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ABSTRACT

The carbon cycle in the anoxic sediments of Skan Bay, Alaska, was
investigated in order to better understand the processes that control
biogeochemical transformations in an organic-rich sediment environment.
Depth distributions of concentration and 813C were determined for five
major carbon reservoirs: methane (CHa), dissolved inorganic carbon
(DIC), dissolved organic carbon (DOC), particulate inorganic carbon
(PIC), and particulate organic carbon (POC). In addition, methane oxi-
dation and sulfate reduction rates were measured under quasi-in situ
conditions using radio-tracer techniques. Diagenetic models were applied
to concentration, reaction rate, and isotope ratio depth distributions
and the results were integrated into a comprehensive, depth-dependent
model of the Skan Bay carbon cycle that considered advective, diffusive,
and biological and chemical reactive fluxes for the five major carbon
reservoirs.

The Skan Bay carbon cycle is fueled by POC, which is deposited at
the sediment surface at a rate of 2290+480 umol-cm_z-yr—l. Isotope mass-
balance calculations indicate that about 60% of this material is derived
from kelp while the remainder originates as phytoplankton. About 60% of
the organic matter is consumed in the upper 40 cm of the sediment
column. The 813C—POC and 813C—DOC depth distributions suggest that the
material derived from kelp is more labile, accounting for greater than
60% of the total POC consumption. The products of anaerobic metabolism

of POC accumulate in the DOC reservoir creating a large DOC

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



concentration gradient at the sediment-water interface. Flux and sta-
ble carbon isotope mass-balance calculations suggest that a sizable
portion (30 to 80%) of the DCC produced by degradation of POC diffuses
from the sediment prior to oxidation to dissolved inorganic carbon.
Methane production appears to occur primarily at depths greater than
40 cm. The CH4 diffuses upward and is almost quantitatively oxidized to
DIC in a narrow subsurface zone. Methane oxidation accounts for only 20%
of the DIC production, but exerts a profound influence on the SIBC—DIC
profile, contributing to the distinct mid-depth minimum. Pore waters are
supersaturated with respect to calcite at depths greater than 10 cm, but
isotope mass-balance considerations indicate that carbonate mineral

formation is not occurring in these sediments.
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The search for Truth is in one way hard and in
another way easy. For it is evident that no one can
master it fully nor miss it wholly. But each adds a
little to our knowledge of Nature, and from all the
facts assembled there arises a certain grandeur.

Aristotle

Metaphysics
a.l. 993a30-993b4

We all build more and more complicated geo-
chemical models until no one understands anyone

else’'s model.- The only thing we do know is that our
own is wrong.

R. M. Garrels

xiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOVLEDGMENTS

The summer before moving to Alaska, I communicated with several
scientists at the Institute of Marine Science regarding possible re-
search topics. I learned of two programs with openings for a new gradu-
ate student. The first involved studying trace metal cycles in a pris-
tine Alaskan fjord. The fjord was part of a protected national monument
that happened to be the home of the world’s largest deposit of
molybdenum-rich ore. The federal government had given preliminary
approval for mining the ore, and environmental groups were up in arms.
As I understood it at the time, the research program was to gather data
that would allow a rational assessment of the environmental impact of
the proposed mining activity. The study promised to be controversial
with important environmental, economic, and political ramifications.

In contrast, the second research program seemed to be rather
arcane. Although I didn’t understand the details, the study appeared to
be concerned with what happens to gases in mud.

Naturally I indicated a preference for the first program. However,
I received notification that I had been selected to work on the project
concerned with mud-gas. As is often the case, fate had been very kind
and I found myself under the auspices of Bill Reeburgh. Bill taught me
the value of pure scientific inquiry, and provided an example of how the
pursuit of knowledge can be every bit as exciting and rewarding as
mediating man-made controversies. A graduate student is influenced by a

great number of factors, but most important are the attributes of his or

Xv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xvi

her major advisor. Bill Reeburgh served as an exemplary advisor by
providing inspiration, enthusiasm, advice, financial support, and a
vell-equipped laboratory. Most importantly, Bill provided strong, con-
structive guidance, but at the same time, allowed me the freedom to
pursue and develop my own ideas.

I am particularly grateful to two fellow graduate students who
contributed profoundly to my education. Dave Musgrave was a major in-
fluence during my initial years in graduate school. Through contact with
him, I learned a great deal about the analytical approach to problenm
solving. Susan Sugai was always willing and able to exchange ideas, and
provided steadfast support and friendship during times of frustration
and discouragement.

Susan Henrichs reviewed the chapter on diagenetic modelling and her
suggestions led me to ﬁodify several unfounded conclusions that I am
grateful do not appear in this version. I would like to express appre-
ciation to the members of my committee, Ed Brown, Don Schell, Dave Shaw,
and Dick Stolzberg, who stuggled through the first draft of this thesis
although it 1lacked a number of minor components (such as chapters,
figures, and tables).

RKen Dunton accepted the lion’s share of the responsibility for
setting up and maintaining the mass spectrometer. Without his efforts,
quality isotope ratio measurements would not have been possible. Steve
Vhalen reviewed the first draft of this thesis, and his editorial advice
was responsible for trimming at least 100 pages of verbiage. John
Bradbury spent a great deal of time teaching me the basics of scientific

glass blowing. My experiences in the glass shop opened my eyes to a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



xvii

whole world of possible applications for Pyrex tubing. Doug MacIntosh
was never too busy to help me out of a jam, and I have numerous memories
of his saving the day with his electronic wizardry. Chirk Chu wrote the
first version of the computer programs used to solve the diagenetic
equations, and provided valuable advice and assistance as the programs

evolved with time.

A number of people have contributed unpublished data that appears

in this thesis: Susan Sugai performed the 137Cs and 21

0Pb analyses;
Susan Henrichs measured total C and N on a number of sediment and kelp
samples; Al Devol provided data on alkalinity depth distributions that
were useful for comparative purposes; Jeff Cornwell, Patrick Crill, and
George Kipphut performed ZHZS analyses on the 1980, 1981, and 1982
cruises, Fespectively. Ken Sandbeck and Mary Lidstrom provided 140H4 for
use in thermethane oxi&afion rate analyses. Inter-laboratory calibration
of the mass spectrometer reference gas was made possible by the efforts
of Neal Blair, Dave DesMarais, and Michael Whiticar.

A very special note of appreciation is due to Chris Martens. His
kindness and patience helped me through a rather protracted and somewhat
avkvard transition from pre-doc to post-doc.

The work in this dissertation was supported by the following grants

from the National Science Foundation: OCE 79-19250, OCE 81-17882, OCE
84-008674, and OCE 85-19534.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1: INTRODUCTION

Biological processes are known to have a strong influence on the
chemical composition of the atmosphere, oceans, sediment, and soils. The
"Gaia" hypothesis (Lovelock, 1979) extends this concept by suggesting
that living organisms not only influence, but actively contrel, environ-
mental conditions on earth. Elucidating the processes that regulate
global chemical cycles requires abandoning traditional boundaries be-
tween scientific disciplines and adopting a holistic approach that
considers biological and geological as well as chemical processes.

Biogeochemistry deals with biologically mediated interactions be-
twveen the geosphere and atmosphere. Scientists generally study biogeo-
chemical processes by quantifying mass-flow among chemical reservoirs.
Broecker and Peng (1982) describe this approach as "inverse chemical
engineering". According to their analogy, the earth may be viewed as a
giant chemical processing plant for which blueprints do not exist. The
earth incorporates many chemical reservoirs ("reactors") and mass-
transfer processes ("operations") driven primarily by solar energy. The
design of the processing plant can be deciphered by quantifying composi-
tions and fluxes among reservoirs.

Carbon is the fundamental element in biological processes, repre-
senting both the "feedstock" of the global "chemical plant” and the
currency of mass and energy flow. Carbon derives its predominant role
from its unusual chemistry: it can form stable bonds with as many as

four other carbon atoms, giving rise to an enormous number of compounds.
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The central role of carbon in biosphere-geosphere-atmosphere interac-
tions makes elucidation of the global carbon cycle one of the primary
goals in biogeochemistry.

The global carbon cycle is so complex that it must be broken into
small units for detailed examination. An area that has recently received
considerable attention is the study of carbon reactions in aphotic,
anoxic environments. Scientists are interested in these systems for
several reasons: (a) the absence of photosynthetic carbon-fixation,
aerobic respiration, and eukaryotic organisms simplifies the system
making it more tractable for study, (b) they include most coastal and
continental shelf sediment and therefore represent globally-significant

geochemical reservoirs, and (c) they serve as models of life on ancient,

anaerobic earth.

Coastal sediments that are anoxic at the sediment-water interface
provide good sites for investigating the anaerobic carbon cycle. The
desirable characteristics of these environments include: (a) rapid reac-
tion rates resulting from abundant particulate material, large bacterial
populations, and high substrate concentrations, (b) simplicity due to
the fact that molecular diffusion, sediment accumulation, and compaction
are the only physical transport processes, (c¢) zonation of biological
processes owing to substrate depletion with depth, and (d) an intrinsic

time scale (sediment depth).

Overview of the Carbon Cycle in Anoxic Marine Sediments

Carbon compounds in anoxic marine sediment may be operationally

divided into five major reservoirs: methane (CHA), dissolved inorganic
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carbon (DIC), dissolved organic carbon (DOC), particulate inorganic
carbon (PIC), and particulate organic carbon (POC). The carbon cycle is
fuelled by sedimentation of POC of aquatic or terrestrial origin. The
sediment microfauna transform this material to less complex organic and
inorganic molecules which accumulate in the pore water and are recycled
to the water column via diffusion. The net effect of the sediment
"reactor" is conversion of POC to DOC, DIC, and CH4.

Bacteria utilize only low molecular weight organic matter that can
pass through the cell membrane. Since organic material arrives at the
sediment surface as POC, it must be hydrolyzed by extracellular enzymes
(exoenzymes) prior to bacterial uptake. Many exoenzymes in the natural
environment are adsorbed onto mineral or organic material and thus
function as immobilized enzymes (Linkins et al., 1984). Substrates
produced by exoenzymaéic catalysis may benefit any organism capable of
utilizing the product of the depolymerization. Anaerobic POC reminerali-

zation can be considered to occur in four stages (Linkins et al., 1984;

Berner, 1980):

1. Initial metabolism. POC is converted to high molecular
wveight DOC by extracellular enzymes. High molecular weight DOC is
composed o¢f biopolymers small enough to be considered "“dissolved"

but too large to be assimilated by bacteria.
2. Intermediate metabolism. High molecular weight DOC is fur-

ther depolymerized by exoenzymes to intermediate molecular weight

DOC. Intermediate molecular weight DOC represents monomers and
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oligomers small enough to be bacterially metabolized.

3. Fermentation. Intermediate 'molecular weight DOC is con-
verted to low molecular weight DOC, DIC, and Hz by fermenting bac-
teria that use organic matter as an electron acceptor. Low molecular
weight DOC consists of compounds such as short-chain fatty acids,

amines, alcohols, etc.

4. Terminal metabolism. Low molecular weight DOC, HZ’ and
possibly intermediate molecular weight DOC are converted to DIC or
CH4 and Hzo by bacteria such as sulfate reducers and methanogens

that use inorganic ions as electron acceptors.

Quantifying the Carbon Cycle

A quantitative description of the carbon cycle requires knowledge
of material fluxes and reaction rates between major reservoirs. Two
approaches have been widely used to estimate depth-dependent reaction
rates in natural sediment: direct measurements and diagenetic models.

The simplest approach for direct rate measurements is the "jar
experiment". The sample is isolated from the environment and the net
rate of concentration change for a particular constituent is quantified
by time-series analysis. Jar experiments require sample homogenization
as well as long (week to month) incubation times and therefore may not
provide in situ rates (Jérgensen, 1978a).

A more sensitive approach for rate measurements uses isotopically-
labeled tracers. Tracers may be added directly to intact sediment and

incubated for periods of only minutes to hours. The gross reaction rate
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for a particular constituent is calculated from the measured pool size
and fraction of tracer converted to product. Tracer experiments that
employ intact sediment, short incubation times, and "trace" quantities
of isotope may estimate in situ rates. However, if a portion of the
measured pool is microbially "unavailable" or the added tracer is
rapidly sorbed, rates estimated by tracer experiments may be erroneous.

Diagenetic models offer another approach for estimating net reac-
tion rates in anoxic marine sediment. These models consider that concen-
tration-depth distributions in anoxic sediment are controlled by three
processes: advection, diffusion, and reaction. Since advection and dif-
fusion are well understood physical processes, reaction rates may be
estimated from concentration profiles. The advantage of models is that
concentrations can be measured with relative ease and accuracy. However,
models are vastly simplified, idealized representations of complex nat-
ural systems; rates predicted from models are only as valid as the
assumptions used to simplify the system.

Diagenetic models may also be applied to isotope ratio depth dis-
tributions. Isotopes are nuclides having the same number of protons but
a differing number of neutrons. Carbon has two stable isotopes, 12C and
130, with the lighter isotope comprising 98.89% of the total carbon.
Since chemical properties are primarily controlled by the number of
nuclear protons, isotopes of a given element have nearly identical
chemistries. However, nuclear mass does have a small effect on physical
and chemical behavior. A chemical isotope effect arises primarily be-

cause molecular bonds involving different isotopes have different zero-

point vibrational energies; a bond containing the lighter isotope has a
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higher zero-point energy and is therefore more reactive (Hoefs, 1980).

Isotope fractionation during a chemical reaction results from equi-
librium and kinetic isotope effects. Equilibrium isotope effects occur
when there is isotope exchange between coexisting compounds such as AI
and BI:

Al + BI' = AL’ + BI,

where I’ represents the heavy isotope of I. The equilibrium fraction-
ation factor («) is the same as the equilibrium constant for the isotope

exchange reaction:

[AT’] [BI]
O = ——m—m———— . (1.1)
[AI] [BI']
The general rule for equilibrium isotope effects is that the 1lighter
isotope is concentrated in the compound containing the more stable bond
(Bigeleisen, 1965).

Kinetic isotope effects occur during irreversible chemical reac-
tions because molecules containing the lighter isotope generally react
slightly faster than those containing the heavier isotope (Bigeleisen
and Volfsberg, 1958). The kinetic isotope fractionation factor («) may
be defined as the ratio of relative reaction rates of molecules con-
taining different isotopes (Rees, 1973):

RATE/[A]
€ = —mmmm————— e , (1.2)
RATE' /[A’]
where RATE is the reaction rate for a particular process, A is the
reacting species, and the prime represents the molecule containing the

heavier isotope.

Equilibrium and kinetic isotope effects produce subtle variations
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(a few percent) in carbon isotope ratios between chemical reservoirs.
High-precision ratio mass spectrometers routinely resolve isotopic dif-
ferences of 0.1%/00 by measuring isotope ratios relative to a reference
standard. The 8130 value represents the relative difference in carbon

isotope ratios between sample and standard:

13 [R(sample) - R(standard)]
§°C (°/00) =

’ (1.3)
R(standard)

where R is 13C/IZC and the standard is belemnite carbonate from the Pee

Dee formation (Craig, 1957). Samples with negative 8130 values contain
a greater proportion of 120 than the reference material and are commonly
referred to as being isotopically "light".

Natural stable isotopes of carbon serve as internal tracers of
bioééochemical processes. Unlike artificial tracers, natural isotopes
require no sediment maﬁipulations or incubations thus avoiding uncer-
tainties introduced by each. Kinetic and equilibrium isotope effects
fractionate carbon isotopes in marine sediment so that most reservoirs
3

have a distinctive range of 81 C values (Fig. 1.1). Therefore, reac-

tions between the various carbon reservoirs will leave their signatures

3

in the 81 C depth distributions.

Although models of isotope ratio depth distributions are not
ideally suited for estimating reaction rates, they provide a means of
constraining errors in rates estimated by other techniques. For example,
diagenetic models that reproduce the basic features of the 813C depth
distributions substantiate the reaction rates incorporated in the
models. In addition, an isotope mass-balance provides an independent

check on the accuracy of the overall carbon budget. Stable isotope
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Fig. 1.1. Typical ranges of §'3C values for carbon reservoirs in
recently deposited anoxic marine sediments. Values are based on data
from Deines (1980) and Craig (1953).
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ratios also provide information as to the sources for a given reservoir,
and when coupled with reaction rates, allow predictions of isotope

fractionation factors in natural systems.

The two approaches for describing carbon cycling rates, direct
measurements and diagenetic models, are complementary. Each provides
independent and unique information regarding processes that make up the
carbon cycle. No single technique is ideally suited to elucidating the
complex series of reactions responsible for POC remineralization in
anoxic marine sediment. Only through an eclectic approach can the de-

tails of the carbon system be resolved.

Previous Studies

Most studies of carbon cycling in anoxic marine sediment have
focused on terminal me;abolism (Stage 4) because it is most suited to
rate estimation using tracer experiments, jar experiments, and models.
Initial metabolism (Stage 1) has been quantified in a number of stud-
ies, although the mechanisms are poorly understood. A few studies have
investigated fermentation processes (Stage 3) in natural anoxic marine
sediment. Very little is known regarding intermediate metabolism (Stage
2), although this stage may be the rate limiting step in organic matter
remineralization. (The four stages of POC remineralization were defined
on pp. 3 and 4.)

The following literature review is not intended to be comprehen-
sive. Rather, recent examples of unique or representative studies of
organic matter remineralization are described. Extensive reviews of

anaerobic carbon remineralization processes may be found in Capone and
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Kiene (1987), Jdérgensen (1983), Krumbein and Swart (1983), and
Reeburgh (1983).

Initial Metabolism

Solubilization of POC is the first step in organic matter reminer-
alization. Owing to the variety and complexity of the organic material,
in situ rates of POC hydrolysis have not been directly measured. POC
consumption has been studied primarily by diagenetic modelling of POC
concentration profiles (Murray et al., 1978; Martens and Klump, 1984;
and others). POC consumption was assumed to follow first-order kinetics
with respect to "metabolizable" organic matter (defined as the differ-
ence between total POC and POC at depth, where concentration becomes
constant). First-order rate constants were calculated by fitting an
exponential function .to the POC depth distributions. Martens (1984)
showed that this model was very sensitive to the interface concentration
of metabolizable POC and required "tuning" with independent rate or flux
data to give reliable results.

Orem et al. (1986) analyzed solid phase organic matter from anoxic
sediment using 13C nuclear magnetic resonance (NMR) spectroscopy. They
found that the labile fraction of the POC was primarily composed of
polysaccharides, which constituted a decreasing fraction of the total
POC with increasing depth.

King (1986) amended sediment with fluorescent analogs of disaccha-
rides in order to investigate the properties of exoenzymes that catalyze
polysaccharide hydrolysis. This technique is not suitable for deter-

mining in situ rates but is useful for elucidating the effects of
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various environmental parameters on the exoenzyme system.

Intermediate Metabolism

The high molecular weight DOC must be decomposed to intermediate
molecular weight DOC prior to bacterial uptake. However, rates of inter-
mediate molecular weight DOC production have not been measured in anoxic
marine sediment. Studies have been limited to qualitative and quantita-
tive examinations of the high molecular weight fraction (mol wt > 500)
of the DOC reservoir. Spectroscopic analyses showed that high molecular
weight DOC is primarily composed of polysaccharides and peptides
(Orem et al., 1986; Nissenbaum et al., 1971). The bulk of the DOC
reservoir (75 to 95%) was shown to be high molecular weight material
(Orem et al., 1986; Krom and Sholkovitz, 1977).

The high molecular weight DOC may also be produced by "geopoly-
merization" reactions, i.e. abiogenic condensation of intermediate mole-
cular weight DOC (Nissenbaum et al., 1971; Krom and Westrich, 1980).
However, there is 1little direct evidence that condensation reactions

occur in recently deposited anoxic sediment (Orem et al., 1986).

Fermentation
Fermenting bacteria partially decompose monomers and oligomers
derived from carbohydrate and protein to low molecular weight DOC, HZ’
DIC, and NH4+. Fermentation rates in anoxic marine sediment have been
studied from the perspective of substrate utilization and end-product
release.

Studies of substrate utilization have used tracer experiments to

determine amino acid oxidation rates. Christensen and Blackburn (1982)
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found that the alanine turnover rate exceeeded the ammonia production
rate suggesting that a portion of the measured alanine reservoir was
microbially unavailable. No information exists regarding monosaccharide
fermentation rates in anoxic marine sediment, although this process may
be of extreme importance (Fenchel and Blackburn, 1979).

Studies of fermentation end-product release have focused on a vari-
ety of substrates. Numerous studies have used jar experiments, tracer
experiments, or models to quantify NH4+ production rates in anoxic
marine sediment (summarized in Reeburgh, 1983). Novelli et al. (1987)
have estimated net and gross H2 production rates with models and jar
experiments. Sansone (1986) used tracer experiments to measure rates of

acetate production from lactate, propionate, pyruvate, and butyrate.

Terminal Metabolism
In the final stage of anaerobic carbon remineralization, bacteria
convert organic substrates to DIC and CH4 using inorganic ions as elec-
tron acceptors. Numerous studies (reviewed in Reeburgh, 1983) have
employed jar experiments, tracer experiments, and models to quantify
consumption of electron acceptors (N03', Mn(iIV), Fe(IIlI), 8042', and

HCO3—), consumption of organic substrates (volatile fatty acids and

CHA), and production of end products (DIC and CH4).

Study Objectives

The goal of this study was to quantify processes involved in the
carbon cycle in an anoxic marine sediment. Several approaches were used
in order to over-determine the system and pinpoint deficiencies in our

understanding of carbon remineralization processes. The approaches were
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selected to minimize artifacts caused by sediment manipulation. Tracer
experiments were used to measure CH4 oxidation and 8042— reduction
rates; modelled reaction rates were estimated from concentration-depth
distributions for the five major carbon reservoirs (CH4, DIC, DOC, PIC,
and POC); and stable isotope models were used to check the accuracy of
the reaction rates, estimate source strengths for certain carbon reser-
voirs, and predict kinetic isotope fractionation factors for anaerobic
CH4 oxidation.

The depth-dependent concentrations and reaction rates for each of
the five carbon reservoirs were combined to forn_n a comprehensive model
of the carbon cycle in an anoxic marine sediment. This model provides a
framework for understanding biogeochemical processes in anoxic marine

sediment and a "blueprint" for a portion of the global "chemical proces-

sing plant".
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CHAPTER 2: STUDY SITE AND ANALYTICAL METBODS

This chapter describes the environment, sampling methods, and ana-
lytical techniques used in this study. The field site (Skan Bay, Ak.) is
representative of frequently studied anoxic marine sediments, having
comparable carbon content, temperature, and particle deposition rate
(Reeburgh, 1983). Sediment was sampled wusing a box corer to obtain
adjacent replicate cores, and a gravity corer to obtain deeper sediment.
The following analyses were conducted: (a) porosity, (b) CH4 concen-
trations and oxidation rates, (c) 5042- concentrations and reduction
rates, {(d) concentrations and stable isotope ratios for the five major
carbon reservoirs (CHa, DIC, DOC, PIC, and POC), (e) X-radiography,

(£) 137Cs and 210

Pb dating, and (g) ZHZS concentrations. Estimates of
analytical precision (reported as relative standard deviation) and accu-

racy are provided for each analytical technique.

Study Site

Skan Bay is a two-armed pristine embaymenf on the northwest side of
Unalaska Island in the Aleutian Chain. The southwestern arm (Fig. 2.1)
is relatively narrow (1.2 km at its widest point) and has a broad sill
(10 m) across the inlet. The sill is vegetated with kelp of the genus
Alaria (K. Dunton, Univ. of Texas, Port Aransas, personal communica-
tion). The basin of the southwestern arm has steep walls and functions
as a sediment trap collecting terrestrial debris, kelp fragments, and

particulates from pelagic primary production.

14
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Fig. 2.1. Map of Skan Bay, Alaska.

65 m isopleth. The study site is located within the
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The broad, shallow sill prevents horizontal advection of oxygen-
rich Bering Sea water into the basin. During the summer months, stable
temperature and salinity gradients are established in the upper 30 m
(Fig. 2.2a), effectively isolating deeper water. Because of its prox-
imity to shore and funnel-like shape, the deep basin receives a rela-
tively high flux of organic material. This high flpx of organic matter,
coupled with restricted circulation, results in seasonal depletion of 02
within the water column (Fig. 2.2b).

There were four research cruises to Skan Bay between 1980 and 1984.
The cruises occurred during September in order to take advantage of
maximum depletion of water column oxygen. Consequently, little is known
of the seasonal variability within the basin. Water column temperature
and oxygen conditions during September show interannual consistency
(Table 2.1). The température data show a sharp thermocline extending
down to 30 m vith late September bottom water ranging from 2.9°C in 1984
to 4.4°C in 1982. By month’s end, air temperatures in the Skan Bay
region drop markedly (Fig. 2.3a) suggesting that September bottom water
temperatures represent the annual maximum. Winter air temperatures
rarely drop below 0°c (Fig. 2.3a) indicating that bottom water is un-
likely to cool below 1%¢. Thus, the deep basin of Skan Bay is a rela-
tively isothermal environment with an annual temperature range of about
3°c. During September, the water below 50 m has an 02 concentration of
<1 ml-l"1 (Table 2.1). Only in 1984 did the bottom water become anoxic
during the sampling period. Bottom water renewal presumably occurs

during the winter when high winds (Fig. 2.3b) generated by Aleutian

storms mix the water column.
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Fig. 2.2. Typical September profiles for Skan Bay water column.

(a) Temperature and salinity, (b) dissolved 02.
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Table 2.1. Late September water column conditions in Skan Bay.

18

Year

1980 1981 1982 1984
Approx. thermocline depth (m) 0-35 0-30 0-30 10-25
Bottom water temperature (°C) 4.1 4.1 4.4 2.9
Bottom water 0, (mlcl'l) 0.5-0.8 NA 0.2-0.8 0-0.4

NA = data not available.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19
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Fig. 2.3. Climatic data for the Skan Bay region. (a) Mean monthly air
temperature, (b) mean monthly scalar wind speed. (Source: Climatic Atlas

of OQuter Continental Shelf Waters and Coastal Region of Alaska, Vol. 11,
Bering Sea.)
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The station occupied for the sediment studies was located in the
deepest portion of the basin (65 m). The basin surface is ecircular with
an area of about 50,000 mz. The flocculent surface sediment has a high
wvater content (>98% [w/w]) and a noticeable HZS odor. The sediment is

black from the surface to 40 cm, becoming dark gray thereafter.

Sediment Sampling

Sediment was obtained to a depth of 40 cm using a box corer (Ocean
Instruments, Inc.) capable of sampling a 30 x 30 cm sediment section.
After core retrieval, water overlying the sediment was siphoned until
about 5 cm of bottom water remained. Up to nine subcores could be taken
from the box core by gently inserting clear plastic core liner (6.6 cm
i.d.) into the sediment. The core liner was capped on top and bottom
(Caplug #45), gently removed from the box corer, and placed in a water
bath in the dark at near in situ temperature. Subcores showing any sign
of disturbance, i.e. turbidity at the sediment-water interface, CH4
ebullition, etc., were discarded. Sediment to a depth of 1 m was sampled
using a gravity corer (Benthos, Inc.) containing the core 1liner de-
scribed above. The coring device, sampling date, and core designation

for sediment used in each analysis are summarized in Table 2.2.

Sampling Artifacts
Any coring procedure can compress high porosity sediment causing an
expulsion of pore water and an error in the depth scale. Compression may
be minimized by careful insertion of core liner into sediment sampled by
the box corer. Comparison of profiles for sediment sampled with the box

corer and gravity corer showed that the upper 10 to 20 cm of the gravity
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Table 2.2. Coring devices, sampling dates, and core designations.

Coring Sampling
Analysis Device Date Core #
Porosity and gravity corer 23 Sept. 82 82-1
Whole Sediment box corer 27 Sept. 84 84-BC6
Density box corer 27 Sept. 84 84-BC7
Methane box corer 8 Sept. 84 84-BC1
Concentrations box corer 9 Sept. 84  B4-BC2
gravity corer 9 Sept. 84 84-1
gravity corer 10 Sept. 84 84-2
box corer 10 Sept. 84 84-BC3
box corer 19 Sept. 84 84-BC4
Methane
Oxidation box corer 19 Sept. 84 84-BC4
Rates
Sulfate box corer 21 Sept. 84 84-BC5
Concentrations
Sulfate
Reduction box corer 21 Sept. 84  84-BC5
Rates
Stable Carbon gravity corer 23 Sept. 82 82-1
Isotopes and box corer 27 Sept. 84  84-BC6
Pool Sizes box corer 27 Sept. 84  84-BC7
X-radiography box corer 16 Sept. 80  80-BC3
137Cs box corer Sept. 80
box corer 27 Sept. 84 84-BCé6
210Pb box corer Sept. B8O
box corer 27 Sept. 84 84-BC6
ZHZS box corer Sept. 80 80-BCl
box corer Sept. 81 81-BCl
box corer Sept. 82  82-BC2

Subcore
Designation

84-C, 84-D
84-F

84-H,
84-K,

84-1,
84-L,

84-J
84-M

84_N ’
84-Q,

84-0,
84-R,

84-T, 84-U,

84-V, 84-X,

84-Z, 84-AA,
84-BB

84-A, 84-B
84-E

80-WP
84-B

80-WP
84-C, 84-D

80-A, 80-B
81-A
82-A

ced with permission of the copyright owner. Further reproduction prohibited without permission.



22

core vere severely compressed. The depth scale for a profile measured on
a gravity core was established by alignment with a similar profile from
a box core. While this procedure does not ensure an accurate depth
scale, it allows consistent depth correlations for all cores used in
this study.

Vhen a core was retrieved, CH4 bubbles formed at depths greater
than 25 to 30 cm, where high CH4 concentrations led to partial pressures
in excess of one atmosphere. Gentle handling of subcores sampled £from
the box corer usually prevented CH4 ebullition. Retrieval of gravity
cores was often accompanied by ebullition owing to deeper sediment and
higher CH4 concentrations. The bubbling resulted in loss of CH4 from the

sample and disturbance of the upper sediment.

Porosity

Porosity (d4), the ratio of pore water volume to vwhole sediment
volume, provides a means of relating concentrations of solid phase and
pore water constituents. Porosity is calculated from solid matter den-
sity (°SM)’ pore water density (pr), and sediment water content (VWC).
Solid matter density was measured by Quantachrome Corp. on two dried,
finely ground sediment samples (from depths of 3-6 cm [2.33 gaml—ll and
27-30 em [2.34 g. ml_I]) using a gas displacement technique. The
densities were corrected for the salt contribution assuming the salt’s
density to be the same as NaCl. Pore water density was assumed to equal
bottom water density which was calculated from temperature and salinity
data. VWater content, defined as the ratio of pore water mass to whole

sediment mass, was measured by drying a known mass of whole sediment to
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constant weight (approximately 24 hours at 80°C) and reweighing. The

water content was calculated as:

(mass whole sediment - mass dry sediment) P
Ve - __Pv

mass whole sediment PWATER

. . . o .
vhere PYATER 1S the density of air saturated Hzo at 25°C. Porosity was

calculated as:

WC-p
6 = Su i

Py Ve + (1—WC)pPV

Precision and Accuracy
Triplicate analyses for porosity had a relative standard deviation
of <+0.5%. Inaccuracies caused by incomplete drying were found to be
negligible by additional drying of selected samples. Violation of the
implicit assumptions of constant pore water and solid matter density are

not expected to introduce significant error.

Methane Concentrations

Sediment CH4 concentrations were determined at sea by a headspace
eguilibration technique and later in the lab as part of the carbon
concentration and stable isotope ratio analyses. The procedures for the
headspace equilibration technique are described here.

Triplicate subcores from each box core were obtained using core
liner with tape-covered perforations at 3 cm intervals. Gravity core
84-1 was taken using solid core liner; sediment was subsequently trans-
ferred to core liner containing taped holes. However, CH4 ebuilition was
stimulated by extruding sediment from one core liner into another. To

avoid this problem, gravity core 84-2 wvas sampled using core liner
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containing taped holes.

Vithin an hour of coring, water just above the sediment surface was
sampled by piercing the tape-covered perforation with a 3 ml plastic
syringe equipped with a hypodermic needle. Sediment was sub-sampled
using a tip-less 3 ml plastic syringe. The tape was peeled from a
perforation and the syringe barrel was inserted into the sediment while
the piston was held stationary. The plastic syringe was then removed
from the sediment, the exterior wiped clean, and the volume adjusted to
3.0 ml. The sample was immediately transferred to a 37.5 ml serum vial
containing 5.0 ml distilled-deionized water (DDW), sealed with a gray
butyl-rubber stopper, capped with an aluminum crimp, and thoroughly
homogenized with a Vortex mixer. Samples were allowed to equilibrate at
room temperature for 1 h during which time they were Vortex-mixed twice.

Standards were érepared wvhile samples were equilibrating. Serum
vials were filled with 8.0 ml DDV (equivalent to 5.0 ml DDV plus 3.0 ml
sediment), capped with gray butyl-rubber stoppers, crimped, and injected
with known volumes of pure CHA. Six standards were prepared that spanned
the range of concentrations found in the sediment (0 to 5.0 mmol-l-1
whole sediment [mMWS] for the sediment obtained from a box core and
0 to 13 mes for sediment obtained by a gravity corer). The volume of
CH4 added to the most concentrated standard was about 3% of the serum
vial headspace so standard and sample pressures were similar. The stand-
ards were Vortex-mixed along with the samples and in every way treated
identically. Since samples and standards were at the same temperature
and had equal volumes of aqueous phase and headspace, corrections for

the quantity of dissolved CH4 were not necessary.
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Methane was quantified by injecting 100 ul of headspace gas into a
Hewlett-Packard 5710A gas chromatograph (GC) equipped with flame ioniza-
tion detector (FID). The column, 6’ x 1/8" stainless steel packed with
Poropak QS, was maintained at 50°C. The carrier gas was He flowing at
40 ml min—1 and the retention time for CH4 was about 0.6 min. Peak
areas were quantified with an electronic integrator.

The volume of CH4 in a sample was calculated from a least-squares,
linear regression of the standard data. Two regression curves were
prepared: for the few samples containing less CH4 than the most dilute
standard (equivalent to concentrations 1less than 0.25 mmol-l—1 pore
vater [mMPW])’ the calibration was based on thg blank and the first
standard; for samples containing greater quantities of CH4, all six
standards were used in the regression.

The whole sediment CH4 concentration was calculated from the

following equation:

[CH

VWS RT

where VM is the volume of CH4 in the serum vial, sz is the volume of

alus =

whole sediment analyzed, P and T are the atmospheric pressure and
temperature, respectively, at the time the standards were prepared, and
R 1is the molar gas constant. The whole sediment CH4 concentration is
converted to pore water concentration units by:

4lys

[CH, 1oy = ——-—m—t2- :
4lpy p
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Precision and Accuracy

The instrumental precision of the CH4 analysis, as measured by the
relative standard deviation of triplicate GC injections of sample or
standard, was always better than 3%. The accuracy depends on a number
of factors including systematic errors introduced during sampling, sam-
ple preparation, and GC analysis. Methane bubble formation gave the
deeper sediment a porous texture that made sampling difficult and proba-
bly resulted in some CH4 loss. Because samples and standards were pre-
pared and treated identically, systematic errors resulting from sample
preparation were probably small. The most likely preparation error was a
lack of equilibrium between the headspace and aqueous phase. Kiene and
Capone (1985) have shown that for sediment treated as described above,
CH4 equilibrates between the headspace and aqueous phase within several
minutes. The accuracy bf the GC analysis depends on instrumental linear-
ity and stability, and the accuracy of the standards. The calibration
curves were linear (r220.9994 [n=6], except on 10 Sept. 1984 when
r2=0.978 [n=6]) and the GC was generally very stable. Standards injected
periodically throughout the analysis drifted by <3%, except on 10 Sept.
vhen the variability averaged about 10%. Each standard was prepared
independently and two or three different size syringes were used for
each series of six standards. Assuming that CH4 used to make the
standards was chemically pure, the linearity of the standard calibration

curves suggests that standards were accurate.

Methane Oxidation Rates

Methane oxidation rate experiments were designed to mimic natural
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conditions as much as possible and to avoid disruption of microbial
associations. All measurements required for the rate calculation were
from the same sample, eliminating errors caused by lateral heterogeneity
in the sediment. Methane oxidation rates were measured on triplicate
subcores from a box corer using a modification of Reeburgh (1980); de-
tails of the modifications are described in Alperin and Reeburgh (1985).

Briefly, samples were obtained as described above, except that
sediment was sub-sampled using incubation syringes constructed of Pyrex
(borosilicate glass) barrels and Teflon pistons equipped with o-ring
seals (Fig. 2.4). The incubation syringes were filled with sediment
(6.4 ml), capped with black butyl-rubber stoppers secured with aluminum
crimps, and immediately placed in a rotating rack submerged in 4°C sea
water. The syringes were removed from the water bath, injected with
1 uCi (50 ul) gaseous 14CH4 (sp. act. 45 mCi~mmol_1), returned to the
water bath within 3‘to 4 min, and allowed to incubate for 20 to 25 h.
The fraction of 14CH4 tracer oxidized during the incubation was <1.3%.
The incubation was terminated by immersing the syringes in a 2-propanol
bath at -60°C. Samples were stored frozen until analysis (42 d).

The stripping line is diagrammed in Fig. 2.5. Samples were trans-
ferred as frozen plugs to Pyrex stripping vessels containing NaOH solu-
tion. Methane was stripped from the slurry, dried, and collected on
molecular sieve 5A at -60°C. Methane was released from the molecular
sieve by heating, quantified and oxidized to CO2 with the FID, dried
with a Drierite column, and collected in C02—trapping scintillation
cocktail (Woeller, 1961). Following CH& collection, H SO4 was injected

2
into the reaction vessel. The acid released CO2 vas purged from solution,

i ibi i ission.
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Fig. 2.5. Stripping 1line for methane oxidation rate analysis. Frozen
sediment was transferred to the stripping vessel. Methane was stripped
from the basified sediment, dried by passage through a Drierite column,
and concentrated on a molecular sieve 5A (M.S. 5A) column at low temper-
ature. Stable and radioactive methane were quantified by warming the
column, flushing the contents into an FID, and collecting the effluent
in scintillation cocktail. The sediment was then acidified and carbon
dioxide was stripped from the sediment and purified by a cupric sulfate-
Chromosorb/Drierite column. The radioactive CO2 wvas collected in scin-
tillation cocktail (Woeller’s Solution).
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purged of HZS and water by a column containing CuSO4—coated Chromosorb
and Drierite, and trapped in Woeller’s solution. Samples were counted
with a shipboard Beckman LS-100 scintillation counter; quench cor-

rections were determined with external standard ratios.
14

The CH4 was checked for radiochemical purity with a GC propor-
tional counter and found to contain trace amounts of 14CZH6
(14C2H6/140H4=0.00031). The amount of 14C2H6 introduced to each sample

14

with the CH, was too small to bias the rate measurements appreciably.
The CH4 oxidation rate was calculated following Jérgensen (1978a):

14
[CH, 15, (C0y)

RATE = 17 , (2.1)
e ( CHA) t
where [CH, ] is the pore water CH, concentration (14C0 ) and (140H )
41py P 4 ’ 2 4
are the activities (dpm) of recovered 14CO2 and added 14CH4’ respec-

tively, t is the incubation time, and o« is the isotope fractionation
factor. Models of stable isotope depth distributions show that 12CH4 is
oxidized 0.73 to 2.6% faster than 13CH4 (see p. 148). Since isotope dis-

14 13

crimination of CH4 will be approximately twice that for CH4 (Stern

and Vogel, 1971), a value of 1.036 (1.8% x 2 = 3.6%) is used for the

fractionation factor in eq. 2.1.

Uncertainty in Results
The precision and accuracy of natural rate measurements are inher-
ently difficult to quantify. Analytical precision cannot be directly
measured because the analysis consumes the entire sample and no two
natural samples are identical. Methane oxidation rates measured on

replicate samples homogenized by slurrying with an equal volume of
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anoxic saline solution had a relative standard deviation of +16% (n=4).
However, slurrying the sediment reduced CH4 oxidation rates by as much
as tvo orders of magnitude (Alperin and Reeburgh, 1985). Measurements of
such slow rates are bound to be less precise than measurements of rates
encountered in natural sediment.

Five quantities are required to calculate the CH4 oxidation rate
(see eq. 2.1): (a) CH4 concentration, (b) activity of added 14054,
(c) activity of 1l’COZ produced, (d) incubation time, and (e) the isotope
fractionation factor. An estimate of the analytical error in the overall
rate measurement can be obtained by examining the error in each of these
parameters. The CHA concentration measured in each incubation syringe
agreed with profiles from the same box core measured by the headspace
method, indicating that errors in this parameter were small. Uncertainty
in the activity of MCH4 added to each incubation syringe was about +10%
(based on the relative standard deviation of activity of tracer recov-

ered, n=28). Preliminary experiments showed that errors in the 14CO

2
activity caused by non-quantitative retention in the NaOH solution,
leakage from the stripping line, or incomplete stripping were <5%. The
incubation time was known with great certainty (+0.1%), and the isotope
fractionation factor is so close to unity that a +100% uncertainty would
not appreciably affect the rate results.

The greatest source of error in any measurement of natural
biological reaction rates comes from the system manipulations necessary
to conduct the experiment. Metabolic rates are extremely sensitive to

environmental perturbations, hence every precaution was taken not to

alter key parameters such as temperature, anaerobicity, sediment-
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microbial associations, and substrate availability. Temperature was kept
constant by limiting air contact of sealed syringes to <5 min. Gas-tight
glass syringes and high concentrations of ZHZS maintained sediment
anoxia during the 1 d incubation. Sediment-microbial associations were
maintained by sampling intact sediment. Sediment was incubated under
headspace-free conditions so that CH4 remained in solution and available
to bacteria. Relatively short incubation times assured that other sub-
strates were not appreciably depleted.

Despite these precautions, it is not realistic to assume a priori
that measured rates accurately represent in situ rates. As with any
analysis, the best assurance of accuracy is agreement between independ-
ent methods of measurement. The other method of direct rate determina-
tion, a jar experiment, is impractical for methane oxidation as incu-
bation times would be prohibitively long. However, rates can be esti-
mated 1indirectly from diagenetic models. Modelled and measured concen-

tration profiles were in agreement (see p. 138), indicating that exper-

imental rates were accurate to within 25%.

Sulfate Concentrations

Pore water profiles of 5042— concentration for triplicate subcores
from a box corer were determined using ion chromatography. Sediment
sampling followed the same procedure as for CH4 concentration except
that sub-sampling was done using tip-less 10 ml plastic syringes.

About 10 ml of sediment was transferred to a plastig centrifuge
tube, gassed with N2’ and capped with a rubber stopper. The sediment was

centrifuged for 15 min and 3.0 ml of supernatant was pipetted to a glass

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

scintillation vial containing 50 ul coagsytrated HC1l. The acidified pore
water was bubbled with N2 for 5 min to ;e\n\ow volatile sulfur
compounds and the vials were tightly capped and stored at 4°C until
analysis (2 to 3 months).

Sulfate was quantified using a Dionex 2000i ion chromatograph (IC)
equipped with a conductivity detector. Prefiltered samples (0.45 um
Millipore filter) were injected into the IC with an automated 15 ul
Teflon sampling valve. Standard eluent (3.0 mM NaHCO3, 2.4 mM NaZCOB)
flowed through guard and separator columns at 2.7 ml-min'l. The reten-
tion time for 8042_ was consistently 9.2 to 9.3 min. After chromato-
graphic separation, the ions passed through a cation exchange resin and
the anions were. converted to their acids. This process, known as "post-
column chemical supression", enhanced the conductivity associated with
the anions and reduced that of the eluent. Samples were diluted 1:50
with eluent to reduce interference from the abundant chloride ion. Peak
areas were measured by an integrating recorder.

Six standards were prepared which spanned the range of pore water
5042" concentrations (0.7 to 27 mM). The standards were prepared by
serial dilution of a primary 5042_ standard in a solution containing

3~

Cl”, Br, and P0,”" that matched the anion matrix of the acidified pore

R . 2- .
vater. Two regression lines were used to calculate SO4 concentrations:

for the few samples containing less than 2.5 mM SO4 , the calibration

PV
curve was based on the blank and the most dilute standard; for all other
samples, all six standards were used in the regression. Concentrations

were corrected for dilution resulting from addition of HCl1 to each

sample.
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Precision and Accuracy

The precision of the 5042' concentration analysis (based on the
mean relative standard deviation of triplicate determinations of 12
samples) was +1.9% (range: 0.3 to 6.8%) with the relative precision best
for the most concentrated samples. Instrumental drift was corrected by
running standards after every second sample. Replicate analysis of three
samples at different times and on different days agreed within the
limits of the analytical precision. The 5042— concentration in a blank
prepared by centrifuging, acidifying, and purging DDW, was <0.05 mM. An
independent standard ([5042—]=13.6 mM) was prepared to check the accu-
racy of the primary standard. The average measured value of the inde-
pendent standard was 13.3+0.2 mM (n=5), indicating that the standards

were accurate to within 2.2%.

Sulfate Reduction Rates

Sulfate reduction rates were measured using a modification of the
radiotracer method (Jdrgensen, 1978a). The modifications were similar to
those employed in the CH4 oxidation rate analysis (described in Alperin
and Reeburgh, 1985).

Three subcores from a box core were sub-sampled using the glass
incubation syinges, injected with 5 uCi (50 ul) anoxic Na35504 solution
(sp. act. 1.Sx106 mCi-mmol_l), and incubated at 4°C for 24 h. Maximum
turnover of the 8042— pool was <5%. The incubatién was terminated by
immersion in the -60°C alcohol bath, and samples were stored frozen

until analysis (1 to 2 d).

The stripping line was similar to the CH4 oxidation rate analysis.
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Samples were transferred as frozen plugs into the stripping vessels
containing anoxic DDV and subsequently acidified with anoxic HCl. The
HZS was stripped from the slurry using Oz—free carrier gas (N2 passed
through a Cu column at 200°C), passed through a column packed with glass
wool to trap aerosols, and collected as ZnS in a trap containing anoxic
zinc acetate solution. An aliquot was counted in a gel formed with a
xylene-based scintillation cocktail (Aquasol-2).

After stripping was complete, the slurries were allowed to settle
and an aliquot of the aqueous phase was counted; total tracer recovery
averaged 95+8% (n=37). The 8042— reduction rate was calculated by anal-
ogy with eq. 2.1. Sulfate concentrations were based on averages of three
subcores taken from the same box core. The isotope fractionation factor

(1.045) was the mean of the range of values estimated by Jérgensen

(1978a).

Uncertainty in Results

The precision of the 5042_ reduction rate analysis, as determined
by the relative standard deviation of 8 samples of slurried sediment,
was +8%. The difficulties of evaluating the accuracy of measured 8042_
reduction rates are similar to those for CH4 oxidation rates and will
not be restated. However, 3042_ reduction rate measurements have several
unique sources of error that deserve discussion. First, the concentra-
tion and radiotracer data used to calculate the 8042— reduction rates
came from different subcores. Although all subcores were from the same

box core, horizontal variability in the 8042_ concentration averaged

about +7% (see p. 77). Second, HZS (the product of 5042— reduction) may
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rapidly react to form elemental sulfur or pyrite, neither of which are
acid volatile. Howarth and Jdrgensen (1984) have shown that for subtidal
marine sediments, 20 to 30% of the reduced 358042_ may be converted to
elemental sulfur or pyrite. Rapid pyrite or sulfur formation would lead
to underestimated 8042° reduction rates. However, modelled and measured

2-

SO4 profiles differed significantly (see p. 151) suggesting that

estimated rates may be overestimated by more than 100%.

Stable Carbon Isotopes and Pool Sizes

Concentrations and stable isotope ratios were measured on five
sedimentary carbon pools: CH4, DIC, DOC, PIC, and POC. Sediment cores
vere sampled at 3 cm intervals which provided a high resolution data set
(13 samples per 40 cm core) and sufficient material for isotope ratio
analysis. Concentrations and isotope ratios for all five reservoirs were
determined for each sample.

Sediment samples were stored frozen in steel cans and analyzed in
the laboratory. The analytical scheme is outlined in Fig. 2.6. Methane
was removed from the can using a gas-tight headspace sampler. The gas
was purified, combusted to CO2 and Hzo, repurified, and quantified. The
contents of the can were transferred to a sediment squeezer and the pore
water was collected in a reaction vessel. The pore water was acidified
and the DIC was stripped, purified, and quantified. The DOC in the
acidified pore water was oxidized with KZSZOB and the resulting CO2
extracted, purified, and quantified. The solid material was removed from
the squeezer, dried, ground to a fine powder, and an aliquot was trans-

ferred to a reaction vessel. PIC was converted to CO2 by acidification,
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purified and quantified. POC was determined by combustion of the solid

material in a quartz bomb using Cu0 as the oxidant; the resulting CO2

was purified and quantified. For each carbon pool, an aliquot of the
13, 12

purified 002 was analyzed for "“C: °C ratios using a ratio mass spec-

trometer. A detailed description of the procedure is given below.

Sampling of Sediment, Bottom Water, Particulates, and Kelp
Subcores from two box cores were sampled by extruding the sediment
upward into a 3 cm segment of core liner. The 0-3 em segment, which was
composecd of high porosity flocculent material, was transferred to the a
Nz—flushed 600 ml lacquered steel can (#303) using a 50 ml plastic
syringe with the tip partially removed. For the deeper, more viscous
sediment, a metal shim was inserted beneath the segment énd the sediment
was quickly transferred to the can. (The can had been previously cleaned
with a mild detergent, rinsed with tap water, repeatedly flushed with
DDV, dried, and wrapped in aluminum foil for storage.) The rim of the

can wvas wiped clean, the 1id was put in place, and the can sealed.

The cans were sealed using a manual can sealer (Ives-Way Products,
Inc.). Four sealed cans were leak tested by immersion in hot soapy
vater. The absence of bubbles at the seams indicated a successful seal.

The entire process of sampling and canning was completed within 3 h
of the time the core was taken. The cans were placed in a shipboard
freezer as soon as a core was completely sampled and stored frozen until
analysis (1 to 1.5 yr).

Sediment deeper than 40 cm was sampled using a gravity corer.

Immediately after retrieval, the core was capped and placed upright in a
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walk-in freezer. The core was sampled by extruding the frozen sediment
from the core liner and slicing it at 3 cm intervals. The frozen seg-
ments were transferred to Nz—flushed steel cans (#307), sealed, and
stored frozen until analysis (ca. & yr).

Bottom water was siphoned from a box core using Tygon tubing held
about 10 cm above the sediment surface. The water was stored frozen in a
glass jar until analysis (ca. 1.5 yr).

Water column particulate material was collected from 25 m with a
submersible pump. Fifteen 1liters of seawater was filtered through a
glass fiber filter. The filter was stored frozen in a plastic bag until
analysis (ca. 1.5 yr).

Kelp was sampled by collecting floating fragments that had broken
from the holdfast. Kelp collected in 1980 and 1981 was dried and
stored at -15°C until analysis. Kelp collected in 1982 was stored frozen

and divided into stipe and blade fractions prior to drying.

Vacuum Manifold Design

The manifold is a gas-tight vacuum system capable of quantitatively
converting gaseous, dissolved, and particulate organic and inorganic
carbon to COZ, the carbon species required for isotope ratio analysis.
The system serves to remove contaminants from the CO2 gas, quantify the
purified COZ’ and provide a sample for introduction to the mass spectro-
meter.

The manifold (Fig. 2.7) is composed of two main sections: the
circulating loop and the reservoir section. The circulating loop

contains an inlet and outlet for sample connection, an inlet and outlet
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Fig. 2.7.

32 7
Vacuum manifold for concentration and stable isotope ratio analyses.
(1) wultra-pure nitrogen carrier gas, (2) Ascarite, (3) Drierite, (4) Whitey
four-vay ball valve, (5) Nupro check valve (cracking pressure 1/3 psi),
(6) rotameter, (7) flexible stainless steel tubing, (8) outlet for sample con- 33(5)

nection,

(9)

10 cm
| e |
(APPROX )

inlet

for sample connection, (10) foam and aerosol trap,

(11) glass frit aerosol trap, (12) water trap, (13) carbon dioxide trap #1,
(14) carbon dioxide trap #2, (15) POC evacuation ports with glass frit parti-
(16) hydrogen sulfide trap, (17) tube furnace, (18) methane

culate traps,
combustion

tube,

(19)

chlorine trap, (20) Nichrome wire heating element,

(21) carbon dioxide trap #3, (22) carbon dioxide trap #4, (23) sample removal
port, (24) Reservoir #4 (503.9+40.8 ml), (25) Reservoir #3 (148.5+0.2 ml),

(26) Reservoir
(28) vacuum

streaming

gauge
trap,

#2

(30.69+0.10 ml),  (27) Reservoir #1 (13.56+0.03 ml),
tube, (29) mercury manometer, (30) pump vapor back-

(31) rotary vacuum pump, (32) Nupro metering bellows valve,
(33) metal bellows circulating pump.

oy
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for carrier gas (ultra-pure N2 scrubbed of 002 and HZO by a column
containing Ascarite and Drierite), and a series of traps and furnaces
for sample preparation and purification. A circulating system was se-
lected over a unidirectional stripping line to minimize cumulative
contamination by trace impurities in the carrier gas. The reservoir
section contains four calibrated volumes (approximately 14, 31, 149, and
504 ml), a mercury manometer, and a sample removal port. The volumes of
the reservoirs were calibrated by acidifying CaCO3 using a procedure
analogous to the PIC method described below. The volume of each reser-
voir was known with a relative precision of +0.3% (n=4).

The manifold was primarily constructed of 9 mm Pyrex tubing. All
stopcocks were Teflon, high vacuum valves (Kontes, model #826500-0004)
suitable for vacuum applications at pressures to 5x10-7 mm Hg. All
removable connections were made with Cajon Ultra-Torr unions. Where
flexibility was needed, Cajon flexible stainless steel tubing was
employed. Gases were circulated with a metal bellows pump (Metal Bellows
Corp., model MB-21) and flow was metered using a Nupro bellows valve.
The tube furnace (Lindberg, model #55035) had a Vycor combustion tube
suitable for routine heating to 850°C. A belt-driven vacuum pump
(Sargent-Welch Duo-seal, model #1400) was used to lower pressures in the
manifold to 10"2 mm Hg. A liquid nitrogen cooled trap upstream of the
vacuum pump prevented backstreaming of vapors from the pump and lowered
the background pressure of condensible gases in the manifold to unde-
tectable 1levels. The manometer was made from 2 mm i.d. heavy-valled
capillary tubing. The height of the mercury column was read with a

cathetometer (Precision Tool and Instrument Co.) capable of measuring
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the distance between the two columns of mercury with a precision of
+0.05 mm. A thermocouple vacuum gauge (Veeco, TG-70) operating in the

range 10_3 to 1 mm Hg was used to determine pressures too low to be

measured manometrically.

Material and Solution Preparation

All glassware was cleaned with detergent and tap water, and rinsed
with 10% (v/v) HC1l followed by DDW. Pyrex glassware was baked at 500°¢
for 6 h; glass fibef filters and jars made of saft glass were baked at
450°C  for 8 h; glassvare made of quartz and Vycor were baked at 850°C
for 6 h. Copper oxide used in the CH4 and POC analyses was combusted at
850°C for 6 h. Materials made of Teflon (stopcock shafts and magnetic
stir bars) and stainless steel (Swagelok and Cajon fittings, spatulas,
and tubing) were cleaned with DDW. The sediment squeezer components were
completely disassembled after each use, throughly washed with tap water
followed by DDV, and stored submerged in a beaker of DDW. The squeezer
wvas dried just prior to use in a drying oven at 80°c.

All solutions were prepared using DDW stripped of DOC by refluxing
through an alkaline permanganate solution. The DOC concentration in this
wvater was about 5 uM. Solutions were purged of DIC by stripping with Nz
at 500 ml min_1 for several hours. The carbonate-free NaOH solution was
prepared according to Kolthoff et al. (1969). Carbon-free solutions were

stored in glass carboys sealed with vacuum stopcocks.

Methane Analysis
Thawing the sample. The can containing the sediment was removed

from the freezer and thawed by immersion in hot water. The can was

i ibi i ission.
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checked for leaks by examining the seam for a stream of bubbles. Since
the sediment had been preserved only by freezing, metabolic activity
could resume as the sediment thawed. The first several steps of the
analysis were performed as rapidly as possible to minimize the effect of
post-thawing metabolism.

The headspace sampler. After the sediment had thawed, the can was
thoroughly shaken to equilibrate CH4 between the sediment and headspace.
Methane was flushed from the can using the headspace sampler shown in
Fig. 2.8. This device is composed of an upper brass plate containing a
2" x 3/16" silicone rubber o-ring, a lower aluminum plate with a re-
cessed slot to position the can, and three threaded rods to hold the
upper and lower plates together. Three wing-nuts tightened against the
top of the headspace sampler pulled the brass plate against the can’s
1id and sealed the o-ring. Qannulae served as the inlet and outlet for
the carrier gas. These were made from 1/4" stainless steel tubing sharp-
ened to a point on the bottom and sealed on the top with toggle-operated
bellows valves (Nupro, model SS-4BK). The outlet cannula had an inline
filter (Nupro, model SS-4TF with 60 um sintered stainless steel element)
that removed particulates from the gas stream and prevented fouling of
the bellows valve. Two bored-through 1/4" o-seal straight-thread connec-
tors (Swagelok) attached to the headspace sampler provided a seal around
the cannulae. The standard conical ferrules in the straight-thread
connectors were replaced with 1/4" o-rings which permitted axial move-
ment of the cannula after the fittings were sealed.

The cans were penetrated by forcing the sharpened end of each

cannula through the 1lid of the can. Quantitative recovery of known
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Fig. 2.8. Headspace sampler for removal of methane from the can.
(1) Lover plate, (2) upper plate, (3) silicone o-ring, (4) bored-through
o-seal straight thread connectors, (5) inline filter, (6) bellows
valves, (7) inlet cannula, (8) outlet cannula.
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amounts of CH4 injected into the can demonstrated that the headspace
sampler provided gas-tight penetration.

Stripping and combustion of CHA. The headspace sampler was attached
to the manifold and CH4 was stripped from the sediment with N2
flowing at 100 ml-min_l. Vater was removed by a trap cooled to -89°%
(2-propanol slurry), and CO2 was collected in two traps cooled to -196°c
(liquid nitrogen bath).

Inside the sealed can, the fraction of CH4 in the gas phase (f) is
controlled by the headspace volume (H), the aqueous phase volume (A),
and the Bunsen solubility coefficient (B8) (Flett et al., 1976):

f = H/(H+pA).

Given the volume of the can (615 ml), the volume of sediment (103 ml),
and the Bunsen solubility coefficient (0.02640 at 24°C, 32%/00 salinity,
Yamamoto et al., 1976); about 99.5% of the CHa equilibrated in the
headspace. The characteristic stripping time (defined as the time re-
quired for the concentration of CH4 in the headspace to decrease by a
factor of 1/e) for a well mixed gas volume (V) being flushed at a flow
rate (F) is t = V/F (Veiss and Craig, 1973). Seven characteristic strip-
ping times are required to remove 99.9% of the CH4 from the can. At a
flow rate of 100 ml-min'l, the characteristic stripping time is 5.2 min.
Thus, a stripping time of 40 min is sufficient to quantitatively flush
CH4 from the can.

Methane was combusted to CO2 and HZO by passage through a 25 cm x
16.6 mm i.d. Vycor tube packed with wire form Cu0 heated to 800°C.
Attachment of an FID to the effluent of the combustion tube demonstrated

that combustion efficiency was greater than 99.9% for all quantities of
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