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ABSTRACT

Several lines of evidence suggest that during times of elevated methane flux the sulfate-
methane transition zone (SMTZ) was positioned near the sediment-water interface. We
studied two cores (from 700 m and 1457 m water depth) from the Umnak Plateau region.
Anomalously low d13C and high d180 in benthic and planktonic foraminifera in these
cores are the consequence of diagenetic overgrowths of authigenic carbonates. There are
multiple layers of authigenic-carbonate-rich sediment in these cores, and the stable
isotope compositions of the carbonates are consistent with those formed during anaerobic
oxidation of methane (AOM). The carbonate-rich layers are associated with biomarkers
produced by methane-oxidizing archaea, archaeol and glyceryl dibiphytanyl glyceryl
tetracther (GDGT). The d13C of the archaeol and certain GDGTs are isotopically
depleted. These carbonate- and AOM-biomarker-rich layers were emplaced in the SMTZ
during episodes when there was a high flux of methane or methane-rich fluids upward in
the sediment column. The sediment methane in the Umnak Plateau region appears to
have been very dynamic during the glacial period, and interacted with the ocean-
atmosphere system at millennial time scales. The upper-most carbonate-rich layers are in
radiocarbon-dated sediment deposited during interstadials 2 and 3, 28-20 ka, and may be
associated with the climate warming during this time.
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EXECUTIVE SUMMARY

The stability of sedimentary methane hydrates over glacial-interglacial time periods is not
well known. Today, flux of methane to the atmosphere from seafloor hydrates is far
smaller than the flux from other natural sources. However, it is hypothesized by Kennett
et al. (2003) that during times of rapid climate warming in the last glacial period,
methane flux from the seafloor to the atmosphere was a significant contributer to global
warming.

The evidence supporting Kennett’s hypothesis comes primarily from the Santa Barbara
Basin, where in a sediment core there are carbon isotope data from the seafloor and sea
surface (benthic and planktonic foraminifera, respectively) that suggest that there were
repeated occurrences of methane release from a local source. Hinrichs et al (2003)
extracted lipid biomarkers from the same sediment core and found compounds specific to
methane-oxidizing archaea during two climate warming events.

However, isotopic studies of methane from fossil air samples recovered from ice cores do
not support the hypothesis that methane hydrates were responsible for the entire rise in
atmospheric methane concentrations during the climate events. Sowers (2006) and
Schaefer et al. (2006) measured the hydrogen isotopes and carbon isotopes, respectively,
of atmospheric methane during warm climate transitions. These studies do not exclude
the possibility that methane hydrates contributed to part of the rise in atmospheric
methane observed during these time periods.

There are several other locations around the Atlantic and Pacific where there is evidence
of methane flux to the seafloor during the last glacial period. However, since this time
period is mostly out of the range of radiocarbon dating, correlating these observations to
the climate events is not possible at present. In addition, none of these records show
episodes of methane flux that are as numerous and persistent as the warm climate events
that occurred during the last glacial period.

In this project, we studied the inorganic and organic geochemistry of the glacial
sediments from two cores from the southeast Bering Sea. We observed geochemical
signatures of intense upward flux of methane to the seafloor. These episodes occurred
repeatedly during the last glacial period, and have similar duration and timing as the
warm climate events that are associated with atmospheric methane rise.

We found layers of sediment rich in authigenic carbonate minerals in two sediment cores
from the southeast Bering Sea. These minerals have low *C-">C ratios and high '*0-'°0
ratios, which is consistent with authigenic carbonates that form in modern active methane
seep areas. We then extracted lipid biomarkers from the sediments containing the
authigenic carbonates. We found lipids that are unique to methane-oxidizing archaea,
and which had the charactistically low *C-'*C ratio expected in methanotropic microbes.

We also studied the distribution of benthic foraminifer species in these sediments. We
hypothesized that if the methane flux were high enough, the methane would escape out of



the sediments into the water column. In addition, the authigenic carbonates and lipid
biomarkers would be emplaced at the seafloor in recently deposited sediment, and the
benthic foraminifera living on the seafloor would react to the methane flux and affect the
species distribution. We found that the population shifted in sync with the occurrence of
authigenic carbonates and biomarkers.

With radiocarbon dating, we found that the episodes of authigenic carbonates occur with
similar duration and timing as the warm climate events of the last glacial period. The
precision of the radiocarbon dates is not good enough to tell whether the episodes in our
sediment core are in phase or out of phase with the climate events. However, our data do
show that sedimentary methane in the Bering Sea was very dynamic during the last
glacial period. It interacted with the ocean-atmosphere system on the same time scale as
rapid climate events.

These findings are significant because for the first time outside the Santa Barbara Basin,
we have observed a marine methane reservoir that is dynamically interacting with the
ocean-atmosphere system during the last glacial period. This is strong support for the
idea that sedimentary methane may be an important source of greenhouse gas to the
atmosphere during times of rapid climate warming in the past.



1. INTRODUCTION

Though methane is a relatively minor component of the atmosphere (760 ppbv pre-
industrial concentration), it is an important greenhouse gas. Methane causes 26 times the
warming as the same mass of carbon dioxide over 10 years (LELIEVELD et al., 1993).

1.1. The global methane budget

The modern-day flux of methane to the atmosphere is dominated by wetlands at 145 Tg/y
(MIKALOFF FLETCHER et al., 2004). The flux from methane hydrates is 5 Tg/y and may
seem small. However, there are large reservoirs of methane in sea-floor sediments and
permafrost regions. The sizes of these reservoirs are not well known, but recent estimates
include 500,000-2,500,000 Tg in the seafloor (MILKOV, 2004) and 400,000 Tg in
permafrost (MACDONALD, 1990). Because of its sheer size, a perturbation in the methane
hydrate reservoir has the potential to have a large influence on climate.

1.2. The climate influence of sedimentary methane

Release of methane from seafloor sediments is thought to be associated with climate
changes in the past, including during the early Jurrasic (HESSELBO et al., 2000), the
Paleocene-Eocene thermal maximum (DICKENS et al., 1995), and in the last glacial period
(KENNETT et al., 2003). In the late Pleistocene, the atmospheric concentration of methane
varied between 350 and 760 ppbv, or 1,100 and 2,200 Tg, where methane is high during
warm interglacial periods, and low during cold glacial periods (CHAPPELLAZ et al., 1990).

During the last glacial period, there were millennial-scale climate shifts called
Dansgaard-Oeschger (DO) events (JOHNSEN et al., 1992). The warm, interstadial, climate
events are associated with elevated atmospheric methane concentrations (BLUNIER et al.,
1998), which has been interpreted as higher methane flux from expanded wetlands during
warm climate phases (CHAPPELLAZ et al., 1990). However, Kennett et al. (2003) have
proposed that sedimentary methane hydrates could be a significant source of atmospheric
methane during these climate events.

Evidence from marine sediments of methane flux from the seafloor during the late
Quaternary include Santa Barbara Basin (HILL et al., 2006; HINRICHS et al., 2003;
KENNETT et al., 2000), the Gulf of California (KEIGWIN, 2002), the Japan margin
(HosHIBA et al., 2006; UCHIDA et al., 2004), the Okhotsk Sea (LEMBKE et al., 2003), the
Papua Gulf (DE GARIDEL-THORON et al., 2004), the Indonesian margin (WIEDICKE and
WEISs, 2006), the Peru margin (WEFER et al., 1994), the east Greenland shelf (SMITH et
al., 2001), the southwest Greenland Sea (MILLO et al., 2005), the Amazon Fan (MASLIN
et al., 2004), and Blake Ridge (BHAUMIK and GUPTA, 2007).

1.3. Geochemical setting in seep environments, inorganic and organic

In modern methane seeps, there are commonly accumulations of carbonate minerals.
These occur because a product of anaerobic methane oxidation is bicarbonate ion
(HCO3"). A large flux of bicarbonate to the porewater from vigorous methane oxidation
increases the alkalinity and causes supersaturation of a variety of carbonate minerals,



including high-Mg calcite, aragonite, and dolomite (Orphan et al., 2003). In addition,
there is accumulation of biomass of the methane-oxidizing microbial community in the
sediment.

In organic-carbon- (C,y) rich marine sediments, when more energetically favorable
oxidants are depleted, C,, is reduced to methane by a consortium of archaea and bacteria
by CO; reduction (CLAYPOOL and KAPLAN, 1974).
2CH,0 + 2H,0 — 2CO; + 8(H)
C02 + 8(H) - CH4 + 2H20
The 8"°C of this biogenic methane is typically —110 to —50%o because of strong kinetic
fractionation during CO, reduction (WHITICAR et al., 1986). Biogenic methane will
diffuse upward in the sediment column into the overlying sulfate reduction zone. In the
presence of sulfate, methane is oxidized by syntropic anaerobic sulfate-reducing bacteria
and archaca (ALPERIN and REEBURGH, 1984).
CH,4 + S04 — 2HCO; +HS +H,0
with further fractionation of 2—14%o0 (WHITICAR and FABER, 1986). A biomarker
characteristic of anaerobic methane oxidation is archaeol (LANGWORTHY, 1986). All
archaea produce glyceryl dibiphytanyl glyceryl tetracthers (GDGTs) as part of their cell
membrane. Archaeol or GDGT from a methane-oxidizing archaca would have low §"°C
characteristic of anaerobic methane oxidation (WAKEHAM et al., 2003).

1.4. The purpose of this study

In cores from the southeast Bering Sea, we identified episodes during the last glacial
period when authigenic carbonate minerals were emplaced within the sediment. We
hypothesize that this was due to a significant flux of methane to the seafloor. We studied
the stable isotopic composition of these authigenic minerals to see if it was consistent
with origin in a methane-rich environment. We also extracted and studied lipid
biomarkers from these episodes to deduce what microbial community was present in the
sediments at the time. We also studied changes in the benthic foraminifer population
assemblage to assess whether the high methane flux was occurring at the seafloor,
indicating that the methane may have been escaping into the water column.

2. METHODS
Piston cores HLY02-02-51JPC (1467 m water depth) and HLY02-02-57JPC (700 m
water depth) were collected in June, 2002, from the crest of the broad spur between the
Bering and Bristol Canyons in the southeast Bering Sea (Figure 1). The cores were split
lengthwise and stored at 5°C. One-centimeter-thick samples were taken approximately

every 8 cm from the coretop to 1192 cm in 51JPC and from the coretop to 1096 cm in
57JPC.

2.1. Micropaleontology

Sediment samples for foraminifer isotope analyses were oven dried at 50°C, washed with
tap water through a 63 um sieve, then oven dried again. Planktonic foraminifer
Neogloboquadrina pachyderma (sinistral) and benthic foraminifer Uvigerina peregrina
were picked from the 150-250 wum and >250 um size fractions, respectively. Without
further cleaning, samples consisting of 8—10 N. pachyderma (s.) or a single U. peregrina



were analyzed on a Finnigan MAT253 mass spectrometer with a Kiel device. The 8'°0
and 8"°C are reported relative to the VPDB standard following standard procedures
(OSTERMANN and CURRY, 2000).

Benthic foraminifer species distribution was assessed by counting and identifying
individuals in the >150 um size fraction. Uncertainty of relative abundance was
calculated as in Fatel & Taborda (2002).

Samples of N. pachyderma (s.) were submitted to the National Ocean Sciences
Accelerator Mass Spectrometer Facility at WHOI for AMS '*C analysis. The §"°C was
measured on an aliquot of each sample. The '*C measurements (Table 1) were
transformed to calendar ages using the Calib 5.0.1 software. We used the Intcal2004
calibration dataset (REIMER et al., 2004), and assumed that AR, the local anomaly of the
age of surface water from the global mean, is constant at 400 y (CooK et al., 2005). This
corresponds to a total reservoir correction, R, of 800 y with an uncertainty of o =200y.
For the '*C measurements beyond the range of the Intcal2004 dataset, we found a
calendar age by finding the intercept of the conventional '*C age with a curve of '*C age
versus calendar age BP of the planktonic foraminifer Globigerina bulloides from Cariaco
Basin (HUGHEN et al., 2004). This record is tuned to GRIP 8'°O of ice on the ss09sea age
model (JOHNSEN et al., 2001). The simple depth-age models for these cores assume
constant sediment accumulation rates between calibrated '*C ages. We measured '*C on
samples of N. pachyderma (s.) from each core from which we knew there was significant
overgrowth of authigenic minerals.

2.2. Lipid biomarkers

Sediment samples for lipid extraction were taken from the sediment cores in December,
2006. They were freeze-dried with a Martin Christ Alpha 1-4 freeze dryer, then
homogenized with an agate mortar and pestle. Eight to 14 g of homogenized sediment
were extracted with a mixture of dichloromethane and methanol (3:1 ratio) after addition
of 20 ug of a recovery standard, 1-nonadecanol. The solvent was removed from the total
lipid extract (TLE) under a stream of N in a 35°C water bath (Turbovap).

The n-hexane—soluble (maltene) fraction of the TLE was passed through a solid phase
extraction column containing 500 mg aminopropyl-bonded silica (Supelco) with the
following series of solvents in increasing polarity: 4 mL n-hexane, 6 mL n-hexane and
dichloromethane (3:1 ratio), 7 mL dichloromethane and acetone (9:1 ratio), and 2%
formic acid in dichloromethane (v/v).

All alcohol fractions were analyzed as their trimethylsilyl (TMS) derivatives in a Thermo
Electron Trace gas chromatograph (GC) mass spectrometer (MS) with a DB-5MS fused-
silica capillary column (30 m length, 0.25 mm inner diameter, 0.25 wm film thickness)
using helium as the carrier gas. We used the following temperature program: injection at
60°C, isothermal for 2 min, heat at 10°C/min to 150°C, heat at 4°C/min to 320°C,
isothermal for 31.5 min. Compounds were identified based on their retention times and
comparison of the mass spectra to published spectra. Compound-specific §"°C
measurements of derivatized alcohol fractions were performed on a Hewlett Packard



5890 gas chromatograph coupled to Finnigan MAT 252 MS via a Thermo Electron GCC-
IT combustion interface. The GC column and temperature program were the same as in
the GC-MS. We corrected measured 8"°C for the contribution of TMS using the known
8"°C of the n-bis(trimethylsilyl)trifluoroacetamide reagent.

In order to study the constituent biphytanes of intact polar membrane lipids, we
performed ether cleavage of an aliquot of the underivatized alcohol fraction after addition
of 20 ug of a recovery standard, cholestane. The ether bonds in the sample were cleaved
by reaction with hydrogen iodide at 110°C for 4 hours. The iodide salts were reduced to
hydrocarbons by reaction with LiAlH4 under a nitrogen atmosphere at 110°C for 3 hours.
The hydrocarbon products were analyzed on the same GC-MS system described above,
but with the following temperature program: injection at 60°C, isothermal for 1 min, heat
at 15°C/min to 150°C, heat at 4°C/min to 310°C, isothermal for 28 min. Compound-
specific '°C measurements were performed on a Thermo Electron Trace GC coupled to
a Thermo Electron Delta Plus XP MS via a Thermo Electron GCC-II combustion
interface. The GC column and temperature program were the same as in the GC-MS.

3. RESULTS AND DISCUSSION
3.1. Foraminifer stable isotopes
In 51JPC, the Last Glacial Maximum (LGM) is at around 300 cm (Figure 2). In 57JPC,
the sediment accumulation rate is lower during the deglaciation, so the LGM is at about
150 cm. The sediment accumulation rate during the glacial period is similar in both
cores, at around 30 cm/ky.

During the glacial period in both cores, we find large negative excursions in 3'"°C of both
N. pachyderma (s.) (as low as —14%o) and U. peregrina (as low as —6.8%o) (Figure 2).
The low 8'°C is associated with high 8'0. Upon visual inspection, the foraminifera in
the samples with anomalous isotopic values appear yellowish (Figure 3), which we
hypothesize is due to post-depositional overgrowths of authigenic carbonate minerals.
We considered the composition of the samples we measured as a combination of
foraminifer calcite and authigenic carbonates. The scatter of measurements in §'°C-8'*0
space would fall on a linear mixing curve between the compositions of primary test
calcite and authigenic carbonate (NORRIS and DE VARGAS, 2000; SCHMIDT et al., 2002)
818C)meas = 818C)foramcp + 818C)auth(l_cp)
813Cmeas = 813Cforamcp + 813Cauth (1—CP)
where @ is the fraction of the test that is composed of foraminifer calcite.

In Figure 4, N. pachyderma (s.) 8"°C less than —2%o are circled, and a linear least-squares
fit is applied through the circled points.
80 =-0.1458"C+3.33 (n=47;1" =0.826;p<107"%

We can estimate the composition of the authigenic carbonate crust using the §'*0 and
8"°C measurements on two samples of N. pachyderma (s.), one with and one without
overgrowth (Table 1). We assume that the difference in mass between the two samples
from a constrained size fraction is due to the addition of authigenic carbonate to the
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altered sample. Our estimate of the 8'°0 and §"°C of the authigenic carbonates are 6.5%o
and —23.4%o, respectively.

The estimate of 8'°0 of authigenic carbonate is 1.6%o higher than mean 3'°0 of U.
peregrina measured outside low 8'°C events in samples 450-750 cm in 51JPC. The
higher 8'*0 of the authigenic carbonate could be from 1) a change in porewater 5'°0, 2) a
thermodynamic effect, such as change in temperature, or a difference in the mineralogy
between the overgrowth and the foraminifer calcite, and/or 3) a kinetic effect, where the
[Mg] of the porewater and/or authigenic calcite affects growth rate and incorporation of
oxygen isotopes (BERNER, 1980; TARUTANI et al., 1969). We think it’s likely that the
8'%0 we estimate for the authigenic carbonate minerals is a function of the mineralogy of
the overgrowths, which may be composed of a mixture of aragonite, dolomite, and high-
magnesium calcite (ORPHAN et al., 2004). Dolomite (FrRITZ and SMITH, 1970)and high-
Mg calcite (TARUTANI et al., 1969) have equilibrium values of §'*O higher than calcite
and can easily account for this difference.

The 8"°C we estimate for the authigenic carbonates is not low enough to require the
presence of methane. We think that the porewater dissolved inorganic carbon at the time
the authigenic minerals formed could have been a combination of carbon from seawater
(+1 to —1%o0), organic carbon (—22%o) (RAU et al., 1982), and carbon that is was product
of methanotrophy (—110 to —50%o). Though the presence of authigenic carbonates alone
suggests that there was a high methane flux upward in the sediment column, we need to
turn to a more specific technique (biomarkers) to ascertain whether there was indeed
methane present.

3.2. Benthic foraminifer species distribution

The benthic foraminifera are predominantly composed of 6 species, U. peregrina,
Nonionella sp., Islandella sp., Elphidium excavatum, Globobulimina affinis, and
Buliminella sp.. We made census counts of the benthic foraminifera during the three
stratigraphically highest isotopic excursions in each core (Figure 5). During the isotopic
excursions, the relative abundance of Nonionella sp. increases and the relative abundance
of U. peregrina and Islandella sp. decrease. Since these changes in benthic foraminifer
species distribution occur in the same depths as the occurrence of authigenic minerals, we
hypothesize that the sulfate-methane transition zone was at the seafloor, altering the
habitat of the benthic foraminifera while the authigenic minerals were emplaced.

3.3. Biomarkers

We performed extraction and identification of lipid biomarkers. Archaeol, a biomarker
of archaea that perform anaerobic oxidation of methane, is present, but generally in very
low concentrations. By examining the distribution of compounds in the samples, we
discovered that the most degradation-susceptible compounds were absent, suggesting that
these samples had already undergone significant degradation since core collection in
2002. This could explain why archeaol was not always present in samples that contained
authigenic carbonates.
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Since we could get very little isotopic data from our initial target biomarker, archeaol, we
turned to another class of compounds, glyceryl dibiphytanyl glyceryl tetraethers
(GDGTs), which are produced by all archaea, including planktonic archaea, those that
live in the water column. Therefore we expect to find that the GDGTs in our samples are
a mixture of planktonic archaea and the archaea that lived in the sediment. However, it
has been found that oxic planktonic archaea tend to make GDGTs with acyclic,
monocyclic, dicyclic or tricyclic biphytane chains, whereas archaea that perform
anaerobic oxidation of methane produce GDGTs with acyclic and monocyclic biphytane
chains (WAKEHAM et al., 2003).

For a series of samples, we isolated the alcohol fraction from the total lipid extract, which
contained any archaeol and GDGTs from the samples. We then performed an ether
cleavage reaction, which liberated phytanes from the archaeol in the sample and
biphytanes from the GDGTs in the sample. We then measured the 8'°C of the phytane
and biphytanes (Figure 6).

We find that the 8"°C of archaeol and phytane are as low as —80%o in 51JPC, and as low
as —40%o in 57JPC. In these same samples, the 8"°C of monocyclic and acyclic
biphytane are significantly lower. We interpret these results to mean that there was
indeed an active microbial community performing anaerobic oxidation of methane in the
sediments in each episode where authigenic minerals were emplaced.

The 8"C depletion of these biomarkers occurs in sediments stratigraphically slightly
below where authigenic carbonate minerals are present. This is consistent with a vertical
flux of pore fluids, which would be the case if there was methane or methane-rich fluid
advected upward in the sediment column. The methane-oxidizing microbial community
would have been in the sulfate-methane transition zone, and their *C-depleted metabolic
products, including HCOs~, would have been carried upward. The excess of HCO3~
would have caused the supersaturation of pore fluids with respect to carbonate minerals
and formed authigenic-carbonate-mineral rich layers of sediment slightly above the
sulfate-methane transition zone.

3.4. The souce of methane

If the authigenic minerals are associated with a greater flux of methane to the surface
sediments, this raises a quandary. The coring site of 51JPC is so cold and deep, that
destabilization of methane hydrates at this site would require an unrealistic warming
(15°C) or sea-level drop (1100 m). However, methane can be transported within the
hydrate stability zone if (1) the concentration is not high enough to form hydrate or (2)
there is a kinetic barrier to the formation of hydrate. Methane gas released into seawater
(at pressure and temperature conditions within the hydrate stability zone) can form a crust
of hydrate around the periphery of the bubble, isolating the gas in the interior of the
bubble from the seawater, and slowing the hydrate formation (BREWER et al., 1998). The
positive buoyancy of the bubble then would move it upward. In the Black Sea, there are
active methane seeps observed within the hydrate stability zone (KLAUCKE et al., 2005).
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The Bering Sea is in a seismically active area, and we speculate that seismic activity
could have played a role in causing upward fluid flux in the region. For example, slow
earthquakes in subduction zones have been linked to small changes in hydrostatic
pressure caused by tides (LOWRY, 2006; RUBINSTEIN et al., 2008; SHEN et al., 2005).
There were significant sea-level changes during the last glacial period, associated with
the millennial-scale climate changes at the time (SIDDALL et al., 2003).

We also speculate that the sediments in the Bering Sea could be susceptible to fluid
expulsion during a seismic event. The sediments in the Bering Sea are very rich in
biogenic silica (diatoms) (TSUNOGAI et al., 1979), and when compacted, diatom tests
spontaneously transform from opal A to opal CT, a reaction that liberates water and
causes sediment compaction (WILLIAMS and CRERAR, 1985; WILLIAMS et al., 1984). The
progression of the diagenetic front in silia-rich sediments can be responsible for
signficiant overpressure in pore fluids, massive fluid expulsion, and in continental slope
areas, slope failure, injectites, and canyon exfoliation (DAVIES and CLARK, 2006; DAVIES
et al., 2006; MCHUGH et al., 1993).

We would have to carry out sediment modelling in order to ascertain whether these
speculative mechanisms would be able to produce a significant flux of methane-bearing
fluids, and also to estimate the magnitude of methane flux requried to explain our
observations in the Bering Sea cores. We intend to pursue this avenue of work in the
future.

3.5. Climate implications

According to the preliminary age model, the duration of each of the three episodes of low
8'°C was less than 1000 y, and the events appeared to be spaced greater than 1000 y
apart. Though the age model is too preliminary to show if the events in the core coincide
chronologically with DO events, they appear to have similar duration and timing. If these
episodes coincide with DO events, then it supports the idea that sedimentary methane
hydrates interact with the climate system on short timescales (KENNETT et al., 2003).
However, the mechanism proposed by Kennett et al (2003) cannot explain the presence
of methane in coring sites that is as deep and cold as 51JPC and 57JPC.

4. CONCLUSIONS
We find evidence of authigenic carbonates with low 8'"°C and high 3'*0 which occur
during the last glacial period two sediment cores from 700 m and 1500 m water depth in
the Umnak Plateau region. These overgrowths may be associated with vigorous
anaerobic oxidation of methane caused by high flux of methane or methane-bearing
fluids upward in the sediment column. In the authigenic carbonate-rich sediments, we
found lipid biomarkers associated with anaerobic methanotropic archaea, confirming that
these inorganic and organic geochemical markers formed in sediment within an ancient
sulfate-methane transition zone, when methane flux was high. We found that benthic
foraminifer populations changed in synch with the fossil sulfate-methane transition
zones, which is consistent with the zone being located at the seafloor, and methane being
released into the water column. According to a radiocarbon-based age model, the
episodes of methane flux lasted ~1000 y each, and occurred every few thousand years,
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the same duration and timing as warm global climate events that occurred during the last
glacial period. We conclude that the sedimentary methane reservoir in the Umnak
Plateau region appears to be very dynamic, and interacted with the ocean system on
millennial time scales during the last glacial period.
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5. GRAPHICAL MATERIALS LIST
Figure 1. Map of the study area. Thin black lines are 1000 m countours.

Figure 2. The 8"°C stratigraphies of cores 57JPC (top) and 51JPC (bottom). The black
and green lines are of planktonic (N. pachyderma (s.)) and benthic (U. peregrina)
foraminifer samples, respectively. The triangles are locations of radiocarbon dates. The
Last Glacial Maximum is at 150 ¢cm in 57JPC, and at 300 ¢cm in 51JPC. The low 8"C
excursions occur during the last glacial period.

Figure 3. Photographs of N. pachyderma (s.) (top) and U. peregrina (bottom) from
samples with ordinary late Pleistocene isotopic values (left) and from samples with
anomalous isotopes (right).

Figure 4. The estimate of the '"°C and 8'®O of the authigenic carbonate minerals. The
black and red dots are from 51JPC and are of planktonic (N. pachyderma (s.)) and
benthic (U. peregrina) foraminifer samples, respectively. The circled planktonic data
from 51JPC have 8"°C lower than —2, and are considered isotopically anomalous. They
are used to calculate the least-squares best-fit line (dashed black line) that fits our simple
linear mixing model with two end members (see text). Our estimate of the composition
of the authigenic end member using this mixing model is marked with the blue star. The
red dashed line connects the authigenic end member with the mean glacial benthic end
member. The blue and cyan dots are from 57JPC and are of planktonic (N. pachyderma
(s.)) and benthic (U. peregrina) foraminifer samples, respectively. The authigenic end
member in both coring locations appears to have a very similar composition.

Figure 5. The benthic foraminifer relative abundances (bottom panels) for the three
stratigraphically highest isotopic events in core S1JPC (left) and 57JPC (right). The data
for U. peregrina, Nonionella sp., and Islandella sp. are plotted in blue, black, and red
respectively. For reference, the 8"C stratigraphies are plotted in the top panels, where
the black and green lines are the planktonic (N. pachyderma (s.)) and benthic (U.
peregrina) foraminifer samples, respectively.

Figure 6. Lipid biomarker data from 51JPC (left) and 57JPC (right). On the bottom
panels are the 8"°C in the two cores, where the black and green lines are the planktonic
(N. pachyderma (s.)) and benthic (U. peregrina) foraminifer samples, respectively. In the
top panels are the concentration of archaeol (a biomarker of methane-oxidizing archaea)
in the cores. In most cases, not enough archaeol was present to measure d'"°C on that
biomarker. In the middle panel are the 8'°C of archaeol (when possible), phytane (an
ether-cleavage product of archaeol), and a series of biphytanes (ether-cleavage product of
GDGTs, molecues from archeal cell walls). The 8'°C of archaeol, phytane, and
constitutent biphytanes of GDGTs are significantly lower in horizons where there are
authigenic minerals present.

Figure 7. Isotopic data from plotted versus time. The black and green lines are of
planktonic (N. pachyderma (s.)) and benthic (U. peregrina) foraminifer samples,
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respectively. The age model is based on radiocarbon dates (triangles) and a tie point
between 51JPC and 57JPC (*) based on magnetic susceptibility and density data (not
shown). The top panel is 8'*O of ice from the GISP2 ice core (GROOTES and STUIVER,
1997). This is a surface air temperature proxy, where lower 8'°O is lower temperature,
and higher 8'°0 is higher temperature. The next panel shows the methane concentration
from fossil air from Greenland and Antarctica (pale blue and dark blue, respectively)
(BLUNIER et al., 1998; DALLENBACH et al., 2000). Atmospheric methane concentrations
are high when temperatures are high. The timing and duration of the isotopic anomalies
in the Bering Sea sediment cores are similar to the timing and duration of warm climate
events that occurred during the last glacial period.

Table 1. Two samples, one with ordinary late Pleistocene isotopic values (1104 cm) and
one with anomalous isotopic values (864 cm). We used the mean mass difference
between the samples to estimate the isotopic composition of the authigenic overgrowths
using a simple linear mixing model (see text).
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Table 1
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7. LIST OF ACRONYMS AND ABBREVIATIONS

ppbv parts per billion by volume
Tgly 10'? g per year
GDGT glyceryl dibiphytanyl glyceryl tetracther\
13C/12C
8"C 1000(—13 e 1)
) / stan dard
18 16
80 1000(—18 01/8 Osampi —1)
/ stan dard
VPDB Vienna Peedee Belemnite
AMS accelerator mass spectrometer
AR the local anomaly from the global mean of '*C age of sea surface water
TLE total lipid extract
v/v volume/volume
TMS trimethylsilyl
GC gas chromatograph
MS mass spectrometer
LGM Last Glacial Maximum
%0 parts per thousand
DO Dansgaard-Oeschger
opal A biogenic silica
opal CT cristobalite and tridymite
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