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Abstract 

Vertical profiles of sediment and pore-water constituents and rates of microbially mediated 
geochemical processes were determined in surficial sediments (0-7-cm depth) of three stations in 
and around Isla Vista hydrocarbon seep off Santa Barbara, California. Measurements were made 
of pore-water alkalinity (total and carbonate), pH, Eh, dissolved oxygen, sulfate, and sulfide, total 
sedimentary organic carbon (TOC) and nitrogen, ATP, sulfate reduction and dark bicarbonate 
uptake and incorporation, and oxygen flux across the sediment-water interface in benthic chambers. 

In general, alkalinity, pH, sulfide, TOC, ATP, and all rate processes were greatest in sediments 
of that station (A) with active seepage and decreased with increasing distance from the seep. Sulfate 
depletion and extremely low Eh values occurred in station A sediments. At a station (B) with lower 
seepage rates than station A, sedimentary and pore-water constituents and rate processes were 
intermediate to those measured at station A and a station (C) without seepage. Pore-water and 
sedimentary constituents as well as oxygen flux were strongly correlated with total extractable 
sedimentary hydrocarbons (TEH) measured at each station and for each corresponding depth 
interval. All parameters exhibited seasonal differences that may have been temperature-dependent. 

The greater concentrations of TEH, sulfide, and alkalinity with increasing sedimentary depth 
indicate that seep sediments are a source of these constituents to the water column and a sink for 
02 and S042-. The strong heterotrophic, and possibly chemoautotrophic, character of seep sedi- 
ments resembles that of other organically enriched systems. The diagenesis of petroleum hydro- 
carbons is a function of the biogeochemical patterns and microbial heterotrophic activities in 
surficial sediments. 

Organic enrichment or loading of marine 
sediments may alter not only their biotic 
components (Pearson and Rosenberg 1978) 
but, either directly or indirectly, their sed- 
imentological (Johnson 1974; Nichols 1974; 
Rhoads 1974) and geochemical (Stanley et 
al. 1981; Duff 1981) structure as well. Mi- 
crobiological and faunal changes and sed- 
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imentological and geochemical shifts ac- 
companying enrichment are inextricably 
linked (ZoBell 1942; Price 1976; Aller 1982). 
This coupling is due primarily to the initial 
microbial response to organic enrichment 
(i.e. degradation and concomitant utiliza- 
tion of available electron acceptors) fol- 
lowed by any toxicological, physiological, 
or behavioral responses exhibited by in- 
fauna to the organic loading itself, to me- 
tabolites produced from organic degrada- 
tion, or to the altered geochemical 
environment. Qualitative and quantitative 
shifts in the structure of infaunal assem- 
blages will simultaneously result in similar 
changes in mechanisms of bioturbation and 
the extent to which constitutents such as 
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oxygen and sulfides are advected into and 
out of sediments. Sedimentological prop- 
erties that influence or control diffusion and 
pore-water movement, including effective 
grain size, porosity and available surface area 
(altered by particle aggregation), will also be 
affected (Johnson 1974; Nichols 1974). The 
ability to discern cause and effect between 
the geochemical environment, microbes, 
and multicellular organisms may be en- 
hanced in organic-rich marine sediments 
and may prove useful in understanding how 
sedimentary systems in general function. 

Petroleum represents one form of organic 
enrichment in marine sediments. Although 
most case studies involving petroleum in 
sediments concern the effects of acute, large- 
scale spills (Atlas et al. 1981; Teal and How- 
arth 1984), the existence of areas of natural 
petroleum seepage offers the opportunity to 
study the long-term impact (seeps persist 
from tens to thousands of years) of petro- 
leum on the structure and function of ben- 
thic systems and provides a unique per- 
spective on the biogeochemical processes 
occurring in organic-rich sediments. The 
areal extent of coastal, continental margin 
environments which may be influenced, 
either directly or indirectly, by seep-type 
features is potentially large. Indeed, over 
2,000 seeps are known to exist in the South- 
ern California Bight alone with many more 
in the nearshore circum-Pacific and Gulf of 
Mexico regions (Fisher 1978). 

Most organic-rich sediment systems re- 
ceive their organic inputs from above in the 
form of particulate detritus or organic ma- 
terial. Sediments that do not exhibit de- 
creasing organic content with increasing 
depth are generally subject to alternate 
means of organic transport into the sedi- 
ment column (e.g. bioturbation, sediment 
mixing by tidal or fluvial currents or wave 
action) or autochthonous carbon produc- 
tion by chemoautotrophs (Kepkay and 
Novitsky 1980). In contrast, seep sediments 
have a constant upward flux of petroleum 
carbon that emanates from underlying de- 
posits (Reed and Kaplan 1977). This flux is 
in the form of dissolved hydrocarbons, oil 
globules, and natural gas bubbles flowing 
through transient conduits up to 0.5 cm in 
diameter (Allen and Mikolaj 1970; Blumer 
1972). ("Petroleum" will hereafter refer to 

all forms of hydrocabons, including gases.) 
Substantial quantities of other solutes con- 
tained in petroleum formation waters may 
also percolate through these sediments, 
mixing with or replacing native pore waters 
(Collins 1975). The total flux of petroleum 
from the Coal Oil Point seepage area off 
Santa Barbara has been estimated to range 
from 15 to 400 bbl d-l (Fisher 1978). Total 
organic carbon, petroleum, and individual 
hydrocarbons all increase with depth in the 
sediment column (Bauer et al. in prep. a). 
Hence, seep sediments represent an invert- 
ed model of typical organic carbon input to 
sediments. The biogeochemical equilibra- 
tion of these sediments has unique impli- 
cations for the cycling of organic carbon and 
inorganic nutrients, as well as for the ecol- 
ogy of the micro-, meio-, and macrofauna 
from seep-type sedimentary environments 
(Spies and DesMarais 1983; Brooks et al. 
1987). 

An intensive study of the biogeochemical 
character of sediments and pore waters from 
three stations surrounding the Isla Vista pe- 
troleum seep (one discrete seep in the Coal 
Oil Point group) was undertaken. Particular 
attention was given to potential alterations 
in geochemical constituents and microbial 
mineral cycles as a function of season, the 
observed site-specific gradients in concen- 
trations of total sediment hydrocarbons, and 
sediment depth, especially as this relates to 
the concept of inverted petroleum carbon 
flux. It is concluded that sediments in areas 
of intense seepage share some common fea- 
tures with those from areas enriched with 
different forms of organic matter, but other 
features seem to be unique to the seep en- 
vironment. 

Materials and methods 
Site description and sediment sampling- 

Sediments were collected from three sites at 
varying distance from the center of active 
petroleum seepage in the Isla Vista seep lo- 
cated off Coal Oil Point, Santa Barbara, Cal- 
ifornia (Fig. 1). The area of this seep has 
been estimated to be 1,000 m2 (Allen and 
Mikolaj 1970), but localized sites of active 
emission are 0.25-2.0 m2 in area (Spies et 
al. 1980). All sites were at a depth of 16 m. 
Station A is in the center of the area of most 
active seepage and is characterized by a 
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Fig. 1. The study area, showing the positions of the 
three sampling stations relative to the Isla Vista and 
Coal Oil Point seeps. 

steady emission of oil globules and gas bub- 
bles from sediments. Surface sediments of 
station A can contain up to 2.2 mg cm-3 of 
wet sediment of TEH, and concentrations 
generally increase with sediment depth (Fig. 
2). Station B is outside the area of intense 
seepage and is about 10 m north of station 
A. Sediments from station B contain weath- 
ered oil in the form of tar as well as occa- 
sional droplets of fresh oil (Montagna et al. 
1986). Concentrations of TEH range up to 
0.4 mg cm-3 of wet sediment in station B 
surface sediments (Bauer et al. in prep. a). 
Station C is 1.4 km east of station A and 
has served as the comparison station in pre- 
vious studies. Values of TEH at station C 
are generally <0.1 mg cm-3 of wet sediment 
(Bauer et al. in prep. a). Mean in situ sea- 
water temperatures were 15.4?, 13. 10, and 
1 7. 5?C over the course of the three sampling 
periods (April, July, and December 1986), 
each of which lasted 5-6 d. The abbrevia- 
tions used here and their definitions are list- 
ed in Table 1. 

Sediments were collected by divers. Par- 
ticle-size distributions are uniform at the 
stations within the study area (Spies and 
Davis 1979). Plastic syringe corers (60 cm3 
with ends removed) were gently inserted into 
sediments by hand while simultaneously 
withdrawing the plunger. Corers containing 
sediment were then removed and the open 
ends sealed with No. 6 butyl rubber stop- 
pers. Smaller corers (10 cm3) were used for 
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Fig. 2. Vertical profiles of TEH in sediments of 
stations A (O), B (E3), and C (U) in July and December 
(from Bauer et al. in prep. a). Sediments were extracted 
with cold acetonitrile and TEH were composed pri- 
marily of aromatic hydrocarbons. Note scale differ- 
ences. 

sulfate reduction and bicarbonate uptake 
incubations. Three replicate cores were tak- 
en for each parameter measured. Samples 
were kept cool and in the dark and were 
transported to the Marine Science Institute 
of the University of California at Santa Bar- 
bara where they were processed within 1 h. 

Sediment and pore-water measure- 
ments-Measurements of whole-sediment 
constituents were made by extruding sedi- 
ment cores from the core tubes and sec- 
tioning with a sterile Teflon spatula at depth 
intervals of 0-1, 1-2, 2-4, 4-6, and 6-8 cm. 
These intervals were chosen on the basis of 
preliminary Eh profiles at each of the three 
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Table 1. List of abbreviations, their meanings and units. 

Meaning Units 

ATP Adenosine triphosphate ng cm-3 of wet sediment 
AVS Acid-volatile sulfides AM 
BOD Biological oxygen demand mmol m-2 d-' 
COD Chemical oxygen demand mmol m-2 d-' 
DIC Dissolved inorganic carbon mM 
TEH Total extractable hydrocarbons mg cm-3 of wet sediment 
TOC Total organic carbon % by wt 
TOD Total oxygen demand mmol m-2 d-' 

stations (Montagna et al. 1987). To obtain 
pore waters from the same depth intervals, 
we placed sediment sections in a simple 
pore-water extractor consisting of a perfo- 
rated plastic cartridge lined with a Nitex 
mesh insert and a glass-fiber filter. The en- 
tire assembly was inserted into a 50-cm3 
disposable plastic centrifuge tube (Coming 
Glassworks). Samples were centrifuged at 
1,000 x g for 5-10 min. 

An alternate method was used to obtain 
pore waters for the measurement of dis- 
solved oxygen and sulfide due to the highly 
labile nature of these constituents. Long sy- 
ringe needles (1 3 gauge) were marked at 0. 5 - 
cm intervals and attached to 5-cm3 plastic 
syringes that were inserted into the sedi- 
ment by divers. Pore water (1-5 ml) was 
then drawn into the syringe after which the 
needle was removed and the syringe tip was 
capped. The needle was placed onto a clean 
syringe and pore water from the next depth 
was withdrawn. 

Sediments were prepared for analysis of 
total organic carbon and nitrogen by drying 
at 50?C for 24 h, after which they were 
ground to a fine powder with mortar and 
pestle. The powder was stored in a clean 
scintillation vial. Inorganic carbon was re- 
moved from subsamples of the powdered 
sediments by allowing them to react with 
concentrated HCI vapor (Hedges and Stem 
1984). Briefly, a thin layer of powder from 
each sample was spread on the bottom of a 
glass dish and placed in a desiccator. A Petri 
dish containing concentrated HCI was placed 
in the bottom of the desiccator for 4 d. Any 
shell fragments present in the sediment 
samples reacted completely with the acid 
during this treatment. Samples were again 
placed in clean vials and diluted with dis- 
tilled water. The supernate was drawn off 

after 24 h, and the samples were again 
brought to dryness and stored until analysis. 
Although Froelich (1980) demonstrated 
losses of organic carbon of 5-45% by 
aqueous acid treatment, the distilled water 
wash was deemed necessary to avoid dam- 
age to the CHN analyzer. 

A Perkin-Elmer 240B elemental analyzer 
was used for sample analysis. Sample sizes 
of 10-30 mg for sediments from stations A 
and B and up to 120 mg from station C were 
necessary for adequate detection of organic 
carbon. Both the untreated (for total C, i.e. 
organic + inorganic) and acid-treated (for 
total organic C) portions of each sediment 
sample were analyzed. The difference in car- 
bon content between the two fractions rep- 
resents the total inorganic carbon content 
of these sediments. 

Measurements of sediment pH and Eh 
were made on intact cores at the midpoint 
of each core section immediately after the 
preceding section had been removed. Pore- 
water pH was determined with a pH elec- 
trode by inserting it into extracted pore water 
after standardization with pH reference so- 
lutions. Sediment Eh was determined with 
an electrode inserted directly into core sec- 
tions as the core was extruded. The elec- 
trode was periodically calibrated with a 2 
M solution of ammonium sulfate. Both 
electrodes were interfaced to a portable pH 
meter equipped with an Eh adaptor (model 
4; Coming Glassworks). 

Pore-water alkalinity was measured by the 
methods of the American Public Health As- 
sociation (1985) and Strickland and Parsons 
(1972). Methyl-red indicator solution (1-2 
drops) was added to each 1-2 ml of extract- 
ed pore water and the sample was titrated 
with 0.0020 N HCI to an endpoint of pH 
4.3. The volume of acid necessary for this 



Hydrocarbon seep biogeochemistry 1497 

titration was noted on a burette with 0.05- 
ml increments. The initial (i.e. untitrated) 
pH of all pore-water samples was <8.3 and 
the phenolphthalein alkalinity was there- 
fore assumed to be zero. Total alkalinity was 
determined from the volume and normality 
of the titrating acid. Carbonate alkalinity, 
total C02, and the partial pressure of CO2 
as well as the concentrations of C02, HC03-, 
and C032- were calculated from total al- 
kalinity, salinity, temperature, and pH of 
the pore-water sample. Calculations were 
made according to the formulas of Strick- 
land and Parsons (1972). 

Pore-water sulfate was determined gravi- 
metrically (Am. Public Health Assoc. 1985). 
Subsamples of 0.2-gm-filtered pore water 
(3-5 ml) were placed in clean, acid-rinsed 
glass vials (20 ml), and 50% (vol: vol) HCI 
was added in excess. Samples were heated 
to boiling, and 5 ml of a warm, 100 g liter-l 
solution of BaCl2 was slowly added to pre- 
cipitate BaSO4. The precipitate was digest- 
ed at 900C for 2 h. After cooling, precip- 
itate-containing solution was filtered onto a 
0.2-Am pore-size filter (Gelman) and dried 
at 60?C for 24 h. Tared filters with their 
BaSO4 precipitate were then weighed to the 
nearest 1 mg. Sulfate concentrations were 
determined by comparing sample weights 
to standard curves from known sulfate so- 
lutions. 

Dissolved sulfide content of pore waters 
was determined colorimetrically (Cline 
1969). Pore-water subsamples (3-5 ml) were 
placed in acid-rinsed vials that contained 
100-200 Al of a solution of N,N-dimethyl- 
p-phenylene-diamine sulfate (1-40 g liter-, 
depending on the expected sulfide concen- 
trations; Eastman Kodak Chemicals) and 
ferric chloride (1.5-60 g liter-') prepared in 
50% (vol: vol) HCI. Color development was 
allowed to proceed in the dark for 2 h, after 
which samples were diluted from 1: 10 to 
1: 500 (vol: vol) with distilled water and 
their absorbance at 670 nm was spectro- 
photometrically determined (Bausch and 
Lomb). Calibration of the entire method was 
made periodically with known sulfide stan- 
dards. 

Sediment ATP content was determined 
as an estimate of total microbial biomass 
by the method of Karl and La Rock (1975). 

Subsamples (1.0 cm3) of sediment from the 
center of each depth interval were placed in 
1 0-cm3 plastic centrifuge tubes (Corning 
Glassworks). Extraction of ATP was per- 
formed by adding 5 ml of 0.6 N H2SO4. 
Tubes were shaken periodically for 5 min 
at which time the pH of samples was ad- 
justed to about 7.5 with 0.6 N NaOH. Sam- 
ples were then frozen at -70?C until anal- 
ysis. After thawing, 1 ml of 0.048 M EDTA 
(disodium salt) made up in 0.025 M Tris 
buffer was added to each tube. The pH of 
the extract was readjusted to 7.5 and the 
total volume was brought to 10 ml with 
Tris. The ATP was quantified by adding 0.5 
ml of sample and 0.5 ml of Tris to a clean 
20-ml glass scintillation vial. It was fol- 
lowed by adding 1.0 ml of filtered firefly 
lantern extract (Sigma Chemical Co.) re- 
constituted in 12.5 ml of distilled water, 7.5 
ml of Tris, and 5 ml of 0.05 M magnesium 
sulfate. The vial was immediately placed in 
the counting chamber of an ATP photom- 
eter (SAI Instr., La Jolla) and, after waiting 
1 min, a 0.1 -min count was taken. After the 
initial count, 100 Al of a 1-1,000 ng ml-' 
ATP standard was added to the sample and 
a second reading was taken to account for 
sample quench. Periodically, ATP stan- 
dards were analyzed with the same protocol 
as the samples in order to determine cali- 
bration curves to convert emission counts 
to ATP concentration. 

Activity measurements-Rates of sedi- 
mentary microbial sulfate reduction were 
measured by a modification of the methods 
of J0rgensen (1 9 7 8). Each 1 O-cm3 sediment 
core received an injection of 3'SO42- (100 
,ul containing 10-20 ,uCi; 25-40 Ci mg-'; 
Amersham) by inserting the needle of a glass 
microliter syringe vertically through the 
length of the core. The needle was with- 
drawn while simultaneously injecting the 
radioisotope by depressing the syringe 
plunger. Incubations continued at in situ 
temperature in the dark for 24 h and were 
ended by freezing at -700C. 

For analysis of 35S2- AVS, cores were ex- 
truded from core tubes while still frozen and 
sectioned at 1-cm intervals to a depth of 5 
cm. Core sections were placed in airtight 
vials and purged for 1 min with O2-free N2 
to prevent oxidation of sulfides. Liberation 
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of AVS was accomplished by adding 5 ml 
of 02-free, 1 N H2SO4, and vials were shak- 
en periodically for 1 h. The headspace of 
vials was purged into 5 ml of 2% zinc acetate 
for 1-2 h with O2-free N2 to collect AVS. 
The zinc sulfide precipitate that formed was 
suspended as a gel in 10 ml of Insta-Gel 
(Packard Instr.). The 35S2- was measured by 
liquid scintillation counting and sample 
quenching was corrected by the external 
standards method. The rate of sulfate re- 
duction was determined by the formula of 
J0rgensen (1978) as 

rate = [S042-](H235S)a 

(35S042-)t 

where [SO42-] is the sulfate concentration 
(nmol cm-3) of the sediment, 35S042- is the 
total radioactivity of sulfate, H235S is the 
total radioactivity of sulfide, t is the incu- 
bation time (d), and a is the sulfur isotope 
discrimination factor for microbial sulfate 
reduction. A mean of 1.05 was used (J0r- 
gensen 1978). 

The dark uptake and incorporation of bi- 
carbonate was determined in a manner sim- 
ilar to that for sulfate reduction. Vertical 
injections (100 ,ul containing 10 ,uCi of so- 
dium [14C]bicarbonate; 54 mCi mmol-1, 
Amersham) were made into 10-cm3 sedi- 
ment cores, and incubations proceeded at 
in situ temperatures in the dark for 2-4 h. 
Absorption blanks, consisting of 1-cm ver- 
tical sediment sections placed in glass vials 
with 1 ml of Formalin and 2 ,uCi of 
[14C]bicarbonate, were incubated along with 
the live cores. Incubations were terminated 
by extruding the cores and sectioning at 1 -cm 
intervals to a depth of 5 cm. Each core sec- 
tion was placed into a separate 0.45-,um fil- 
ter-holding unit of a filtration manifold 
(Hoeffer Sci. Instr.) and received one 5-ml 
rinse of 10% (vol: vol) HCI followed by three 
1-ml rinses of 0.2-,um-filtered seawater. 
Analysis of blanks revealed that this process 
removed nearly all (>98%) of the remaining 
dissolved [14C]bicarbonate from the sam- 
ples. Filters and their sediments were air- 
dried in 20-cm3 vials and then 10 ml of 
distilled water were added to suspend the 
sediment. Insta-gel scintillation cocktail (10 
ml) was then added to form a solid suspen- 
sion, and the amount of 14C label incorpo- 

rated into microbial biomass was quantified 
by liquid scintillation counting. Absolute 
rates of bicarbonate uptake were calculated 
as the product of the first-order rate con- 
stant, k (d-1), and the concentration of 
HCO3- in the pore water (determined as 
above and corrected for sediment porosity). 

The dark, heterotrophic flux of oxygen 
across the sediment-water interface at each 
ofthe three stations was evaluated in a series 
of benthic chamber experiments. Chambers 
were constructed of acrylic and were 16.3- 
cm i.d., 23 cm high, and held 4.2 liters of 
water after installation. Previous experi- 
ments with benthic chambers at the three 
stations indicated that negligible oxygen 
production occurred due to benthic auto- 
trophy (Montagna et al. 1986). Therefore, 
only dark chambers (exteriors spray-paint- 
ed with black acrylic paint) were used in the 
present study. 

On the day of sampling, the bottoms of 
the chambers were deployed by divers. Six 
chambers were placed at each of the three 
stations by gently pushing the chamber bot- 
toms 3 cm into the sediments. After an 
equilibration period of 1 h the tops were 
placed back onto the chambers and half of 
the chambers received injections of For- 
malin to a final concentration of 3% (vol: 
vol). This procedure allowed later correc- 
tion of abiotic 02 consumption. In addition, 
controls (six live, six treated with Formalin) 
consisting of 60-cm3 syringes filled with sea- 
water and wrapped in a dark covering were 
incubated alongside the chambers at each 
station. They were used to correct fluctua- 
tions in 02 content of the ambient water 
and the chamber headspaces. 

Immediately after addition of Formalin, 
each chamber was stirred manually and 
samples (- 60 cm3) of the headspace sea- 
water were withdrawn via the rubber septa 
with 60-cm3 syringes and 22-gauge needles. 
Three each of the live and Formalin-treated 
seawater syringe controls at each station were 
also collected at this time. After 24 h the 
chambers were again stirred, a second head- 
space sample was taken, and the second set 
of seawater controls was retrieved. All sam- 
ples for dissolved 02 analysis were fixed im- 
mediately aboard ship and transported to 
UCSB in cool, dark containers. 
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Dissolved 02 was measured by Winkler 
titration as modified by Strickland and Par- 
sons (1972). Samples were adjusted to 50.0 
ml and fixed by adding 1.0 ml each of al- 
kaline iodide (2.5 M NaOH and 0.36 M 
Nal) and manganous sulfate (0.43 M). Sy- 
ringes were placed with the canular tip up 
to allow the precipitate to settle. Concen- 
trated sulfuric acid (1.0 ml) was added to 
the samples which were then decanted into 
clean 125-ml Ehrlenmeyer flasks and sub- 
sequently titrated with 0.01 N thiosulfate 
solution. A 0. 1-0.2% soluble starch solution 
(2 ml) was added to the samples to enhance 
titration sensitivity. Reagent blanks were run 
periodically along with the samples. TOD, 
expressed as a flux and normalized to mmol 
02 m-2 d-1, was determined from rates of 
oxygen depletion in live (non-Formalin 
treated) chambers, while COD was the 
abiotic utilization of oxygen in Formalin- 
treated chambers. BOD was determined as 
the difference between TOD and COD. The 
variance of BOD was calculated as the sum 
of the variance of TOD and COD (Kemp- 
thome and Allmaras 1965). This calcula- 
tion of BOD variance is valid because TOD 
and COD were measured independently of 
each other (i.e. they were different treat- 
ments), thus supporting the assumption of 
no covariance. 

Rates of the diffusive fluxes of total dis- 
solved carbon dioxide, sulfate, and oxygen 
were estimated from the gradients of these 
pore-water constituents across the sedi- 
ment-water interface and with sediment 
depth. Flux (in mmol m-2 d-1) was calcu- 
lated with Fick's law: 

flux = D,(aC/az) 
where Ds is the sediment diffusion coeffi- 
cient and aC/az is the concentration gra- 
dient of the constituent of interest over depth 
interval z. Ds is a function of the free so- 
lution diffusion coefficient, D, and sedi- 
ment porosity and tortuosity. Free solution 
diffusion coefficients have been estimated 
for several solutes (Li and Gregory 1974). 
These coefficients have been corrected for 
porosity and tortuosity by previous investi- 
gators, and the sediment diffusion coeffi- 
cients used here were 0.6 x 10-5 cm2 S-' for 
total CO2 (McCaffrey et al. 1980), 0.2 x 
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Fig. 3. Vertical profiles of total sediment organic 

carbon as percent of sediment weight at stations A, B, 
and C. Profiles are means from all sampling dates. N 
= 9 for each data point. 

10-5 for sulfate (Bemer 1974), and 0.7 x 
10-5 for oxygen (50% of the D, of 02 as 
determined by Li and Gregory 1974). 

Statistical analyses-All sedimentary and 
pore-water constituents were analyzed by 
three-way ANOVA (Sokal and Rohlf 1981) 
where time, station, and core represented 
the main effects, and depth increments of 
the core sections represented repeated 
measures (Winer 1971). Least-squares 
regressions were fitted to vertical profiles of 
pore-water or sedimentary constituents. 
Constituents that showed significant linear 
or quadratic regression were used to model 
the vertical flux rates of those constituents 
into or out of sediments. 

Differences in rates of benthic oxygen flux 
were also examined by three-way ANOVA 
with time, station, and chamber as the main 
treatment effects. Replication was limited 
to chambers, as single headspace subsam- 
ples were taken at each sampling time to 
conserve headspace water. 

Results 
Unique profiles of TOC content (Fig. 3) 

and C: N ratios (Fig. 4) occurred in the sed- 
iments of each station. All main treatment 
effects resulted in significant differences in 
both TOC and C: N values (P < 0.003 by 
three-way ANOVA), but none of the treat- 
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Fig. 4. Organic matter C: N in sediments at sta- 

tions A, B, and C. Profiles are means from all sampling 
dates. N = 9 for each data point. 

ment interactions was significant. Interest- 
ingly, the treatment effect due to replicate 
cores was highly significant for TOC and 
C: N (P < 0.000 1), indicating high vari- 
ability over even short distances in these 
sediments. 

Concentrations of TOC at station C were 
relatively uniform with sediment depth and 
ranged from 0.13 to 0.25% of sediment dry 
weight (Fig. 3). At stations A and B, TOC 
increased with sediment depth, but the na- 
ture of the increase was station-specific. At 
0-1-cm depth, TOC at station B was the 
same as that of station C. Beyond 1-2 cm, 
TOC increased sharply to a maximum of 
2.8% at 4-6 cm and then decreased to 1.6% 
at 6-8 cm. In contrast to station B, sedi- 
ments at station A had relatively high or- 
ganic carbon contents at the sediment sur- 
face (1.5%), and TOC reached a maximum 
of 2.8% at 6-8-cm depth. 

Profiles of C: N ratios showed the same 
relative differences between stations as TOC 
(Fig. 4). Station C sediments were low and 
uniform at depth with respect to C: N, while 
the ratio increased to a maximum of 31 at 
4-6-cm depth at station B. In station A sed- 
iments, C: N was relatively constant below 
1-2 cm, ranging from 30.8 to 37.4. 

Fig. 5. Vertical profiles of sediment Eh at stations 
A, B, and C in April, July, and December. Note scale 
differences between sampling dates. 
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Fig. 6. Vertical profiles of sediment pore-water pH 

at stations A, B, and C in December. 

Redox potential (Eh) of sediments exhib- 
ited distinct station-specific patterns on all 
three sampling dates (Fig. 5). Significant two- 
and three-way interaction (except between 
dates and stations) made differentiation of 
main-treatment effects difficult. Much of this 
interaction may be attributable to the depth- 
dependent shifts in Eh at each of the three 
stations on each sampling date and the fact 
that station B shares some of the same Eh 
characteristics of both stations A and C. 
Station A sediments had the lowest Eh in 
April and December and values ranged from 
-150 to -325 mV at 0- and 7-cm depth 
in April to -280 to -400 mV in July. Sta- 
tion C sediments had the most positive Eh 
with values of up to + 300 mV at the sed- 
iment surface in December and -50 mV at 
7-cm depth in April. Station B sediments 
were most similar in Eh to those of station 
C at 0-1.5-cm depth. From 2.5- to 7-cm 
depth, however, Eh values in station B sed- 
iments were closer to those of station A and 
in July were even lower than those of station 
A (-500 mV). Hence, a strong gradient in 
Eh existed at station B between 1.5- and 
2.5-cm depth. Mean Eh values at stations 
A, B, and C were -310, -207, and -58 
mV over all sampling dates and depth in- 
tervals. 

The pH of pore waters at stations A, B, 
and C in December also revealed station- 
and depth-dependent differences (Fig. 6). 
This pattern was typical of that in April and 
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Fig. 7. Total pore-water alkalinity in station A, B, 

and C sediments in July and December. Values are the 
means of measurements made on three replicate pore- 
water samples. Note scale differences between sam- 
pling dates. 

July as well (data not shown). Significant 
station (P = 0.0001) and depth (P = 0.04) 
differences in pH occurred in pore waters 
and pH was greatest at all depths at station 
A followed by stations B and C. Although 
pH in station B and C sediments decreased 
slightly with depth, at station A it increased 
to a maximum at 3 cm (pH = 8.5) and then 
decreased to a minimum at 7 cm (pH = 
8.15). 

Patterns of total pore-water alkalinity dif- 
fered markedly between station A and sta- 
tions B and C in July and December (Fig. 
7). Values at stations B and C ranged from 
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Table 2. Speciation of DIC in pore waters from sediments at stations A, B, and C. [C02] in ,imol liter-'; 
[HCO3-] and [CO32-] in mmol liter-'. 

Sta. A Sta. B Sta. C 
z 

1986 (cm) CO2 HCO3- CO32- CO2 HCO3- CO32- CO2 HCO3- CO32- 

Jul 0.5 62 11 1.1 27 2 0.1 29 3 0.1 
1.5 77 18 2.2 21 2 0.1 33 3 0.2 
3.0 83 23 3.9 27 3 0.1 41 3 0.1 
5.0 204 30 2.7 29 3 0.1 52 3 0.1 
7.0 243 28 1.5 37 3 0.2 40 3 0.1 

Dec 0.5 3 5 0.5 21 2 0.1 29 2 0.1 
1.5 62 17 2.2 22 2 0.1 25 2 0.1 
3.0 45 18 3.4 23 2 0.1 27 2 0.1 
5.0 208 36 3.6 32 3 0.1 38 2 0.1 
7.0 506 42 2.7 30 2 0.2 32 2 0.1 

2.7-4.3 meq liter-' in July to 1.5-3.4 in 
December and were similar at both stations 
and with sediment depth. There were no 
significant differences in alkalinity for any 
given station-depth combination between 
July and December. Carbonate alkalinity 
accounted for >99% of total alkalinity at 
all three stations. 

In contrast, pore-water alkalinity in sed- 
iments from station A was significantly dif- 
ferent from that at stations B and C (P = 
0.0001 by three-way ANOVA) and in- 
creased with depth (P = 0.0001). Values 
ranged from 12-35 to 4-50 meq liter-' in 
July and December. Interactions between 
stations and depths were also highly signif- 
icant (P = 0.0001) for total alkalinity, in- 
dicating that different depth-dependent pat- 
terns of alkalinity occurred at different 
stations. A significant amount of the total 
variance in alkalinity at station A was 
acounted for by quadratic regression in July 
(r2 = 0.84, P = 0.0001) and linear regression 
in December (r2 = 0.76, P = 0.000 1). This 
disparity indicates that different processes 
control pore-water composition throughout 
the year at station A (see discussion). Mean 
alkalinities at stations A, B, and C were 28, 
2.7, and 2.9 meq liter-' for all dates and 
depths. 

From pore-water total alkalinity, pH, 
temperature, and salinity, a budget of the 
total of DIC species was calculated (Table 
2). The individual components are largely 
defined by the total and carbonate alkalin- 
ities and show the same station- and depth- 
dependent patterns. Station A pore waters 
contained the highest constituent and total 

DIC concentrations and they generally in- 
creased with increasing sediment depth. 

Significant differences in microbial up- 
take and incorporation of H14C03- existed 
between the July and December samplings 
as well as between stations (P = 0.0001 and 
0.001 by three-way ANOVA; Fig. 8). Sig- 
nificant interactions between stations and 
dates (P = 0.006) resulted from different 
patterns of uptake at each station on differ- 
ent dates. In July, uptake and incorporation 
of bicarbonate were generally < 1 ng (cm3 
sed)-1 d-I and were similar at all stations 
and depths except at 0-1 cm at station A, 
which averaged 7 ng (cm3 sed)-1 d-1. Rates 
of bicarbonate cycling were up to an order 
of magnitude greater in December than July 
(Fig. 8). Although bicarbonate uptake and 
incorporation were <4 ng (cm3 sed)-I d-l 
and uniform with depth at station C, sta- 
tions A and B showed distinct depth-de- 
pendent patterns of uptake. In station B sed- 
iments bicarbonate incorporation was 
maximal at 0-2 cm [15 ng (cm3 sed)-I d-l], 
thereafter decreasing with depth to 8 ng (cm3 
sed)-I d-l at a depth of 4-5 cm. There were 
two maxima in bicarbonate incorporation 
in station A sediments, the first at 1-2 cm 
[15 ng (cm3 sed)-I d-l] and the second at 3- 
4 cm [31 ng (cm3 sed)-1 d-1]. Incorporation 
of bicarbonate was in the order of station 
A > B > C at all depths in December. Mean 
rates of bicarbonate uptake and incorpo- 
ration at stations A, B, and C were 10.4, 
5.5, and 1.5 nmol (cm3 sed)-1 d-I averaged 
over all depths for July and December. 

The distribution of pore-water sulfate and 
sulfide reflects the relative importance of 
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Fig. 8. Rates of dark uptake and incorporation of 

bicarbonate in sediments of stations A, B, and C in 
July and December. Values are the means of mea- 
surements made on three replicate cores. Note scale 
differences. 

sulfur cycling in the diagenesis of organic 
matter (Figs. 9-1 1). ANOVA for pore-water 
sulfate showed significant two-way inter- 
action for all combinations of date, station, 
and depth. From the profiles (Fig. 9) it can 
be seen that the variability in sulfate con- 
centrations was high for both a given station 
and a given depth. Sulfate concentrations at 

-4 

Fig. 9. Pore-water sulfate in sediments of stations 
A, B, and C in April, July, and December. Values are 
the means of measurements made on three replicate 
pore-water samples. Note scale differences. 
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station A were consistently lower than those 
at stations B and C and became increasingly 
depleted with depth. In April and July, con- 
centrations reached 22 mM at 7-cm depth, 
but in December concentrations in the 
deepest core sections reached 10 mM. A 
significant amount of the total variance in 
pore-water sulfate at station A as a function 
of sediment depth was accounted for by 
quadratic regression in July and December 
(r2 = 0.72, P = 0.01 and r2 = 0.79, P = 
0.004). Concentrations remained between 
27 and 33 mM in station B and C sediments, 
and station B may have shown slight de- 
pletion of sulfate at depth in April. Mean 
sulfate concentrations averaged over all 
sampling dates and depths at stations A, B, 
and C were 22.3, 28.9, and 29.5 mM. 

Patterns in sulfide concentration were dif- 
ferent with depth at each station and on each 
sampling date as indicated by highly sig- 
nificant (all P < 0.00 1) two- and three-way 
interaction (Fig. 10). Sulfide concentrations 
were always highest at station A, with sta- 
tion B sediments having sulfide concentra- 
tions intermediate to those at stations A and 
C (except in December when B and C were 
similar). Sulfide was highest at station A in 
July, followed by April and December. Peaks 
in sulfide concentration at station A oc- 
curred at 5 cm in April and 1.5 cm in De- 
cember, thereafter decreasing with depth, 
while in July sulfide was still increasing be- 
yond a depth of 7 cm. Sulfide concentration 
averaged 888, 76, and 19 ,xM at stations A, 
B, and C for all sampling dates and depths. 

Station A sediments always had the high- 
est rates of sulfate reduction [x = 191 nmol 
(cm3 sed)-' d-l] followed by stations B and 
C [x = 1.8 and 0.5 nmol (cm3 sed)-' d-'; 
Table 3; Fig. 11]. Highly significant date- 
station interaction (P < 0.001) resulted from 
the date and station effects noted be- 
tween the July and December samples. Re- 
duction rates were again highest at station 
A on all dates followed by stations B anc C 
in that sequence, except in December when 
B and C were similar. In station A sedi- 
ments, rates of sulfate reduction were up to 
two orders of magnitude lower in July than 

Fig. 10. As Fig. 9, but of pore-water sulfide. 
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Fig. 11. Rates of sediment sulfate reduction mea- 

sured in cores from stations A, B, and C in July and 
December. Values are the means of measurements made 
on three replicate cores. Note scale differences. 

in December with rates maximal at depths 
of 2-3 and 1-2 cm. When normalized to an 
areal basis the rates of reduction in April 
(Table 3) were the lowest of all three sam- 
pling dates. 

Significant two- and three-way interac- 
tions were obtained for ATP concentration 
when analyzed by three-way ANOVA. This 

Fig. 12. Extractable sediment ATP in sediments of 
stations A, B, and C in April, July, and December. 
Values are the means of measurements made on three 
replicate cores. Note scale differences. 
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Table 3. Mean sulfate reduction rates (nmol 
cm-2 d-l) in cores (0-5-cm depth) from stations A, B, 
and C in April. 

Sulfate reduction 
Station rate SD n 

A 12.2 8.6 5 
B 0.35 0.14 5 
C 0.06 0.04 5 

result was due mostly to the similarity in 
ATP concentration between stations in April 
and the different patterns of ATP concen- 
tration with depth on different dates (Fig. 12). 
To discern date-specific differences in ATP 
concentration, we performed two-way AN- 
OVA on the data sets from each individual 
month. In April, significant differences ex- 
isted for ATP concentration with sediment 
depth (P = 0.0001) but not between sta- 
tions. In July and December (Fig. 12), how- 
ever, there were significant differences in 
ATP concentrations among stations (P = 
0.0001 and 0.002) but not depths. ATP con- 
centrations were uniform with depth at sta- 
tions B and C in July and December, but 
those at station A generally increased with 
depth. Mean ATP concentrations averaged 
over all depths for all sampling dates at sta- 
tions A, B, and C were 187, 71, and 31 ng 
(cm3 sed)-l. It is obvious from these data 
that there is a large amount of variability 
in sediment ATP and that ATP concentra- 
tion varies as a function of all the main 
treatment factors. 

Significant differences existed between 
stations for TOD (P < 0.0001 by two-way 
ANOVA) but not between sampling pe- 
riods, and there was no significant station- 
time interaction (Table 4). Significant main 
treatment and interaction effects (P ? 0.001) 
were noted for COD values. In all instances 
(except April BOD), sediments from station 
A had the greatest BOD, COD, and TOD. 
This finding is consistent with the other 
measures of heterotrophic activity and the 
concentrations of reduced compounds found 
at this station. In April, the various forms 
of oxygen demand were nearly equivalent 
across the three stations and averaged 34, 
5, and 38 mmol m-2 d-l for BOD, COD, 
and TOD. In July and December, however, 
all forms of oxygen demand were much 
greater at station A than at stations B and C. 

Table 4. Mean benthic oxygen demand (? 1 SD) in 
sediments of stations A, B, and C. All values in mmol 
m-2 d-l of 02 consumed by sediments. N = 3 replicate 
measurements. 

Station 

1986 A B C 

Apr BOD* 32 28 41 
CODt 19(16) 2(5) -7(13) 
TODt 50(6) 29(18) 34(21) 

Jul BOD 80 15 58 
COD 34(91) -4(19) 11(4) 
TOD 113(34) 11(11) 69(24) 

Dec BOD 62 -40 19 
COD 80(9) 75(4) 11(8) 
TOD 141(60) 34(5) 30(7) 

* Biological oxygen demand-TOD - COD. 
t Chemical oxygen demand-02 consumption in Formalin treatment. 
t Total oxygen demand-02 consumption in sediment and overlying 

water within chamber. 

BOD at station C was consistently higher 
than at station B on all dates, while COD 
was similar at the two stations and near 
zero, except in December. The station rank- 
ing for BOD was A (x = 58 mmol m-2 d-1) 
> C (x = 39 mmolm-2 d-) > B (X = 1 
mmolm-2 d-'). Overall mean TOD was 102, 
25, and 47 mmol m-2 d-l for stations A, B, 
and C. TOD at station A was significantly 
greater than that of stations B and C, which 
were not significantly different (Tukey test). 

Diffusive fluxes of dissolved ICO2, sul- 
fate, and oxygen were calculated from the 
gradients of these solutes across the sedi- 
ment-seawater interface and in vertical 
pore-water profiles using known sediment 
diffusion coefficients (Table 5). Pore-water 
02 was deteced only when sampling con- 
tamination occurred. The calculated fluxes 
of all solutes were consistently lower in sta- 
tion B and C sediments, and values for sta- 
tion B were intermediate to those for sta- 
tions A and C. No net CO2 was ever evolved 
from station B and C sediments, while those 
fluxes from station A sediments were in ac- 
cord with total CO2 pools from pore-water 
profiles (Table 2). The deep fluxes of S042- 
agreed well with the observed depletion of 
S042- at each sampling time, but the low 
flux at the sediment-water interface at sta- 
tion A in July was due to the relatively high 
pore-water sulfate measured at 0-1-cm 
depth. Calculated fluxes of 02 were one or 
more orders of magnitude lower than those 
actually measured with the benthic cham- 
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bers (Table 4). This disparity may have been 
a result of 02 depletion in the laminar sub- 
layer immediately above the sediment-water 
interface outside the chambers. 

Discussion 
The alteration of sedimentary and pore- 

water geochemical constituents and micro- 
bially mediated geochemical cycles occurs 
in many systems in which there is organic 
enrichment. They include environments in 
which carbon is both natural (Nissenbaum 
et al. 1972; Andersen and Hargrave 1984; 
Kepkay and Andersen 1985) and anthro- 
pogenic (Stanley et al. 1981; Duff 1981; Grif- 
fiths et al. 1 982; Atlas et al. 1981). As carbon 
input to sediments increases, the depletion 
of suitable electron acceptors results in an 
imposed state of anoxia and may cause shifts 
in the biota inhabiting such sediments. Seep 
sediments (station A) are relatively carbon 
rich, and those sediments on the periphery 
of active seepage (station B) are influenced 
to a lesser extent by seep petroleum (Fig. 2). 
Hence, the seep represents an environment 
in which the effects of a "natural" form of 
organic carbon on benthic processes can be 
studied while simultaneously providing in- 
formation on the long-term consequences 
of petroleum in marine environments. 

Sediments in an area which is influenced 
by a persistent source (individual seeps ex- 
isting from tens to thousands of years) and 
high concentrations of petroleum carbon, at 
least fractions of which are relatively labile, 
offer an opportunity to study how geochem- 
ical cycles are altered in a system that is 
normally organic rich. Of major interest in 
the present study was whether, and to what 
extent, this large pool of organic carbon was 
responsible for the alterations observed in 
the biogeochemistry of seep sediments. 

Sediments in the center of active seepage, 
as well as those peripheral to it, possess sev- 
eral characteristics that make them unusual 
in comparison to other marine sediments. 
The first is, of course, the upward intrusion 
of fresh petroleum carbon from the under- 
lying deposits of formation. It results in in- 
creasing amounts of TEH, TOC, and indi- 
vidual hydrocarbon components with 
greater sediment depth as weathering and 
biodegradation deplete these fractions with 
closer proximity to the sediment-water in- 

Table 5. Calculated diffusive fluxes of total CO2 
(TCO2), sulfate, and oxygen (in mmol m-2 d-l) from 
pore-water profiles. Positive values denote fluxes from 
water column to sediments, negative values denote 
fluxes from sediments to water column. 

Station 

1986 A B C 

Apr ICO2d*t n.d. n.d. n.d. 
SO42-it 11 (4) 0 0 

d 2 (0) 1(0) 0 
02i 1.4(1.1) 1.4(0.1) 0 

Jul 2CO2d -25 (8) 0 0 
S042-i 1 (0) 0 0 

d 3(1) 0 0 
02i 2.3(0.3) 2.0(0.03) 1.7(0.1) 

Dec 2CO2d -33 (7) 0 0 
S042-i 13 (7) 3(17) 0 

d 6(1) 1(0) 0(1) 
02i 2.7(0.4) 2.4(0.04) 2.0(0.1) 

* Pore-water 2CO2 not determined in April. 
t Deep flux rates (d) determined from concentration gradient between 

0.5- and 7-cm depth. 
t Sediment-water interface flux rates (i) determined from concentration 
gradient between overlying seawater and 0.5-cm depth. 

terface (Bauer et al. in prep. a). Secondly, 
sediments overlying petroleum deposits may 
be subject to the upward flux of oilfield for- 
mation waters (Collins 1975) resulting in 
higher-than-normal concentrations and 
fluxes of certain pore-water solutes. Finally, 
while petroleum contains both labile and 
refractory carbon components as do other 
organic complexes (Maccubbin and Hodson 
1980), the actual availability of this carbon 
for use by specific microbial groups in seep 
sediments is unknown, given the highly re- 
ducing conditions. 

Total organic carbon in station C sedi- 
ments and station B surface sediments was 
low, and the C: N ratios there were close to 
the expected Redfield ratios of organic mat- 
ter derived from marine primary produc- 
tion. The TOC and C: N in station A sed- 
iments, and those from the deeper strata of 
station B, however, indicate that different 
processes dominate the input and diagen- 
esis of organic carbon there. 

Carbon inputs at stations A and B are in 
large part derived from petroleum as evi- 
denced by the high C: N ratios. The TOC 
in these sediments is not particularly high, 
however. Mean proportions of TEH com- 
prising TOC were 29.1, 5.4, and 5.3% for 
stations A, B, and C, and mean TOC was 
1.9, 1.2, and 0.2% (Table 6). TEH is prob- 
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Table 6. Grand mean values of total organic carbon 
(TOC-%), total organic nitrogen (TON-%), C: N, 
and total extractable hydrocarbons (TEH) as a fraction 
of TOC (%) for all sediment depths and sampling pe- 
riods. 

Station TOC TON C: N TEH/TOC 

A 1.89 0.053 28.4 29.1 
B 1.23 0.045 19.5 5.4 
C 0.18 0.026 7.0 5.3 

ably not a good measure of total petroleum 
carbon in these sediments, however, as re- 
fractory tar particles always remained after 
extraction (pers. obs.). If TOC in station C 
sediments (0.2%) is taken as representative 
of the phototrophically produced carbon in 
the area, then mean TOC at stations A and 
B from sources other than primary produc- 
tion becomes 1.7 and 1.0%. The C: N ratio 
of this additional carbon is therefore cal- 
culated to be 63 and 55 in station A and B 
sediments in order to account for the overall 
ratio. 

The sediments at stations A, B, and C 
exhibited distinct, depth-dependent pat- 
terns of Eh. Station A sediments usually had 
the lowest Eh measurements at all depths 
while station C had the highest. Sediments 
from station B appeared to share charac- 
teristics with station C at the sediment sur- 
face and station A at depths > 2.5 cm, show- 
ing the strongest Eh gradient of the three 
stations. Since Eh is a descriptive, integrat- 
ed measure of numerous reactions involv- 
ing the uptake and release of electrons, it is 
difficult to determine which specific redox 
reactions control a given system from mea- 
surement of this parameter alone (Presley 
and Trefry 1980). In a system such as the 
seep, however, the most important impli- 
cation of the extremely low Eh values is the 
complete absence of molecular oxygen, 
which is prerequisite for most hydrocarbon 
transformations (Cerniglia 1982). This fac- 
tor alone could limit the availability of pe- 
troleum-derived carbon to both microbial 
and higher consumer levels (see below). 

Values of Eh in the present study at sta- 
tion A and at greater depths of station B are 
low in comparison to those of previous 
studies. In the deep basin sediments of Loch 
Eil, which is subject to high loading of pulp 
fiber, Eh values of as low as -300 mV have 

been recorded at 4-cm depth (Pearson and 
Standley 1979). In contrast, other stations 
in the loch had lower loadings and Eh values 
up to +460 mV at 4-cm depth (Duff 1981). 
In aquaria amended with Spartina detritus, 
Eh values of -300 mV were reached at 
depths > 1 cm after 3 d and were a direct 
function of the quantity and quality (i.e. de- 
gree of aging) of the detritus (Kepkay and 
Andersen 1985). Thus, the Eh values re- 
corded in station A and B sediments (the 
lowest being -400 and -500 mV, respec- 
tively) were lower than those in other stud- 
ies of organic enrichment. 

Presley and Trefry (1980) delineated a 
range of pH values of 7.0-8.0, outside of 
which few pH values have been reported, 
presumably because the degradation prod- 
ucts of marine organic matter yield a pH of 
7.0 when equilibrated with water (Nissen- 
baum et al. 1972). The high (' 8.15) values 
of pH recorded at all depths in station A 
sediments suggest that factors apart from 
the degradation of marine-derived organic 
matter are contributing to pH control in 
these pore waters. The degradation of pe- 
troleum carbon may alter pH differently than 
that of recent organic matter, while the high 
alkalinity values of station A pore waters 
also likely contribute to more alkaline pH 
values. The oxidation of organic matter 
(CH2O) with oxygen may lower pH through 
production of CO2 as: 

CH20 + 202 CO2 + H20. (1) 

The higher-than-average pH values of sta- 
tion A pore waters suggest that aerobic hy- 
drocarbon utilization is not a dominant pro- 
cess in these sediments. 

The high alkalinity values in station A 
pore waters relative to those of stations B 
and C (Fig. 7) could not be assigned to a 
definitive source. Alkalinity may be affected 
through anaerobic processes such as sulfate 
reduction and the production of bicarbon- 
ate as: 

2CH20 + S042- - H2S + 2HC03-. (2) 

Maximal rates of sulfate reduction in station 
A sediments still seem to be inadequate, 
however, to contribute significantly to the 
bicarbonate concentrations observed on all 
sampling dates. With a maximum of 500 
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nmol SO42- reduced (cm3 sed)-' d-l (at 1.5- 
cm depth in December, Fig. 1 1) the equiv- 
alent production of HCO3- would be 2 
mmol liter-' d-l when using a mean poros- 
ity of 0.49 (Bauer et al. unpubl. data). As- 
suming a concentration of HC03- of 17 mM, 
it would imply a relatively long turnover 
time of the total bicarbonate pool of 8.5 d 
if a steady state existed between bicarbonate 
production and its diffusion out of sedi- 
ments. Second, the calculated total CO2 
(2C02) flux from station A sediments in 
December (Table 5) was 33 mmol m-2 d-', 
of which about 89% or 29 mmol m-2 d-' 
was contributed by bicarbonate. If we as- 
sume that S042- flux into sediments (13 
mmol m-2 d-', Table 5) is in stoichiometric 
balance with bicarbonate production (Eq. 2) 
through SO42- reduction, then we can expect 
26 mmol m-2 d-' bicarbonate to be pro- 
duced from SO42- reduction, close to the 
calculated 29 mmol m-2 d-l. Using the same 
approach for July, however, we find that 
only 2 mmol m-2 d-l bicarbonate flux can 
be attributed to sulfate flux, far short of the 
calculated 22 (=25 x 0.89) mmol m-2 d-' 
bicarbonate flux. 

There are several potential explanations 
for the differences in bicarbonate produc- 
tion via sulfate reduction in July and De- 
cember. First, bicarbonate concentration 
may have some baseline concentration, 
possibly represented by that in July, which 
is supplied by a mechanism other than sul- 
fate reduction. For example, Collins (1975) 
reported a range of 2-33 mg liter-' of bi- 
carbonate in oilfield formation waters. Sec- 
ond, if such ambient concentrations existed, 
bicarbonate may have been on the rise in 
December due to the high rates of sulfate 
reduction adding bicarbonate onto this 
baseline. The steady increase of alkalinity 
and 2C02 with sediment depth, however, 
beyond the depths of maximal rates of SO42- 
reduction, provides further evidence that 
bicarbonate originates from a deep source. 
As a result, varied processes and sources of 
bicarbonate may be responsible for the time- 
dependent discrepancies in its concentra- 
tion and subsequent contribution to alka- 
linity. For comparison, Sholkovitz (1973) 
reported alkalinities of 9 meq liter-' at 12- 
cm depth in Santa Barbara basin sediments, 

while maximum alkalinities of 29.3 meq 
liter-' were reached at 150-160-cm depth 
in the Cariaco Trench (Presley and Trefry 
1980). Nissenbaum et al. (1972) found 2CO2 
values of between 2.7 and 41 mM at 15 cm 
in Saanich Inlet sediments. 

The high 2;CO2 values of station A pore 
waters may contribute to, or stimulate, an 
active chemoautotrophic microbial popu- 
lation. Bicarbonate uptake and incorpora- 
tion was markedly highest in station A sed- 
iments, especially in December, with station 
B sediments also showing greater bicarbon- 
ate assimilation than those of station C (Fig. 
8). As pointed out by Kepkay and Andersen 
(1985), chemoautotrophic CO2 fixation may 
alter estimates of simple 2;CO2 flux. Inter- 
estingly, Beggiatoa mats existed at the sed- 
iment-water interface of their intertidal sys- 
tem, similar to those periodically observed 
on the surface of station A sediments at a 
depth of 16 m (Montagna and Spies 1985), 
and coincided with lower-than-usual ratios 
of CO2 evolution: 02 consumption (Kepkay 
and Andersen 1985). 

Further evidence for elevated rates of sul- 
fate reduction in station A sediments in De- 
cember 1986 may be seen by contrasting 
pore-water sulfate and sulfide concentra- 
tions and sulfate reduction rates. Rates of 
sulfate reduction were highest in December, 
followed by July and April (Fig. 11; Table 
3). These rates coincided with the greatest 
depletion of pore-water sulfate in December 
and the least in April (Fig. 9). With these 
two measures of sulfate reduction it was 
therefore surprising to find that values of 
total AVS were up to an order of magnitude 
lower in December than in April and July, 
which were similar. One explanation may 
be that before the December 1986 sam- 
pling severe storm surge caused sand ripples 
up to 10 cm high, which may have oblit- 
erated normal geochemical profiles as a re- 
sult of the flushing of metabolites and re- 
duced compounds from the sediments. This 
sequence of events, coupled with a fresh in- 
flux of labile substrates and limiting nu- 
trients to deeper sediment layers, may have 
resulted in a concomitant stimulation of 
sulfate reduction. As pointed out by S0ren- 
sen (1984), S042- occurs in great excess in 
most surficial marine sediments, and it is 
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therefore likely that substrate availability is 
an important kinetic control of sulfate res- 
piration. Most organic substrates can be ox- 
idized with 02 and N03-, but only a limited 
range of compounds (including short-chain 
C2-C18 fatty acids) can be used by sulfate- 
reducing bacteria (Sorensen 1984). It is pos- 
sible that although a large pool of organic 
carbon exists in station A sediments, most 
of it is unavailable for microbial mainte- 
nance and growth due to the complexity of 
the substrate (crude petroleum). Indeed, it 
has been noted that petroleum hydrocar- 
bons are generally poor substrates for sulfate 
reduction unless they are first transformed 
to low-molecular-weight fatty acids via 02 
respiration (Ross 1983). The depletion of 
02 in seep sediments, particularly at station 
A, may preclude this mechanism of sub- 
strate supply to S042- reducers. 

Rates of sulfate reduction were maximal 
at depths of 2.5 cm in July (9.5 nmol cm-3 
d-1) and at 1.5 cm in December (500 nmol 
cm-3 d-1) at station A. Sulfate reduction rates 
in station B sediments were intermediate to 
those at stations A and C on all sampling 
dates. In April and July, rates in station A 
sediments were comparable to rates in other 
subtidal sediments, including those in the 
well-studied Loch Eil system (Battersby and 
Brown 1982) where rates of 15-150 nmol 
S042- cm-3 d-I were obtained-the higher 
rates occurring in the more organic-rich sed- 
iments. July sulfate reduction rates also agree 
well with those measured and tabulated for 
various subtidal sediments by J0rgensen 
(1982). The high rates observed in station 
A sediments in December, however, resem- 
ble those from shallow subtidal or intertidal 
coastal environments. Howes et al. (1984) 
noted rates of AVS formation of 209-439 
nmol cm-3 d-l in a Spartina salt marsh, 
while Jorgensen (1977) found rates of sul- 
fate reduction of 25-200 nmol cm-3 d-l at 
depths of 4-12 m in Limfijorden sediments. 
Rates of sulfate reduction at station A are 
therefore similar, at least periodically, to 
those in organic-rich coastal sediments. The 
source of substrates for the sulfate reducers 
can only be speculated upon. The frequently 
observed migrating sand ripples in the sam- 
pling area (especially in December), how- 
ever, would be one potential mechanism for 

transferring aerobically produced substrates 
to the zone of sulfate reduction. The im- 
portance of such features in determining 
small-scale distribution patterns of benthic 
invertebrates has been previously noted 
(Eckman 1979; Hogue and Miller 1981). Fi- 
nally, the possibility exists that substrates 
suitable for sulfate-reducing bacteria are 
present within the hydrocarbon complex. 

Rates of chemical, biological, and total 
oxygen demand on the three sampling dates 
in 1986 were similar to those previously 
measured by Montagna et al. (1986) at the 
Isla Vista seep area (Table 4). As pointed 
out by Hargrave (1969, p. 802), "the sim- 
ilarity in rates of oxygen consumption by 
diverse benthic communities, once correc- 
tions for temperature differences are made, 
may be mediated through an effect of oxy- 
gen concentration" whereby the diffusive 
transport of 02 and reduced compounds 
across the sediment-water interface is con- 
trolled by temperature and sulfate concen- 
tration. Hargrave (1969) and Hartwig (1978) 
found 02 consumption to be correlated with 
temperature but not with sediment organic 
content, chlorophyll a concentration, bac- 
terial numbers, or calorific content. Using 
Hargrave's (1969) regression equation for 
the relationship between 02 consumption 
and temperature, we calculated the pre- 
dicted TOD values as 34, 26, and 42 mmol 
m-2 d-I in April, July, and December. Al- 
though the measured fluxes of 02 are within 
a factor of two of the predicted values at all 
three times at stations B and C (Table 4), 
those at station A are close to the predicted 
values in April only. In July and December, 
02 fluxes in station A sediments are 3-4 
times the predicted values. This finding in- 
dicates that 02 fluxes are probably con- 
trolled largely by temperature effects at sta- 
tions B and C, but additional factors are 
contributing to rates of 02 consumption at 
station A. The oxidation of reduced chem- 
ical species (COD) may in part account for 
these greater-than-predicted rates. 

Howarth and Hobbie (1982) reported a 
range of 0.5-200 mmol m-2 d-I of 02 con- 
sumed for east coast salt marshes while 
Hartwig (1978) observed mean sediment 
oxygen consumption rates of 17, 36, and 22 
mmol m-2 d-l in April, July, and December 
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in sandy subtidal sediments off southern 
California. Although the TOD in station B 
and C sediments resembles that in other 
subtidal sediments, that at station A is more 
similar to subtidal, organic-rich sediments. 
In the present study both COD and TOD 
increased from April through December, in 
accordance with the other heterotrophic and 
chemoautotrophic activities measured. The 
high COD rates at stations A and B could 
have accounted for the lower-than-expected 
sulfide concentrations in pore waters at that 
time. Storm-induced sediment mixing or 
pumping in December may have resulted 
in the advection into sediments of waters 
containing 02 as well as labile substrates, 
resulting in subsequent stimulation of 02 
consumption. 

Another factor potentially influencing the 
observed patterns of oxygen demand during 
each of the sampling periods is that of the 
flow rate of seawater over the sediment sur- 
face. Davies (1975) measured up to three- 
fold greater 02 consumption rates by sedi- 
ments of Loch Thurnaig when the free- 
stream current velocity was increased from 
3 to 11 cm s-1. The high surge conditions 
in the vicinity of the Isla Vista seep area 
may have contributed to the greater rates 
of 02 consumption in December through 
the greater production of reduced com- 
pounds and the greater diffusive and ad- 
vective fluxes of 02 into the sediments of 
all three stations. 

The calculation of a carbon budget for the 
three stations is made more difficult by the 
complex form of organic carbon dominat- 
ing the system and its mode of introduction, 
by the relative importance of aerobic and 
anaerobic respiratory processes and their 
role(s) in transforming petroleum carbon, 
and by the apportionment of TOD into that 
fraction needed exclusively for hydrocarbon 
oxidation. For the following calculations we 
assume that total solvent-extractable hy- 
drocarbons represent a reasonable first-or- 
der approximation of the labile petroleum 
carbon which is available to sediment bac- 
teria for growth and respiration; other forms 
of organic carbon input to these sediments 
are negligible in comparison to petroleum 
carbon; BOD values are attributable entire- 
ly to microbial oxidation of hydrocarbons; 

and both the sedimentary pool sizes and 
fluxes of petroleum carbon are stable over 
the time period of the oxygen flux experi- 
ments (i.e. 24 h). No direct measurements 
of upward petroleum flux were made in the 
course of these studies, but we use total ex- 
tractable hydrocarbon pool sizes to estimate 
turnover times of this carbon pool for July 
and December 1986. 

At station A the mean sediment BOD val- 
ues in July and December were 2.6 and 2.0 
g 02 m-2 d-l. Applying an average respi- 
ratory quotient of 0.7 (Teal and Kanwisher 
1961) to these BOD values converts them 
to 0.7 and 0.5 g C respired m-2 d-l. The 
total extractable petroleum carbon avail- 
able to a depth of 5 cm at station A was 147 
and 374 g m-2 in July and December, and 
the turnover times would therefore be 210 
and 748 d for these 2 months. These esti- 
mates are conservative as they are based 
only on solvent-extractable hydrocarbons 
measured to a relatively shallow depth. If 
total organic carbon is considered, 724- and 
2,579-d turnover times are calculated for 
July and December, assuming equivalent 
rates of oxidation for all forms of organic 
carbon. 

The same calculations for station B yield 
a turnover time of 133 d for petroleum car- 
bon (2,660 d for TOC) in July. December 
BOD was negative and was not used here. 
Likewise, for station C, values of 3.1 and 
4.8 d for the turnover of petroleum carbon 
(62 and 96 d for TOC) are obtained for July 
and December. It is apparent at station A, 
whlere there is a steady but unknown upward 
flux of fresh petroleum into the sediments, 
that the transformation of organic carbon is 
oxidant limited and that the measured pe- 
troleum hydrocarbons represent steady state 
concentrations, at least over the short term. 
Hence, pore-water solute profiles resemble 
those from other organic-rich sediments. 
The trend of decreasing heterotrophic ac- 
tivity with distance from the center of seep- 
age correlates well with concentrations of 
TEH and TOC. The higher rates of hetero- 
trophic activity in station A sediments are 
not proportionate to the rates of petroleum 
carbon input, however, and a net accumu- 
lation of petroleum occurs with the result 
that carbon turnover times are long. Lower 



1512 Bauer et at. 

overall activities at stations B and C do not 
preclude these sediments from cycling their 
smaller organic carbon pools relatively more 
rapidly than those at station A, even though 
the absolute rates of carbon oxidation are 
lower than those at station A. 

We conclude that sediments in areas of 
hydrocarbon seepage have geochemical 
cycles that are different from those in sur- 
rounding shelf sediments. Profiles of pore- 
water solutes are altered and microbial ac- 
tivities are enhanced in seep sediments, and 
they resemble organic-rich nearshore and 
intertidal environments. The biogeochem- 
ical evidence from the present study sup- 
ports the faunal data from this and other 
seeps (Montagna et al. 1987; Brooks et al. 
1987; Bauer et al. in prep. b) and indicates 
that at least a fraction of this fossil carbon 
is being incorporated into the benthic car- 
bon cycle. The specific mechanisms driving 
the anaerobic component of organic carbon 
turnover in these sediments, as well as those 
responsible for the assimilation of this car- 
bon into the benthos, are still unidentified. 
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