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ABSTRACT

Concentrations and δ34S and δ13C values were determined on SC^", HCO3", CO2, and CH4 in interstitial water and
gas samples from the uppermost 400 m of sediment on the Blake Outer Ridge. These measurements provide the basis
for detailed interpretation of diagenetic processes associated with anaerobic respiration of electrons generated by or-
ganic-matter decomposition. The sediments are anaerobic at very shallow depths (< 1 m) below the seafloor. Sulfate re-
duction is confined to the uppermost 15 m of sediment and results in a significant outflux of oxidized carbon from the
sediments. At the base of the sulfate reduction zone, upward-diffusing CH4 is being oxidized, apparently in conjunc-
tion with SC^~ reduction. CH4 generation by CO2 reduction is the most important metabolic process below the 15-m
depth. CO2 removal is more rapid than CO2 input over the depth interval from 15 to 100 m, and results in a slight
decrease in HCO3~ concentration accompanied by a 40‰ positive shift in δ13C. The differences among coexisting CH4,
CO2, and HCOf are consistent with kinetic fractionation between CH4 and dissolved CO2, and equilibrium fractiona-
tion between CO2 and HCO3". At depths greater than 100 m, the rate of input of CO2 (δ13C = -25‰) exceeds by 2
times the rate of removal of CO2 by conversion to CH4 (δ13C of - 60 to - 65‰). This results in an increase of dissolved
HCO3" concentration while maintaining δ13C of HCO3" relatively constant at -I- lO‰. Non-steady-state deposition has
resulted in significantly higher organic carbon contents and unusually high (70 meq I"1) pore-water alkalinities below
150 m. These high alkalinities are believed to be related more to spontaneous decarboxylation reactions than to biologi-
cal processes. The general decrease in HCOf concentration with constant δ13C over the depth interval of 200 to 400 m
probably reflects increased precipitation of authigenic carbonate.

Input-output carbon isotope-mass balance calculations, and carbonate system equilibria in conjunction with
observed CO2-CH4 ratios in the gas phase, independently suggest that CH4 concentrations on the order of 100 mmol
kg"1 are present in the pore waters of Blake Outer Ridge sediments. This quantity of CH4 is believed to be insufficient
to saturate pore waters and stabilize the CH4 6H2O gas hydrate. Results of these calculations are in conflict with the
physical recovery of gas hydrate from 238 m, and with the indirect evidence (seismic reflectors, sediment frothing,
slightly decreasing salinity and chlorinity with depth, and pressure core barrel observations) of gas-hydrate occurrence
in these sediments. Resolution of this apparent conflict would be possible if CH4 generation were restricted to relatively
thin (1-10 m) depth intervals, and did not occur uniformly at all depths throughout the sediment column, or if another
methanogenic process (e.g., acetate fermentation) were a major contributor of gas.

INTRODUCTION

Leg 11 of the Deep Sea Drilling Project aroused
awareness and interest in the occurrence of methane hy-
drate in deep-sea sediments (Stoll et al., 1971; Lancelot
et al., 1971). High methane content is common in deep-
sea sediments deposited near continental margins (Clay-
pool et al., 1973). Almost invariably the chemical and
isotopic composition of the CH4 and CO2 coexisting in
interstitial waters indicates that biological processes are
responsible for the gas. Although many DSDP holes
have penetrated gas-bearing sediments, and seismic evi-
dence indicates that gas hydrates may be widespread
(Tucholke et al., 1977; Shipley et al., 1979; Dillon et al.,
1980), at only a few sites has the presence of gas hydrate
been confirmed by physical recovery of hydrated sedi-
ment and measurement of decomposition volumes or
pressures (Kvenvolden and Barnard, in press).

Site 533 of Leg 76 was essentially a re-drill of the Leg
11 gas-hydrate sites on the Blake Outer Ridge. The
Blake Outer Ridge is a narrow southeastward extension
of the continental rise about 640 km off the Atlantic
coastline at the approximate latitude (31°16'N, 74°

Sheridan, R. E., Gradstein, F. M., et al., Init. Repts. DSDP, 76: Washington (U.S.
Govt. Printing Office).

52'W) of the Georgia-Florida state line. The water
depth at Site 533 was 3284 m, and the age of the 400 m
of sediment cored was Quaternary and late Tertiary.
The intention of Site 533 was to confirm the presence of
gas hydrate by means of a specially designed pressure
core barrel. The physical evidence for gas-hydrate oc-
currence is discussed elsewhere in this volume (Kven-
volden and Barnard). Our report focuses on the origin
of the CH4 and, in particular, on the isotopic composi-
tion of dissolved carbonate species (mainly HCO3~) in
the interstitial water. Although organic matter is the
ultimate source of most of the carbon that ends up as
CH4, dissolved CO2 is the most important immediate
CH4 precursor (Claypool and Kaplan, 1974), and this
dissolved CO2 can be organic or inorganic in origin. Be-
cause of the large kinetic isotope effect (Rosenfeld and
Silverman, 1959) associated with biological methano-
genesis, the residual dissolved CO2 can become relative-
ly enriched in 13C shortly after the onset of methane
generation. However, the interpretation of the δ13C of
dissolved CO2 at a given depth in DSDP cores is compli-
cated because many processes affect dissolved CO2 con-
centration and δ13C. The main processes affecting dis-
solved CO2 are: biological (metabolic) CO2 production,
thermal decarboxylation of organic matter, neutraliza-
tion of organically derived CO2 by reaction with unsta-
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ble biogenic carbonates, biological reduction of CO2 to
CH4, oxidation of upward diffusing CH4, and precipita-
tion of authigenic carbonates. All these processes are
occurring in the sediments of the Blake Outer Ridge.
The differing relative rates of SO^~ consumption and
CO2 production and consumption enables recognition
of a depth sequence of diagenetic "zones" in marine
sediments (Claypool and Kaplan, 1974). The general
concept of major diagenetic zones has been used to re-
construct aspects of the postburial history of sediments
containing carbonate concretions (Curtis, 1977; Irwin et
al., 1977) and as a scheme for classification of sediments
in terms of diagenetic environments (Berner, 1981).
However, the quantitative interrelationship among sedi-
mentation rates, rates of microbiological processes, and
the time and spatial development of diagenetic zones re-
mains to be worked out.

Blake Outer Ridge sediments provide one type of
deep-sea depositional environment in which SO|~ reduc-
tion and CH4 generation can be studied. If the control-
ling factors for these processes can be isolated here and
compared with similar factors in other anoxic environ-
ments, then perhaps the appropriate quantitative inter-
relationships can be developed for refined interpretation
and prediction in a wide variety of depositional environ-
ments. An immediate objective in this line of research is
to show how the environment of deposition controls the
operation of subsequent diagenetic processes. Converse-
ly, an ultimate objective is to show how the mineral prod-
ucts of early diagenesis preserved in ancient rocks can be
used to reconstruct quantitative aspects of depositional
environments.

An important product of the early diagenetic biologi-
cal decomposition of organic matter is CH4, the princi-
pal component of natural gas. Natural gas of biogenic
origin has become a worthwhile target for exploration
(Rice and Claypool, 1981). Improved understanding of
early diagenetic processes and their sedimentological ef-
fects likely will permit meaningful quantitative treat-
ment of biological methanogenesis for purposes of ex-
ploration and resource appraisal, contrary opinions not-
withstanding (Waples, 1981, p. 83).

METHODS

Sediment gas and interstitial water were sampled according to stan-
dard DSDP procedures (Gealy and Dubois, 1971; Manheim, 1966).
Gas pockets visible through clear plastic core liners were tapped and
gas was drawn off into an evacuated sampling tube (vacutainer). Wa-
ter was squeezed from sediment with a hydraulic press, and collected,
sealed, and stored under refrigeration in plastic syringes. Gases were
analyzed by the procedure of Claypool et al. (1980), and water sam-
ples analyzed by the technique of Presley and Claypool (1971). SO^~
in water was determined by standard gravimetry (Presley, 1971); the
resulting BaSO4 was converted to SO2 by quartz reduction (Holt and
Engelkemeir, 1970). δ34S and δ13C were measured by standard tech-
niques (using double-collecting, 15-cm radius, Nier-McKinney-type
mass spectrometers) on SO2 and CO2 gas, and the results expressed in
the delta notation {δ, % = [(Rsample/Rstandard) - 1] I03; where R =
34S/32S, 13C/12C} relative to Canon Diablo trolite and PDB (Peedee
belemnite) marine carbonate standards, respectively.

In the procedures described above, volumetric proportions of
components of gas samples were determined by gas chromatography.
CH4 and CO2 were collected quantitatively. CH4 was converted to
CO2 by combustion and both the methane-derived and the original
CO2 gas were purified and analyzed for δ13C. Water samples of

known weight were transferred to carbonate vacuum reaction flasks,
frozen under nitrogen to prevent condensation of atmospheric CO2,
pumped free of air, thawed, and acidified with 2N HC1. The CO2

liberated from the interstitial water was purified, and the volume
measured and δ13C determined. The acidified interstitial water was
heated, and excess BaCl2 added to precipitate BaSO4, which was
weighed and then converted to SO2 for δ34S determination.

RESULTS

Pore-water samples from the two holes (533, 533A)
analyzed in this study are listed by depth of burial in Ta-
ble 1. Concentration and δ34S of dissolved SO^~ and
concentration and δ13C of total dissolved carbonate (Σ
CO2) as determined in this study are reported, as well as
the shipboard determinations of pH and titration alka-
linity. SO^~ is present in significant amounts only in the
three most shallow samples, at depths of less than 10 m
beneath the seafloor. SO^~ concentration drops from
assumed seawater values (28 mmol kg"1) at the sedi-
ment/water interface to 20.4 mmol kg ~1 at a depth of
1.4 m, to 16 mmol kg-1 at 3.5 m, to 7 mmol kg-1 at 9.8
m, and to essentially zero at some depth between 10 and
14.4 m. The corresponding δ34S values are 20%0 for sea-
water, 23.2% at 1.4 m, 28.5% at 3.5 m, and 35.6% at
9.8 m. SO|- concentrations and δ34S values are not
measurable at depths below 10 m.

The relationship of ECO2 and the δ13C of Σ C O 2 with
depth beneath the seafloor is shown in Figure 1. Dis-
solved Σ C O 2 first increases in proportion to the SO|"
decrease, then decreases slightly before increasing again
at greater depths. From seawater concentrations of about
2.5 mmol kg"1 at the sediment/water interface, Σ C O 2

increases regularly in four samples to about 19 mmol
kg~1 at a depth of 14.4 m. Σ C O 2 concentration de-
creases over the next seven samples to 14.4 mmol kg"1

at 93 m, and then generally increases in the next seven
samples to 32 mmol kg~1 at 294 m. Σ C O 2 decreases
over the next three samples to about 25 mmol kg"1 at a
depth of about 400 m. The δ13C of Σ C O 2 roughly mir-
rors concentration over the depth interval of 0 to 100 m,
decreasing from 0% at the sediment/water interface to
-31%o at 14 m, then increasing to about +5%0 at 100
m. Below 100 m the δ13C of Σ C O 2 continues to increase
slowly to + 10% at about 200 m, and then it decreases
or remains relatively constant (10 ± l%0) from 200 to
400 m.

Figure 2 shows the shipboard alkalinity titrations plot-
ted versus the measured pore-water Σ C O 2 yields of this
study. In general, Σ C O 2 is only about 81% of the alka-
linity, which should be 99% + due to dissolved carbon-
ate species. Alkalinity, when calculated as HCO3~, pro-
vides acceptable total cation-anion balance for the ma-
jor ionic species in pore-water samples of Holes 533 and
533A (J. Geiskes, personal communication, 1982). Thus
the alkalinity measurements probably provide a better
estimate of the in situ HCO3" concentrations than do the
laboratory measurements of dissolved Σ C O 2 in squeezed
water samples. The main cause of the systematically low
CO2 yields is believed to be loss of CO2 gas when the
equilibrium represented by the equation

2 HCO3- = CO 2
H 2 O
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Table 1. Concentration and stable isotope ratios of dissolved sulfate and total car-
bonate in interstitial waters, with pH and alkalinity, Blake Outer Ridge, DSDP
Leg 76.

Sample
(hole-core-section)

533-1-1
533-2-1
533-5-1
533-6-2
533-8-1
533-10-2
533-12-1
533-14-1
533-20-2
533-22-1
533-24-1
533-28-2
533-34-1
533A-4-2
533-40-1
533-8-2
533-15-1
533-18-6
533-22-6
533-26-3
533-29-3

Sub-bottom
depth

(m)

1.4
3.5
9.8

14.4
21.8
32.3
39.8
48.5
76
84
93

112
137
158
160
193
258
294
332
365
396

so|-

(mmol kg ~ *)

20.4
16
7

<O.l
_ b

<O.l
<O.l
<O.l

—
0.3

_
0.1

<O.l
1.1

<O.l
0.3

0.3
_

—

δ 3 4 S
(‰)

23.2
28.5
35.6
_
_
—
—
—
_

_
_

_
_
—

—
—

—

ΣCO 2

(mmol kg )

5.4
7.6

11.7
18.6
18.3
18.0
17.7
16.1
15.8
14.6
14.4
16.0
17.7
8.9

21.2
30.7
26.7
31.9
28.5
24.9
24.8

δ 1 3 C
(‰)

-17.4
-19.0
-27.4
-31.4
-24.6
-13.7

-8.8
-6.4

1.2
2.5
3.7
5.5
6.9
8.7
7.9

10.4
10.8
10.7
10.1
9.9
9.9

pH a

7.4
7.6
7.5
7.6
7.7
8.1
7.6
7.9
7.8
7.8
7.8
7.9
7.9
7.6
7.9
7.4
7.6
7.5
7.6
7.5
7.2

Titration
alkalinitya

(mmol kg )

8.3
11.5
18.0
23.9
25.7
24.9
24.3
23.9
24.1
22.8
23.0
22.5
26.4
34.2
31.9
66.6
39.6
46.8
41.2
47.7
39.8

Shipboard measurements; alkalinity measured in meq 1 * and converted to mmol kg * by dividing by 1.03

b k g i
- 1

— = no analysis.

O r

and alkalinity (mmol kg )

30 40 50 - 60

400 L

Figure 1. δ13C values of CH4 (curve a) and CO2 (curve b) in gas (g) samples, and of ECO2 (curve c) in in-
terstitial water samples, and Σ C O 2 concentration (curve d) and (shipboard) titration alkalinity (TA)
(curve e) as a function of sub-bottom burial depth in sediments of DSDP Holes 533 and 533A. (Double
solid lines on alkalinity curve represent HCO3" concentration-depth trend for purpose of input-output
carbon isotope and carbon mass balance calculations.

is shifted to the right by pressure changes associated with
core retrieval and squeezing. This systematic difference
was not noted in samples from gassy sediments cored on
earlier legs of DSDP (e.g., Leg 15, Hammond, 1973;
Leg 18, Claypool, unpublished data) and may be due to
some change in sampling procedures.

The chemical composition of gas samples is reported
in Table 2. The main components are CH4, CO2, and
C2H6, plus variable amounts of "air" or N2 analyzed as
an undifferentiated chromatographic peak. On an "air"-
free basis, the relative contents of both CO2 and C2H6

generally increase with increasing depth of burial. When
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Figure 2. Shipboard titration alkalinity (TA) versus laboratory mea-
surement of total dissolved CO2 in aliquots of interstitial water
samples from Holes 533 and 533A. (Solid line indicates theoretical
relationship if alkalinity is mainly due to dissolved HCO3~ and if
there is no loss of dissolved CO2 during sampling. Dashed line
shows that experimental points cluster about the relationship in
which total dissolved CO2 equals 0.81 titration alkalinity.)

normalized by CH4 content, the CO2-CH4 ratio initially
drops over the depth interval above 100 m, and then in-
creases between 100 and 400 m. C2H6-CH4 ratio in-
creases exponentially with increasing depth of burial, as
is typical for DSDP sediments. C2H6 content in gas of
predominantly biogenic origin usually reflects both the
original concentration and degree of conversion of C2H6
precursors (proportional to total organic matter content
and temperature history). Therefore, the relatively steep
slope of the exponential C2H6-CH4 gradient reflects
the slightly higher than normal thermal gradient (36 °C
km~1) and above-average (for continental margin deep-
sea sediments) organic carbon contents (1-1.5% at depths
> 150 m).

δ13C values of CH4 and CO2 gas are also shown in
Figure 1. The shallowest gas sample analyzed in this
study (64 m) contained the isotopically lightest CH4 and

CO2, δ13C of -81.3% and -11.9%, respectively. The
δ13C values for CH4 increase regularly with depth, reach-
ing a value of about - 6 8 % at 224 m. Below 200 m the
δ13C of CH4 is relatively constant (- 67.7 ± 0.5%). Dis-
solved ECO2 roughly parallels CH4 in δ13C, but the dif-
ference (Δ13

 [ Σ C O 2 - CH4]) estimated from samples
from the same depth in Tables 1 and 2 decreases regular-
ly from about 82 to 78%. The observed Δ13

 [ Σ C O 2 -
CO2(g)] difference is more variable, but for 7 of 8 sam-
ples falls in the range of 10 to 14%.

DISCUSSION

The amounts and stable isotope ratios of SO|~,
HCO3-, and CH4 in the interstitial fluids of Blake Outer
Ridge sediments at Site 533 reflect the biological activity
of microorganisms operating in the sediments beneath
the seafloor to depths of at least 200 m, and probably
deeper. (In the following discussion, total dissolved CO2

is usually referred to as HCO3~ because that is the pre-
dominant species under in situ conditions). Dissolved
oxygen apparently is absent from the interstitial water
at a very shallow (< 1 m) depth, because the shallowest
pore-water sample (at 1.4 m) shows evidence of extensive
sulfate reduction. Dissolved SOJ~ itself is absent below
about 15 m, so the main process of anaerobic respira-
tion that permits continued metabolic activity at greater
depths in Blake Outer Ridge sediments is CO2 reduction
to yield CH4. Dissolved CO2 is not depleted in these sed-
iments because of continued CO2 replenishment at depth
by "fermentation" and by nonbiological (time-temper-
ature controlled) decarboxylation reactions.

Quantitative Interpretation

In the discussion that follows, equations describing
changes in concentration and stable isotope ratios of
dissolved SO^~ and HCO3~ are applied to interstitial
fluid data from Site 533. These mathematical treatments
are variations of the Rayleigh distillation, and they de-
scribe the isotope ratio of the residual reactant (SO^ ~ or
HCO3-) as a function of reaction progress. In both SO|"
reduction and CO2 reduction, the classical Rayleigh

Table 2. Composition of vacutainer gas samples from gas pockets in cores and
carbon isotope ratios of gaseous CO2 and CH4, Blake Outer Ridge, DSDP
Leg 76.

Sample
(hole-core-section)

533A-1-6
533-20-1
533-22-1
533-24-2
533-28-3
533-34-1
533-40-2
533A-5-6
533A-11-4
533A-15-2
533A-18-4
533A-20-6
533A-24-5
533A-26-4
533A-29-1

Sub-bottom
depth

(m)

64
74
84
93

113
137
161
170
224
259
290
313
348
366
393

Major components

N2-"air"
(vol. %)

21.02
28.24
25.17
22.48
29.13
25.81
27.23
27.59
41.46
27.86
26.87
30.82
25.32
42.95
22.28

C H 4

(vol. °7o)

77.76
70.81
73.70
77.36
70.04
72.28
69.97
71.53
55.89
69.89
71.84
66.41
70.46
52.85
71.46

Minor components,
volume ratios

CO2-CH4

0.015
0.013
0.015
0.002
0.012
0.025
0.040
0.012
0.047
0.032
0.018
0.041
0.060
0.079
0.088

λ 3.
(C 2 -Ci) I0 4

0.28
0.21
0.15
0.16
0.26
0.23
0.25
0.21
0.56
0.59
1.24
1.56
0.91
2.56
2.38

δ 1 3 C (‰)
versus PDB

C H 4

-81.3
-81.3
-79.8
-78.0
-75.9
-73.5
-71.3
-71.3
-68.2
-68.1
-67.1
-68.1
-67.5
-67.2
-67.6

C O 2

-11.9
-11.1

-8/7
_ b
—

-3.5
-2.0
-4 .5
- 2 . 6
-2 .9
-6 .3
-4 .8
-4 .3
-3.8
- 2 . 9

a Shipboard measurement.
" — = no analysis.
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distillation treatment of a fixed initial reactant reservoir
has been modified to allow for addition of reactant dur-
ing the reaction process. The notation and terminology
of the original sources for these mathematical treat-
ments (Claypool, 1974; Wigley et al., 1978) have been
retained in order to avoid detailed description in the
present report, even though some different conventions
are used for similar processes as a result.

The objectives of the quantitative treatment are some-
what different for the two major processes discussed.
For SO^~ reduction, the emphasis is on evaluating the
magnitude of exchange of dissolved ionic constituents
between shallow sediments and overlying seawater. In
addition, the carbon-sulfur stoichiometry for SO|~ re-
duction is examined to evaluate the possibility of appar-
ently anaerobic CH4 oxidation. For CO2 reduction, the
emphasis is placed on estimating the amount of methane
produced.

Sulfate Reduction Zone (0-15 m)

Gradients in both concentration and δ34S of dissolved
sulfate are apparent in the three most shallow samples
from Hole 533 (1.4 m, 3.5 m, and 9.8 m). The number
of samples is insuffient to determine the exact shape of
the curves, but if we make some allowance for possible
uncertainties in the measurements, the data are not in-
consistent with an exponential decrease in SO2.-, as plot-
ted in Figure 3. The terms In C/Co and In R/RQ refer to
the natural log of the normalized concentration and 3 4S/
32S values, where Co = 28 mmol kg-1 and R/RQ = (δ
+ 1000)/(δ0 + 1000), with δ0 = 20‰. If SO2- reduction
is essentially unidirectional and the light and heavy iso-
topes of SO2.- react at different rates as symbolized by

32SO2~ 32k 3 2 S 2 "

3 4 S O 2 - 34k 34S2-

then the ratio of the slopes of the lines in Figure 3 give
an apparent rate constant ratio [(32k/34k) = a] for SO|~
reduction of 1.012, where a comes from a form of the
Rayleigh equation

(ΔlnR/R 0)/(-ΔlnC/C 0) = 1 - (1/α),

and where Δ indicates slope of the lines in Figure 2 (Clay-
pool, 1974). The deviation of the apparent fractionation
factor (αa) from the "true" closed-system a, which is
believed to approach the theoretical equilibrium value
of 1.074 at 25°C (Tudge and Thode, 1951; Sakai, 1957)
is a measure of the amount of SO|- that diffused into
the sediments from the overlying seawater. A semiquan-
titative treatment of marine pore water SO|~ (Claypool,
1974) considers the process of SO^~ reduction as oc-
curring between two end-member examples—complete
"closed system" and complete "open system." Com-
plete "closed system" refers to SO|- reduction without
replenishment by diffusion from overlying seawater.
Complete "open system" refers to sulfate reduction with
replenishment by diffusion in such a manner that there

-1.5
In C/Co

-1.0

/

-0.5

a

/

/ (m
)

-b
ot
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Figure 3. Logarithmic plot of normalized concentration and sulfur iso-
tope ratio versus depth for sulfate dissolved in the interstitial water
of Hole 533 (In C/CQ and In R/RQ refer to the natural logarithm of
the sulfate concentration [C] or *4S/32S [R] divided by the corre-
sponding initial or seawater sulfate values [CQ, RQ]).

is no SC^- depletion and no 34S enrichment in the pore
water, even though coexisting sulfide species may be
strongly depleted in 3 4S. In the complete "closed-system"
example, the apparent fractionation factor obtained
from the Raleigh equation is the same as the "true" frac-
tionation factor (i.e., α a = a = 1.075). In the "open-sys-
tem" example, isotopic fractionation is not reflected in
the pore-water sulfate (i.e., α a = 1.000). For intermedi-
ate examples, the apparent fractionation factor is re-
lated to the relative proportions of SO^~ supplied by
diffusion and burial by the equation

diffusion flux 1.075 - <xa

burial flux - 1

where flux is in mass per unit area per unit time. The
SO|- concentration and δ34S gradients in Hole 533 give
aa = 1.012 from the Raleigh equation. From the equa-
tion above, this value of α a implies that the diffusion
flux is 5.25 times the burial flux.

The flux relationship implies a relatively large ex-
change of dissolved material between seawater and the
sediments of the Blake Outer Ridge. In order to main-
tain charge balance, the influx of SO2,- must be accom-
panied by an influx of cations (Mg2 + , Ca 2 +) or an out-
flux of anions. Flux of dissolved HCO3- out of Blake
Outer Ridge sediments probably compensates for the
bulk of SO2.- influx. The burial flux of SO2.- is given
approximately by the product of sedimentation rate
times porosity times SO|- concentration, or about 2
mmol m~2yr. - ! . If SOJ~ diffusion influx is balanced by
HCO3- outflux, the implication is that about 20 mmol

m -2y r -1 of HCO3- is pumped out of the sediments into
overlying seawater in the region of the Blake Outer
Ridge.

The relationship between dissolved SO|- and (1) dis-
solved Σ C O 2 , (2) titration alkalinity, and (3) the theo-
retical amount of HCO3- generated by the reaction

2CH2O + SO2- -* 2HCO3- + H2S
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is shown in Figure 4. The observed amount of HCO3~ at
any given depth is deficient compared with the amount
expected from the degree of SOJ~ depletion, if it is as-
sumed that SO^~ reduction is coupled with decomposi-
tion of organic matter having the oxidation state of car-
bohydrate, represented by the formula CH2O. As dis-
cussed earlier, the alkalinity provides the best available
estimate of in situ HCO3~ concentration; even so, the
apparent stoichiometric relationship between SO2.- and
HCO3- is less than half that predicted by the reaction
just described.

There are three possible reasons for this apparent
HCO3- deficiency. First HCO3~ concentration could be
depleted due to precipitation of authigenic carbonate.
Second, HCO3~ concentration in the zone of SO|~
reduction could be depleted by diffusion. And third, an
appreciable amount of SO^~ reduction could be coupled
(directly or indirectly) with the decomposition of organ-
ic matter with a lower oxidation state than carbohydrate
(CH2O). Evidence can be presented to support the influ-
ence of each of these processes on the observed HCO3~
concentration in the zone of SO^~ reduction.

The combined Ca2+ and Mg2+ decrease in the inter-
val from 0 to 15 m at Site 533 of about 20 mmol kg-1 is
undoubtedly associated with precipitation of some car-
bonate. Lawrence (1973) discussed authigenic carbonate

10 15 20
HCOó<mmolkg-1)

25 30

Figure 4. Plot of SO^~ concentration versus estimate of HCO3~~ con-
centration, and observed versus theoretical sulfur-carbon stoichi-
ometry for sulfate reduction and apparent bicarbonate deficiency
in shallow sediments (< 10 m sub-bottom) of Hole 533. (Straight
lines are given by the equation HCO3~ = 1 mmol + [28 - S/
C(Sθ4~)], where S/C is the molar ratio of sulfur consumed to car-
bon produced during sulfate reduction. Observed S/C values are
0.46 [line a] or 0.77 [line b], depending on whether HCO3~~ concen-
tration is taken as total dissolved CO2 [ Σ C O 2 ] or titration alkalin-
ity [TA], respectively. Lines c and d illustrate theoretical sul-
fur-carbon stoichiometry for sulfate reduction using methane
[S/C = 1] and carbohydrate [S/C = 2], respectively, as an energy
source.)

precipitation in the zone of SO^~ reduction at Site 148
and found δ13C values for carbonate in bulk sediment
that supports such a process.

Upward diffusion of HCO3~ to seawater must occur,
but this process could not account for the HCO3~ defi-
ciency, if it is coupled with influx of SO^~ that produces
additional HCO3~ upon reduction. Downward diffusion
of HCO3~ into the zone of CH4 generation is more like-
ly, but would have to be coupled with downward diffu-
sion of cations to maintain charge balance. The gra-
dients of HCO3- and Mg2+ below the zone of sulfate re-
duction (0-15 m) indicate that such diffusion would be
possible but may not be a major process.

There is good evidence that CH4 is being oxidized
within the zone of sulfate reduction. The δ13C of ECO2

in pore-water samples from 9.8 and 14.4 m are too light
(δ13C of - 27.4 and - 31.4%, respectively) to be derived
from anaerobic oxidation of normal marine organic
matter. In addition, small concentrations of isotopically
heavy CH4 (δ13C of -42%) occur within the zone of
sulfate reduction at a depth of about 10 m (Brooks et
al., this volume). Both of these isotopic anomalies could
be explained by upward diffusion and oxidation of CH4

within the zone of sulfate reduction. CH4 with δ13C ap-
proaching - 100% is observed at depths of about 20 m
(Brooks et al., this volume). Upward diffusion and oxi-
dation of relatively small amounts of such CH4 would
have a major impact on the δ13C of dissolved HCO3~.
Several studies have shown that 12CH4 is preferentially
oxidized, leaving the residual methane enriched in 13C
(Coleman et al., 1981; Lebedev et al., 1969). The simplest
explanation for HCO3~ deficiency in the zone of SO2^
reduction at Site 533 is anaerobic oxidation of CH4 cou-
pled with sulfate reduction, as in the reaction

CH4 + SO2- - HCO3" + HS- + H2O.

In this reaction, HCO3~:SO^~ stoichiometry is 1:1 in-
stead of 2:1, as in the oxidation of CH2O. That this re-
action can take place as written is not universally accept-
ed (Postgate, 1965; Sorokin, 1957). Although the exact
mechanism may be in doubt, there seems to be little ques-
tion that CH4 is being oxidized in the zone of sulfate re-
duction. Alternative explanations to CH4 oxidation di-
rectly coupled with SO^~ reduction are necessarily more
complex.

Microaerophylic methane-oxidizing bacteria may be
nearly symbiotic with sulfate-reducing bacteria (Cappen-
berg, 1972, Jannasch, 1975). CH4 oxidation could take
place in oxic microenvironments within the generally
anoxic SO^~ reducing zone. For purposes of interpret-
ing processes occurring in the Blake Outer Ridge sedi-
ments, it is probably best to adopt the simplest explana-
tion (CH4 oxidation directly coupled with SO4 reduction)
while realizing that the details of the actual process prob-
ably are more complicated.

Carbonate Reduction Zone (15-400 m)

Below a depth of about 15 m sub-bottom in Hole
533, the trend of increase in dissolved ECO2 concentra-
tion reverses and begins to decrease, and the trend of de-
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crease in δ13C of dissolved Σ C O 2 reverses and begins to
increase (Fig. 1). This depth (= 15 m) marks the transi-
tion between the zones of active SO|~ reduction above
and carbonate reduction-methanogenesis below. Al-
though small amounts of partially oxidized residual CH4

are present at depths shallower than 15 m (Brooks et al.,
this volume), this CH4 likely is (1) diffusing up from the
deeper zone of active methanogenesis or (2) produced in
SO^~-free microenvironments or (3) produced at slow
rates in conjunction with SO^~ reduction, or some com-
bination of these. At any rate, the dominant processes
of anaerobic respiration are effectively separated, if not
mutually exclusive in the strictest sense.

The main objectives of the present study of pore flu-
ids in Blake Outer-Ridge sediments are (1) to evaluate
the amount of CH4 produced during early diagenesis,
and (2) to clarify the factors controlling the chemical
and the isotopic composition of authigenic carbonates
formed during early diagenesis. The carbon reservoir
from which both CH4 and authigenic carbonate are di-
rectly formed is the total dissolved carbonate in the pore
water, which is present mainly as HCOf. However, the
carbon transferred through the dissolved HCO3~ reser-
voir ultimately is derived from unstable carbonaceous-
calcareous solid substances, that is, organic matter, ara-
gonite, and high-Mg calcite. In this study we determine
the changes in the concentration and δ13C of dissolved
HCO3~ as a function of depth of burial or time and relate
these changes, in as quantitative a fashion as is justified
by our present understanding, to the diagenetic processes
of principal interest. This approach is analogous to in-
vestigating the process of sulfate reduction by determin-
ing concentration and δ34S of residual dissolved sulfate.
However, unlike the case of dissolved SO|~ in marine
sediments, which is buried at fixed concentration and is
only replenished by diffusion from overlying seawater,
the dissolved HCO3~ reservoir has more potential inputs
and outputs. This greatly complicates the interpretation
of HCO3- concentration and δ13C in the pore waters of
marine sediments.

Considering interstitial water SO^~, there are two in-
puts (burial, diffusion) and one output (SO|~ reduc-
tion). For total CO2 dissolved in pore waters there are
three inputs (burial, organic-matter decomposition, and
carbonate dissolution) and three outputs (diffusion, car-
bonate reduction-methanogenesis, and carbonate pre-
cipitation). For purposes of initial interpretation of Hole
533 data, the burial and carbonate dissolution inputs
and the diffusion output of HCO3~ in the zone of car-
bonate reduction will be ignored.

The equations developed by Claypool (1974) and used
by Claypool and Kaplan (1974) for the interpretation of
δ13C of HCO3~ and CH4 in marine sediments are "closed-
system" treatments in the sense that only the effects of
outputs (CH4 production, carbonate precipitation) on
the residual dissolved HCOf, the cumulative CH4, and
authigenic carbonate were considered. Commonly, or-
ganic-matter decomposition, with consequent produc-
tion of isotopically light CO2, occurs simultaneously
with CH4 formation. Therefore, both inputs and out-
puts of CO2 must be considered for proper interpreta-

tion of δ13C of HCO3-, CH4, and authigenic carbonates
forming in marine sediments. Equations that treat the
changes in concentration and δ13C of dissolved CO2 as a
function of input-output rates and extent of reaction
progress have been presented by Wigley et al. (1978),
and are adapted here for interpretation of Hole 533 re-
sults.

The concentration and δ13C of dissolved HCO3~ and
the δ13C of CH4 in sediments of Holes 533 and 533A in
the zone of carbonate reduction (below the 15-m sub-
bottom depth) are examined in three separate depth in-
tervals—15 to 100 m, 100 to 200 m, and 200 to 400 m.
Within each depth interval, concentration trends are
regular and "steady-state" conditions are assumed in
the sense that increasing depth of burial is considered to
be equivalent to advancing time at a given sedimentary
horizon with respect to extent of progress of diagenetic
reactions. The parameters of the simplest Wigley et al.
(1978) equations that satisfactorily duplicate the con-
centration of dissolved HCOf and the δ13C of HCO3-
and CH4 in Hole 533 are summarized in Table 3.

The δ13C of CH4 is not given by the Wigley et al.
(1978) equations, but was calculated from isotope mass
balance equations. A comparison of the observed
(points) and calculated (lines) δ13C values versus nor-
malized Σ C O 2 concentration (mC/mC0) is shown in
Figure 5. The initial HCO3~ concentration (mC0) and
δ13C are those observed at the top of each depth inter-
val. Input-output ratio (T) is the principal unknown:
other parameters are fixed by observation or reasonable
assumption. Trial-and-error calculations of δ13C were
performed using the 1-input-1-output equation and dif-
ferent values for T. These calculations were highly sensi-
tive to small changes in the input-output ratio, and val-
ues of 0.78 and 2 duplicated the observed data within
the limits of analytical uncertainty, over the depth inter-
vals 15 to 100 m and 100 to 200 m, respectively.

In these input-output situations, the input is dis-
solved CO2 having δ13C of -23‰, which is derived
from the anaerobic oxidation of organic matter. The

Table 3. Parameters of input-output carbon isotope and mass balance
equations (Wigley et al., 1978) that satisfactorily reproduce con-
centration and δ ^ c of dissolved CO2, and δ ^ c of CH4 observed
in pore fluids of Holes 533 and 533A.

Sub-bottom
depth

interval
(m)

Initial HCO3~

(mmol kg
<mCo)

') (%)
No. of
inputs,
outputs

Input-to-
output
ratio
(T)

Carbonate-
to-methane

output
ratio
(7)

Methane output
(mmol kg— 1)

Depth
interval

15-112
112-200
200-400
200-400

-30
5.5

10.4
10.4

1,1
1,1
0,1
1,2

0.78
2
0
0.98

0
0
0
1.2

Note: The Wigley et al. (1978) equation for the 1,1 or 1,2 input, output case is:

. / me \{0r/u +7 + r)}
/3RR ( i 3 R R * ) ( ^ y '

where,

(when solution-carbonate fractionation is ignored) and, R = ' c / C, R* = R of input CO2, Ro
= R of ECO2 at start of reaction, mC = molality of ECO2, mCç, = molality of ECO2 at start of
reaction, ems = additive CH4-ECO2 fractionation factor, 10^(α - 1), T = ratio of CO2 input to
CO2 output, 7 = ratio of carbonate output to methane output, a = kinetic fractionation factor for
CO2 reduction,and O/mCQ = CO2 output normalized by original ΣCC>2 concentration.
'^C of bicarbonate, at start of reaction, as defined by Wigley et al., 1978.
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Figure 5. Observed (points) versus calculated (lines) δ13C values for CH4 and Σ C O 2 as a function of extent of
reaction, as indicated by change in normalized concentration of Σ C O 2 (mC/mQ), for the two depth inter-
vals (15-112 m and 112-200 m) over which Σ C O 2 concentration changes due to methanogenesis. (Double
lines for each data set are for different assumed values of the C H 4 - Σ C O 2 additive fractionation factor

output is CH4 that is depleted in 13C by 70% relative to
the dissolved CO2 at the instant of formation. In order
to reproduce the observed ECO2 concentration and δ13C
trends, a major increase of input-output ratio from 0.78
to 2.0 was required at about 100 m. That is, the rate of
CO2 production was less than 80% of the rate of CH4

production over the interval from 15 to 100 m. In con-
trast, the rate of CO2 production was twice that of CH4

production in the depth interval from 100 to 200 m.
Below an unconformity at the Pliocene/Pleistocene

boundary (150 m) sediment accumulated more rapidly
and contains more organic carbon. This transition to
relatively organic-rich sediment indicates a significant
departure from steady-state sediment accumulation and
diagenesis. A major increase in alkalinity is observed
below the unconformity, and a similarly abrupt alkalin-
ity decrease occurs over the depth interval 210 to 250 m.
The two unusually high alkalinity observations at 193
and 218 m (equivalent to HCO3~ concentration of 66
and 69 mmol kg~1, respectively) were not considered
for purposes of the calculations summarized in Table 3
and Figure 5. Initial trials showed that increase in both
concentration and δ13C of HCO3~ could not be main-
tained for the 1,1 example (Table 3) if the input-output
ratio was raised above 2.14 while the other parameters
of Table 3 were kept constant. If these high alkalinity
values are real, then input of isotopically heavier HCO3~
is required, possibly from CO2 derived from organic-
matter decarboxylation and neutralized by dissolution
of biogenic carbonate. For purposes of simplifying the
calculations, and in accordance with the steady-state as-

sumption, the less extreme fluctuations shown by the
Σ C O 2 curve have been used, even though it was previ-
ously argued on other grounds that the alkalinity is a
better measurement of the in situ HCO3~ concentration.

The overall trend of both the inferred HCO3~ concen-
tration and the δ13C shows a slight decrease between 200
and 400 m. The 1,1 example (Table 3) will not duplicate
this change if the input δ13C of - 2 3 % and the output
fractionation of -70%0 are maintained. Either the 0,1
example (Table 3) with carbonate precipitation being the
only output, or the 1,2 example (Table 3) with formation
of more authigenic carbonate than methane, will dupli-
cate the observed small decrease in both HCOf concen-
tration and δ13C.

If the apparent small decreases in HCO3~ concentra-
tion and δ13C are real effects of dynamic diagenetic pro-
cesses, precipitation of significant amounts of authigen-
ic carbonate at depths greater than 200 m is implied.
Drilling at Site 533 was terminated at 400 m to avoid ap-
proaching the theoretical depth of gas-hydrate instabil-
ity. The presence of significant occurrences of authigen-
ic carbonates (nodules, layers) was not noted in the ini-
tial hole summaries. This result is in contrast to the drill-
ing on Leg 11, Holes 102, 103, and 104 on the Blake
Outer Ridge about 50 km southeast of Hole 533, where
abundant ankerite-siderite precipitation was noted (Lan-
celot et al., 1972). These Leg 11 carbonates were best
developed at depths of 550 to 600 m, so it may be that
similar carbonate layers would have been found if drill-
ing had been continued in Hole 533. In any case, the fit-
ting of input-output Rayleigh equations to the data of
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Hole 533 suggests that authigenic carbonate precipita-
tion is associated with (or follows) methane formation.
This suggestion is consistent with past observation of
the sediments in this region. Sampling and isotopic anal-
ysis of such authigenic carbonates would be an interest-
ing test of the calculations described above.

Given the input-output ratios calculated from the
Wigley et al. (1978) Rayleigh equations and the observed
changes in concentration, the CH4 output can be esti-
mated. The total output as a fraction of initial total dis-
solved carbonate is related to the normalized concentra-
tion by

mC0 = {1 - (mC/mC0)}{l/(l - T)}

according to the notation of Wigley et al. (1978), as ex-
plained in Table 3. The best fit of Hole 533 data over the
depth interval from 15 to 100 m using the 1-input-1-out-
put equation indicates a total CH4 output of about 17
mmol kg~1. For the depth interval from 100 to 200 m,
an additional 17 mmol kg"1 would be produced to give
a total cumulative CH4 output of about 34 mmol kg-1

at 200 m. The concentration and δ13C changes between
200 and 400 m are so small that calculations by this tech-
nique are relatively insensitive, yielding CH4 outputs
over this depth interval in the range of 0 to 20 mmol
kg~1, depending on the equations and parameters used
to fit the data. These calculations suggest total cumula-
tive methane output in the range of 35 to 55 mmol kg- l

in the pore water of Blake Outer Ridge sediments at a
depth of 400 m. Methane concentrations of about 175 to
200 mmol kg-1 are believed to be required to saturate
pore waters of marine sediments under pressures of a
3.5 to 4 km water column (Rice and Claypool, 1981, fig.
6). Only methane in excess of saturation is available for
gas-hydrate formation. Accordingly, these calculations
suggest that methane is not present in sufficient quanti-
ties to stabilize methane hydrate in Blake Outer Ridge
sediments. However, it is a fact that gas hydrate was re-
covered from a depth of 238 m in Hole 533A. More-
over, geophysical evidence (Tucholke et al., 1977; Dil-
lon et al., 1980) suggests that gas hydrates are vertically
and horizontally widespread in the Blake Outer Ridge
region. Therefore, either the amount of CH4 estimated
by input-output calculations to have been generated is
too low or the methane solubility estimates are too high,
and smaller amounts of methane can stabilize gas hy-
drate.

Equilibrium considerations can also be used to esti-
mate concentration of CH4 in Holes 533 and 533A sedi-
ments in conjunction with the observed CO2-CH4 ratio
in the gas phase. The measured alkalinity, pH, and equi-
librium constants (Stumm and Morgan, 1981, table 4.8,
p. 205) for the carbonate system permit estimation of in
situ concentration of total dissolved carbonate present
as CO2 (or H2CO3) from the equation

Kt = (H+)(HCO3-)/(H2CO3) = I 0 - 6 1

Solving this equation for (H2CO3) and dividing by the
observed CO2-CH4 ratio provides an estimate of the in

situ CH4 concentration. The CH4 concentrations esti-
mated by this type of calculation are shown in Figure 6,
along with the interpreted trends in pH and alkalinity
used for the calculation.

The CH4 concentrations calculated in this manner
provide order of magnitude agreement with the estimates
of methane output given by the Wigley et al. (1978) Ray-
leigh equations. The equilibrium dissolved CO2 concen-
trations (as H2CO3) and the measured CO2-CH4 ratios
suggest in situ CH4 concentrations of from 20 to 125
mmol kg- l. By this method of calculation, higher calcu-
lated CH4 content is produced by lower pH and CO2-
CH4 ratios and higher alkalinities. Thus outgassing of
CO2 from pore waters would cause this estimate to be
biased on the low side. This outgassing loss would be
balanced to an unknown extent by bias on the high side
because CO2 is more soluble in water than CH4. There-
fore, the CO2-CH4 ratio in gas pockets is lower than the
same ratio in the total dissolved gas under in situ condi-
tions. There are three apparent minima in the CO2-CH4

ratio versus depth curve shown in Figure 6A, at 90 m,
180 m, and 285 m. The most shallow CO2-CH4 ratio
minimum occurs in a region of higher pH (7.8), and re-
sults in a calculated CH4 concentration of about 62
mmol kg-1. The other two CO2-CH4 ratio minima oc-
cur at depths where measured pH values were approach-
ing 7.5 and 7.3 and give rise to calculated CH4 concen-
trations of about 102 and 125 mmol kg- l. These depths
of highest calculated CH4 concentration (180 and 285
m) correspond with (but are offset down by about 25 m
from) the approximate depth intervals of greatest ob-
served core disturbance due to high gas content as noted
by shipboard personnel (Kvenvolden and Barnard, this
volume).

Major uncertainties are inherent in this equilibrium
method for estimating dissolved CO2 and CH4 content
of sediments, but improvements could be made by use
of the in situ pore-water sampler. This calculation meth-
od and the results for Holes 533 and 533A are outlined
here more for purposes of indicating another approach
to interpretation of the data rather than to suggest that
CH4 content has been accurately estimated with the pres-
ent data.

Interpretation of Organic-Matter
Decomposition Processes

The changes in concentration and stable isotope ratio
of anerobic respiratory metabolites (SO^-, HCO3",
CH4) have been reasonably well documented at Holes
533 and 533A. Quantitative treatment provides combi-
nations of inputs and outputs of the respiratory metabo-
lites at various depths in the sediments of the Blake
Outer Ridge that are consistent with the observed data.

The major processes-reactions responsible for input
and output of carbon to and from the dissolved HCO3"
reservoir are summarized in Table 4. Anaerobic oxida-
tion reactions must be coupled with respiration process-
es to maintain the flow of electrons and permit energy-
yielding metabolic activity (Stanier et al., 1970, p. 215).
Two types of anaerobic oxidation reactions are shown
in Table 4. The first type (la) represents the complete
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Figure 6. Interpreted trends (dashed lines) of A. CO2-CH4 ratio, B. pH, and C. HCO3 as a func-
tion of sub-bottom depth of burial in Holes 533 and 533A. (The solid line in C. is the calculated
CH4 concentration, assuming that the CO2-CH4 ratio in gas pockets is directly proportional to
the in situ H2CO3-CH4 ratio in the sediments. H2CO3 is estimated from pH, alkalinity, and the
first ionization constant for carbonic acid. Also indicated in C. is the approximate CH4 concen-
tration required to stabilize CH4 gas hydrate. Observed data points are plotted as crosses or
open circles.)

Table 4. Early diagenetic processes affecting concentration and
of total dissolved carbonate in pore waters of marine sediments.

Inputs

1. Anaerobic oxidations:
a. CH2O + H 2 O - CO 2 + 4e~ + 4H +

b. RCHO + H 2 O - RCOOH + 2e"" + 2H +
2. Spontaneous (thermal) decarboxylation:

RCOOH - RH + CO 2

3. Carbonate dissolution:
CaCO3 + CO 2 + H 2O - Ca + + + 2HCO3-

Outputs

4. Methanogenesis-CO2 reduction:
CO 2 + 8e~ + 8H+ - CH 4 + 2 H 2O

5. Authigenic carbonate precipitation:
(Fe + + , Mg+ + , C a + + ) + 2 HCO3"" - (Fe, Mg, Ca) CO3 + CO 2 + H 2 O

CO 2 Buffering

6. Silicate reaction:
NaAlSi3θg + CO 2 + 5 1/2 H2O - Al2Si4Oio + HCO3"
(albite) (kaolinite)

2H4SiO4

anaerobic oxidation of carbohydrate to CO2, with gen-
eration of four electrons (or 2 H2). The other type of
anaerobic oxidation (lb) illustrates electron generation
without accompanying CO2 production, as in the con-
version of an aldehyde to an organic acid. This type of
electron- (or hydrogen-) generating reaction seems to be
required because methane production via CO2 reduction
usually is not accompanied by the CO2 input implied by
the stoichiometry of reaction la (Table 4).

A second type of CO2 input process (2) shown in Ta-
ble 4 represents nonbiological, spontaneous CO2 gener-
ation governed by first-order (time-temperature depen-
dent) chemical kinetics. This process results in CO2 gen-
eration without production of electrons or hydrogen,
and constitutes a "fermentation" reaction in the strict
biochemical sense, because electron transfer occurs with-
in the reactant organic acid molecule and results in the
production of a more reduced product (schematically
shown as a hydrocarbon) and a more oxidized product
(CO2). Biologically mediated direct fermentation of ace-
tic acid is an important CH4-generating process in many
nonmarine environments (Games and Hayes, 1976). Ace-
tate fermentation is not proposed to be important for
CH4 generation in anoxic marine sediments, because no
mechanism is available in this process to produce the
observed carbon and hydrogen (Schoell, 1980) isotope
effects.

A third type of carbon input shown is carbonate dis-
solution. Although reaction 3 as shown in Table 4 results
in the consumption of 1 mole of CO2, there is produc-
tion of 2 moles of HCOf, so the result is a net input of 1
mole of ECO2 to the pore water.

The major carbon outputs from the pore-water ECO2

system are CH4 production (reaction 4), and authigenic
carbonate precipitation (reaction 5). CH4 production by
CO2 reduction requires a continuous supply of electrons
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from anaerobic oxidation reactions (la, lb). Authigenic
carbonate precipitation offsets the chemical effects of
CO2 removal by CH4 production, and appears to be
closely linked to CO2 reduction.

Also shown in Table 5 is a type of silicate reaction (6)
that, in the absence of more reactive phases, can buffer
the chemical effects of CO2 production and consump-
tion, but itself produces no net change in ECO2 concen-
tration in pore waters. When CO2 is in excess, a reaction
such as the decomposition of feldspar to form clay min-
erals would supply the alkalinity to maintain pH neutral-
ity. If electrons are in excess, the reverse reaction could
occur to furnish CO2 to act as an electron acceptor, with
consequent CH4 formation and production of authigen-
ic feldspar.

In the sediments of the Blake Outer Ridge cored in
Holes 533 and 533A, reactions such as la of Table 4 are
most important in the zone of SO|- reduction (0-15 m
sub-bottom), with the electrons being consumed by re-
duction of SOl~. Anaerobic oxidation coupled with
SO|- reduction causes the initial buildup in concentra-
tion of isotopically light HCO3~. The fact that dissolved
HCO3- has δ13C as light as - 3 1 % indicates that about
10% of the HCO3- comes from oxidation of CH4. Be-
low a sub-bottom depth of 15 m down to about 100 m in
Hole 533, the decrease in HCO3- indicates that CO2 is
removed by CH4 production at a faster rate than CO2 is
produced by anaerobic oxidation of organic matter. The
requirement of an electron source for CO2 reduction im-
plies that non-CO2-generating anaerobic oxidations such
as reaction lb of Table 4 are important in this depth in-
terval.

Dissolved HCO3~ increases sharply over the depth in-
terval from 100 to 200 m in Holes 533 and 533A. The
occurrence of a second pulse of apparent CO2 produc-
tion, deeper than that associated with sulfate reduction,
is a common feature of rapidly accumulating deep-sea
sediments cored by DSDP. Some examples are the alka-
linity profiles from Holes 147 (Hammond, 1973), 174A
(Waterman et al., 1973), 262 (Cook, 1974), and 467
(Gieskes et al., 1981), as well as 533 and 533A. In Holes
147 and 174A, the depth of the second alkalinity or
HCO3~ maximum was predictable from the time-tem-
perature history of the sedimentary sequence and simple
first-order decarboxylation of organic matter with rea-
sonable, experimentally verified kinetic constants (Clay-
pool, 1974). Although similar calculations have not
been made for the data from Holes 533 and 533A, low-
temperature decarboxylation, coupled with carbonate
dissolution (reactions 2 and 3 of Table 4), possibly may
be the major CO2-generating processes in the depth in-
terval from 100 to 200 m, with CO2 reduction (reaction
4) being the main CO2-removal process.

Input-output calculations for mass balance and car-
bon isotopic evolution of dissolved CO2 did not require
carbonate precipitation as an output, except in the depth
interval between 200 and 400 m, where HCO3- decreases.
The small changes in δ13C of HCO3- or CH4 over this
depth interval limit the sensitivity of input-output cal-
culations, so there is no certainty as to whether carbon-
ate precipitation occurs after CO2 production from or-

ganic-matter decomposition and CH4 production have
ceased or if these processes accompany carbonate pre-
cipitation.

More detailed interpretation of the interplay of the
CO2 input, output, and buffering process outlined in
Table 4 is not possible on the basis of the interstitial
water chemistry alone. Knowledge of the abundance
and isotopic composition of authigenic carbonate as a
function of depth also is required.

SUMMARY AND CONCLUSIONS

1. Aerobic respiration and SO|~ reduction are con-
fined to the upper 15 m of sediment at Site 533 on the
Blake Outer Ridge. The balance between sediment accu-
mulation rate and SO|~ reduction rate is such that
about 85% of the SO^~ being reduced has diffused into
the sediment from overlying seawater. The remaining
15% of the SO|~ being reduced was in the pore water
buried with the sediment.

2. The δ13C of HCO3- and CH4 in the lower part of
the SO|~ reduction zone and the apparent C:S stoichi-
ometry for SOl~ reduction indicate that CH4 oxidation
is occurring above the zone of CH4 generation. The main
source of the CH4 being oxidized in the zone of SO|~ re-
duction is upward diffusion from the underlying zone of
CH4 generation.

3. Below a depth of 15 m in the sediment of Hole 533
the effects of CH4 generation by CO2 reduction are re-
flected both in the formation of gas pockets in the cored
sediment and in the changes in δ13C of HCO3~~ and CH4.
The shallowest unaltered CH4 has δ13C of about - 95 to
- lOO‰, and is being formed from CO2 in equilibrium
with dissolved HCO3- that has δ13C of - 3 1 % . With in-
creasing depth of burial over the depth interval from 15
to 100 m in Hole 533, the δ13C of coexisting CH4 and
HCO3" change in a manner that is consistent with the
CH4 product being kinetically fractionated and not in
isotopic equilibrium with the residual CO2. At greater
depths of burial, the exact relationship between the δ13C
of CH4 and HCO3~ is obscured by effects of nonsteady-
state diagenesis and multiple carbon inputs.

4. When the changes with depth in δ13C and concen-
tration of HCO3~ are duplicated by input-output mass
balance equations (Wigley et al., 1978), cumulative CH4

production of only 35 to 55 mmol kg~1 is required to
produce the observed changes. In addition, in situ dis-
solved CO2 (as H2CO3) can be estimated from alkalini-
ty, pH, and the first ionization constant for carbonic
acid. If the in situ dissolved CO2-CH4 ratio is propor-
tional to the observed CO2-CH4 ratio in gas pockets,
then the calculated dissolved CO2 concentrations imply
CH4 concentrations in the range of 20 to 125 mmol
kg~1. These independent estimates suggest that CH4

concentration is insufficient to saturate the pore water
and stabilize CH4 hydrate. Gas hydrates are observed in
Blake Outer Ridge sediments, however. This fact means
that either the calculations are invalid, or some other
CH4 generating process is operating, or that CH4 is not
uniformly dispersed through the sediment but is some-
how concentrated in discrete zones of high CH4 content.
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