane oxidation zone.
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The magnitude of the predicted fractionation factors for
carbon isotopes is strongly influenced by the ratio of diffu-
sion coefficients for isotopically light and heavy species.
In the absence of a diffusion isotope effect (f=1.000),
predicted values range from 1.0073 to 1.0098; assuming
that diffusion coefficients for different isotopic species of
methane vary according to the inverse square root law
(f=1.016) yields values ranging from 1.024 to 1.026.

The fractionation factor for hydrogen isotopes is an
order of magnitude larger than for carbon. Hence, for
CHsD a diffusion isotope effect has a relatively small
influence on the predicted fractionation factor. For the
case of no diffusion isotope effect (f=1.000), predicted
fractionation factors range from 1.135 to 1.181; assuming
the maximum diffusion isotope effect (f=1.016) leads to a
values ranging from 1.150 to 1.205.

Isotopically Light Methane at the Upper
Boundary

The modeled §**C-CH, and §D-CH, profiles generally
reverse direction above the methane oxidation zone (Fig-
ure 2). This is caused by diffusive mixing of isotopically
heavy methane from the oxidation zone and isotopically
light methane present at the upper boundary. In sub-
core 84-E, the modeled §13C-CH, profile does not reverse
above the oxidation zone because methane at the top of
the oxidation zone and the upper boundary have similar
§13C—CH, values.

Although the model reproduces the reversal in isotope
ratio profiles seen in the data, it does not explain the
cause of isotopically light methane at the upper bound-
ary. Bottom water cannot be a significant source of iso-
topically light methane because concentrations are too low
(0.0003 mM). Likewise, a diffusion isotope effect (larger
diffusion coefficient for isotopically light species) can ac-
count for only a portion of the observed reversal.

The reversal in §13C-CH, and §D-CH, values above
20 cm can be explained by production of isotopically light
methane in the upper sediment. Approximately linear
methane concentration profiles (Figure 2) and negligible
methane oxidation rates (Figure 3) in the upper 20 ¢m in-
dicate that methane production rates are slow relative to
diffusion. The trend toward isotopically light methane in
the shallow sediments may be due to a relatively slow in-
put of methane highly enriched in the light isotopes. High
sulfate reduction rates in this sediment region [Alperin and
Reeburgh, 1985] suggest that this methane may be derived
from a substrate not utilized by sulfate-reducing bacteria.
Slow rates of methanogensis from methanol, a noncom-
petitive substrate with an extremely large carbon isotope
effect (a > 1.070) [Rosenfeld and Silverman, 1959; Kraycki
et al., 1987), is a possible cause of the reversal observed in
the isotope ratio data. If production of isotopically light
methane is occurring within the methane oxidation zone,
isotope fractionation factors predicted by the model will
underestimate the in situ values. '

CONCLUSIONS

1. Depth distributions of §1*C-CH,4 and §D-CH, from
Skan Bay sediment demonstrate that anaerobic oxidation
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can significantly alter the carbon and hydrogen isotope
ratios in methane.

2. An open system model that considers the effects
of differential isotope diffusion and isotope fractionation
resulting from oxidation successfully reproduces the major
features in observed §13C-CH, and §D-CH, profiles.

3. The accuracy of isotope fractionation factors pre-
dicted by the model is limited by the absence of data on
diffusion coefficients for 13CH4 and 2CH3D. Considera-
tion of two extreme cases, (1) no diffusion isotope effect
and (2) a diffusion isotope effect approaching the theoret-
ical maximum, demonstrate that predicted isotope frac-
tionation factors depend on the magnitude of the diffusion
isotope effect according to the following equation:

a = a, + (f—1)

where « is the in situ fractionation factor, a, is the frac-
tionation factor assuming no diffusion isotope effect, and
f is the true value for the ratio of diffusion coefficients for
isotopically light and heavy methane. Values of a,, esti-
mated by averaging model predicted fractionation factors
for the f=1.000 case (Figure 2), are 1.0088+0.0013 (n=3)
for carbon and 1.157+0.023 (n=3) for hydrogen.

4. Anaerobic methane oxidation appears to be a nearly
quantitative sink for methane in environments where ebul-
lition is absent. Hence, isotope fractionation resulting
from anaerobic methane oxidation will not significantly af-
fect isotope ratios in atmospheric methane. Anaerobic oxi-
dation may influence the isotopic signature of methane en-
tering the atmosphere from shallow marine environments
where ebullition is the major mechanism of methane trans-
port to the atmosphere.
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