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Stable Isotope Profiles of the Fossil Mollusks from Marginal Marine
Environment: Is Carbon from the Seasonal Methanogenesis?
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Stable isotope profiles with fine-scale resolution were constructed from the fossil mollusk
shells, Mercernaria mercernaria, obtained from the late Pleistocene transgressive deposits of
Gomez Pit, Virginia, USA. Incremental sampling were made along the axis of maximum growth
to provide high-resolution 80 and 6”C records. The &°O shell profiles exhibit a series of
pronounced cycles in the overall amplitude, corresponding to strong seasonal variations in
temperature, which is apparently positive environmental variable. Contrasts between the patterns
of 3”0 and &“C profiles reflect the relationship influencing the seasonal carbon cycling in the
shallow marine environment. Positive anomalies of the 8“C values during the summer were
observed to be out of phase with the 8'*0 profile. Such relatively heavier carbon source may be
alternated due to seasonal methanogenesis during the summer. A hypothesized methane-based
system may be operated in the shallow and marginal marine environment, resulting in a §“C-
enriched bicarbonate pool, in which the heavier isotope seems to be incorporated to the shell

carbonate.

INTRODUCTION

The underlying assumption for application of
stable isotopic geochemistry to mollusk shells is
that *O and “C are incorporated into shell carbonate
in equilibrium with ambient seawater. As a result of
this equilibrium process, the isotopic geochemical
compositions of the shells record the dynamics of
the 8”0 and 8“C fractionation influenced prom-
inently by temperature (Epstein et al., 1953; Mook
and Vogel, 1968). Detailed sampling of mollusk
shell at closely-spaced interval reflects the seasonal
activity of isotopes over the lifespan of the animal.
Therefore, information from stable isotope profiles,
resolved to an annual level, has permitted both
environmental and physiological variables, such as
seasonal temperature cycles, transient salinity
events, biomineralization associated with ontogeny,
and other hydrographic conditions (Williams et al.,
1982; Arthur et al., 1983; Krantz et al., 1987,
Romanek and Grossman, 1989; Geary et al., 1992;
Khim et al., 1996).

Seasonal temperature ranges as well as modes of
seasonal carbon cycling have been further inferred
through the combined interpretation of oxygen and
carbon isotope profiles in mollusk shells. The
dominant signal preserved in the 8“0 profiles of
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mollusk shells is the seasonal temperature change,
which has been observed and documented in a
number of recent studies (Arthur et al., 1983; Geary
et al., 1992; Bock, 1994), including some of the
classic and pioneering works (Urey et al., 1951;
Epstein and Lowenstam, 1953). However, the com-
plete range of ambient seawater temperature varia-
tion is usually not recorded in the shell profile
because of reduction of growth rate or complete
cessation of shell growth (Arthur et al, 1983;
Krantz et al., 1987).

Interpretation of 8“C profiles is more complex
than for oxygen, due to the interaction of potential
variables, both environmental and biological, on
8"C fractionation (Grossman and Ku, 1986; Rom-
anek et al., 1987). Regardless, the §°C profiles from
mollusk shells provided potential clues to environ-
mental conditions, possibly including a record of
seasonal carbon cycling. Existing models for
interpreting seasonal variations in the 8°C of
mollusk shells as a reflection of ambient seawater
conditions (Killingley and Berger, 1979; Arthur et
al., 1983) suggest the following patterns: (1) hea-
vier 8”C values during the spring when phytop-
lankton blooms selectively remove ™C from the
dissolved bicarbonate reservoir during photosyn-
thesis to produce isotopically light organic matter
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(approximately -20%o); (2) progressively lighter
8“C values through the summer as decomposition
of organic matter releases “C into sediment pore-
water and bottom-water ZCO,; and (3) back to the
initial state following destratification and mixing of
the water column in the fall and winter.

In contrast to this expected 8°C cycle in the
shallow water areas, we observed distinctly an unex-
pected more positive §"°C values with prominent
positive anomalies in the summer season in fossil
shells of Mercenaria mercenaria collected from a
late Pleistocene transgressive unit in Gomez Pit,
Virginia, USA. Presented here are the results of a
detailed study using the stable oxygen and carbon
isotopic composition of well-preserved mollusk
shells.

MATERIALS AND METHODS

The fossil specimens, Mercenaria mercenaria,
were collected from the late Pleistocene trans-
gressive unit in Gomez Pit, Virginia, USA (Fig. 1).
Specimens GP-180 and GP-181 were collected from
the middle layer (Mercenaria layer I) of the outcrop
between the oyster biostrome and serpulid zomne
whereas specimen GP-276 was taken just below
serpulid layer of the stratigraphically higher posi-

Fig. 1. Map showing the study area. GP stands for
Gomez Pit where the late Pleistocene marine transgressive
strata was exposed. The mollusk specimens, Mercenaria
mercenaria, were collected from this area.
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Fig. 2. General cross section of the Gomez Pit study site
and sampling position of specimen M. mercenaria fossil
mollusks (after Bock, 1994).

tion (Mercenaria layer II; Fig. 2).

The sedimentary sequences of the U.S. Atlantic
Coastal Plain record the major transgressions of the
late Tertiary and Quaternary. In this area, the
Quaternary deposits are represented by a series of
nearshore marine and marginal marine strata boun-
ded by unconformities (Peebles et al., 1984). The
preserved stratigraphic sequences of at least four
middle to late Pleistocene sea-level highstands have
been designated as the Tabb Formation (Johnson,
1972; Mixon, 1985). The unit of interest, the
Sedgefield Member of the Tabb Formation, indi-
cates deposition in an estuarine to marginal marine
environment during late Pleistocene highstand of
sea level correlated with Oxygen Isotope Substage
5¢ (Toscano and York, 1992; Bock, 1994). The
Sedgefield Member comprising the estuarine/lagoo-
nal sands and sandy silts contains several abun-
dantly fossiliferous layers (Spencer and Campbell,
1987).

The sample preparation and analyses to produce
§"0 and 8°C mollusk profiles follow the standard
procedure employed in previous studies (Krantz et
al., 1987). The shells were sectioned along the axis
of the maximum growth line with a low-speed
diamond saw. Before drilling, the outer surface of
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each valve was scraped off to remove organic debris
or encrusting organisms. After the removal of the
shell exterior, the individual carbonate powder
samples were obtained incrementally from the outer
shell layer avoiding the inner shell layer with a
dental drill. Shell carbonate samples were taken
approximately one millimeter apart over the years;
generally years two through four or five are samp-
led due to the very thin prismatic layer of year one.
Carbonate powder samples were stored in pharma-
ceutical gel capsules and sent to mass spectrometer
facilities at Rice University for the stable isotopic
analyses. Approximately 0.5 mg of each carbonate
powder was roasted at 350°C in vacuo to remove the
organic components of the shell matrix. Samples
then were reacted in purified phosphoric acid under
vacuum and the evolved CO, gas was analyzed on
the mass spectrometer to measure the relative ratios
of *0/*0 and “C/”C in each sample. Oxygen and
carbon isotopic values are reported in standard
d-notation in permil (%o) relative to the Pee Dee
Belemnite (PDB) international standard as below.

rQO /10 )sample - (180 /%0 )standard

80 (%)=t 0,70, 1 x 1000

BC2C )sample - (13C/12C)standard

. (
MC (%)=F (BC/2C)yudara

1 % 1000

Analytical precision for both 8“0 and 6”C was
+0.1%o or better based upon duplicate analyses of
internal standard and samples.

Stable isotope profiles of fossil Mercenaria mer-
cenaria

The oxygen and carbon isotope profiles of M.
mercenaria fossil specimens (GP-180, GP-181, and
GP-276) are shown in Fig. 3. The 8“0 values
measured from mollusk shell carbonate can be used
to calculate the temperature range during shell
deposition because *O is kinetically fractionated as
a function of temperature (Epstein et al., 1953). The
8"°0 profiles are very similar each other and clearly
exhibit seasonal cycles, as would be expected by
typical annual variation in seawater temperature.
More positive (heavier) 80 values are consistent
with colder winter temperature, and more negative
(lighter) values coincide with warmer summer tem-
perature. However, in the present paper, the detailed
paleotemperature estimate was not discussed.

The 8“0 profile of specimen GP-180 shows a

series of four distinct annual cycles (Fig. 3a). Such
a series of fluctuation confirms the isotopic varia-
tion of shell carbonate in accordance with
seasonality (Epstein et al., 1953). The annual cycles
display an amplitude in 8"O ranging from approx-
imately -1.5 to 0.5%0. The 8“C profile are not as
discernible as the 8“0 profile, but during the
summer corresponding to the lighter 8O values,
the 8°C values are relatively a little positive. The
d”C values only range from about 0.25 to 0.75%o
over the entire seasonal cycles.

The 8"0 profile of the specimen GP-181 shows a
similar cyclic variation to that of specimen GP-180
(Fig. 3b). Up to approximately 75 mm shell height,
specimen GP-181 has 6O range of -1.5 to 0.4%o
representative of the typical temperature trend
compared to that of specimen GP-180. The lighter
80 values towards the shell margin from 75 mm
shell height most likely represent the result of slow
growth. Such ontogenic effects seem to dampen the
amplitude of the seasonal cycles in the isotopic
profiles, which record the partial range of &“O
values compared with the younger part. This
general trend towards lighter values during onto-
geny was also discussed with respect to the onset of
reproductive activity in the physiological change
(Krantz et al., 1987; Romanek et al., 1987).

The overall §”°C values of specimen GP-181 are
slightly heavier by 0.5 to 0.7%o than specimen GP-
180 (Fig. 3). Specimen GP-181 shows cyclic
variations with seasonal trends in &8“C profiles,
which is different from that of specimen GP-180,
representing relatively lighter §”°C values during the
summer and heavier excursions occurring in the
spring. This may follow the typical model for §“C
variation resulting from formation, buildup, arid
oxidation of isotopically light organic matter to
change the 8“C of bicarbonate pool in seawater
(Arthur et al., 1983).

The 6”0 and &"C profiles of specimen GP-276
are shown in Fig. 3c. The oxygen isotope values of
specimen GP-276 range from -2.0 to 0.5%0 but each
annual cycle of the 8“0 profile represents the
unequal amplitude due to the interannual variability
of seasonal temperature. At about 45 mm shell
height, a transient peak in 8O profile occurs with a
roughly corresponding peak in 8“C profile. It is
interpreted as an apparent reduced-salinity event
largely due to freshwater input bringing not only
isotopically light carbon into the system to shift the
8"”C values of the shells towards negative in a more



66 Boo Keun Khim, Kathy W. Bock and David E. Kraniz

sense but also a negative 8”0 transient spike. The
8"C profile of specimen GP-276 fluctuates from -0.8
to 1.5%o0 (Fig. 3¢). While it is a fairly normal range
for carbon, the 8°C signals are relatively heavier in
summer time on the basis of the 8°0O values
controlled primarily by temperature.

Examination of both §*0 and 8"C profiles within
each shell specimen can aid the interpretation on the
variation of the environmental condition. Specimen
GP-181 has shown a typical in phase variation bet-
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Fig. 3. Stable oxygen and carbon isotope profiles of fossil
mollusk shells M. mercenaria. (a) specimen GP-180. The
30 profiles exhibit seasonal cycles in seawater tem-
perature becoming ‘warmer towards the top of the vert-
-jcal scale. The scale of horizontal axis is in mm to meas-
ure from the umbo. (b) specimen GP-181. The lighter 30
values towards the shell margin from 75 mm shell height
most likely represent the senescence of shell growth result-
ing from slow growth rate. (c) specimen GP-276. At about
45 mm shell height, arrows show that a transient peak in
50 and 8“C profiles is interpreted as an apparent reduc-
ed-salinity event due to freshwater input.

ween 60 and &°C profiles during the summer
months of younger age (Fig. 3b). By contrast, in the
stable isotope profiles of GP-180 and GP-276, the
§°C curve seems to be out of phase with the 6O
curve, departing from each other as summer appro-
aches (Fig. 3a and 3c). The 8O profiles in these
cases show the “expected” cycle; the isotopically lig-
htest values occur during the summer, while the
winter values are isotopically heavier. Moreover,
the 8“C values remain relatively positive throug-
hout the summer months. This may suggest a poten-
tial alternate source of the elevated 8”C during the
summer if the existing model was compared for
interpreting seasonal variations in the 8°C of moll-
usk shells as a reflection of ambient seawater condi-
tions (Killingley and Berger, 1979; Arthur ef al., 1983).

Although the carbon isotopic composition in the
ambient seawater varies, as it has many sources and
sinks, none of the conventional aerobic pathways
could account for this relatively positive shift in
8“C values during the summer. The Mercenaria
specimens were living in a back-barrier lagoonal
environment characterized by diaerobic conditions
probably sometimes during the mid-summer. One
possibility is that the seasonal methane production
within the sediments plays a role in providing “C-
enriched carbon for the mollusk shells during the
summer growth. Such a methane-based biogeo-
chemical system operates in the shallow marine
environment in the summer time (Martens et al.,
1986; Whiticar et al., 1986). Because isotopic
fractionation during methanogenesis is extreme
(-100 to -50%c) and the 8°C value of methane is
isotopically light, isotopically light carbon in the
methane-based biogeochemical system is released
directly to the atmosphere as methane bubbles,
which can leave a relatively “C-enriched dissolved
bicarbonate pool in the sediment porewater. This
remaining heavy &“C pool could be incorporated
into mollusk shell production, making the shell 6*C
values a little more positive and out of phase with
the 6"0 profile. This effect would be expected to
occur most frequently in the summer as dissolved
oxygen concentrations in the lagoon reached a
minimum as a result of density stratification of the
water column. Since summer marks an increase in
methane production, the relatively more enriched
8°C values would occur at this time.

Incorporation of heavy carbon from seasonal meth-
anogenesis
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The active microbially-mediated reactions of
sedimentary organic matter account for the
generation of methane in anoxic sediments below
the zone of sulfate depletion (Whiticar et al., 1986;
Faber et al., 1990). In this situation, the sedimentary
organic matter is fermented through two primary
metabolic pathways; acetate fermentation and CO,
reduction (Fig. 4). Both of these pathways are
operated in shallow marine system; however, CO,
reduction is the dominant mechanism. Carbon diox-
ide is produced through either methyl conversion or
decarboxylation from the organic matter, repre-
sented by CH,COOH = CH, + CO,. The reduction
of this produced CO, is continued in the saline
environment by hydrogen to form methane and
water, proceeded by CO, + 8(H) = CH, + 2H,0.
This stepwise process is dominant in the sulfate-free
zone of marine sediments, allowing the accumula-
tion of methane in the shallow sediments. During
the summer months when methane production peaks,
the sulfate-reducing zone is quite shallow, ranging
less than 10 cm below the sediment-water interface
(Kipphut and Martens, 1982). Below the sulfate-free
zone, these depths correspond to the onset of methane
accumulation, which would affect the chemistry of
biological calcium carbonate deposition of the indi-
genous infauna, i.e., shell formation in M. mercenaria.

According to Whiticar et al. (1986), the 8°C
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Fig. 4. Schematic diagram showing the pathways of
methane production by acetate fermentation and CO, reduc-
tion in the marine environment (after Whiticar et al., 1986).

value for methane is very negative, with §"°C values
ranging generally either between -110 and -65%o for
the formation through the CO, reduction or between
-65 and -50%o for the formation through the fermen-
tation. The 8"C values of methane obtained by
Martens et al. (1986) at Cape Lookout Bight, North
Carolina confirm these isotopically light 8"C values.
The corresponding &“C values of £CO, in seawater
vary between about -11 and -3.0%0 with the summer
values averaging between -10 and -8%.. Additio-
nally, 8°C values for CO, coexisting with bacteria-
lly-produced methane ranged from -20 to +10%o.

Since the solubility of methane is low, meth-
anogenesis must play an important role in the
formation of bubbles in the submerged anoxic layer.
Because of the large fractionation during meth-
anogenesis, the dissolved carbon remaining in the
sediment porewaters would be enriched in “C after
the methane bubbles out to the atmosphere. The
0”C ranges of the remaining XCO, in methano-
genic sediments have been observed to be between
-20 and +10%c (Faber et al., 1990) and between
0 and +5%o (Reeburgh, 1982).

By contrast, following oxidation of sedimentary
organic matter in the sulfate zone, utilization of
concurrently-produced methane as a carbon source
by sulfate-reducing bacteria would result in the
isotopically light XCO, released from methane
oxidation. In this case, the 8"C value of interstitial
carbon dioxide in the sediment porewater would
lead to negative O&“C values. However, high
temperatures during the summer season is likely to
prevent conversion of methane in the sediment
porewater before ebullition to the atmosphere.

Some previous works have demonstrated the
distinct seasonal variation of biogenic methane
production under wet anoxic environments (Martens
et al., 1986; Whiticar et al., 1986). The possible
cause of the observed seasonal variation of methane
production could be changes in methane production
mechanisms. Such variations appears to be driven
by seasonal temperature changes because the rate of
decomposition of organic matter is proportional to
increases of temperature as the summer approaches.
This previous work indicates that methane
production is highly seasonal with a marked incr-
ease from May to October (Martens ez al., 1986).

SUMMARY

From the observation of the 3"C positive ano-
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malies in the isotope profiles constructed from the
fossil mollusk shells Mercernaria mercernaria, we
hypothesize that seasonal methanogenesis occurred
in the shallow marine substrate below the zone of
sulfate depletion, in which the mollusks lived. This
microbial mechanism would have utilized isoto-
pically light carbon to generate the isotopically light
methane and &"C-enriched bicarbonate pools. Ho-
wever, it must be substantiated for the recent cor-
responding environments that the 8“C distribution
in such pore fluids is explainable seasonally by the
strong positive §"°C-shift.
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