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ABSTRACT. Secdiment gravity and box cores werc taken over the course of a 10-
month period at a single station in Long Island Sound. A range of pore water and
solid phase constituents were measured. Summer pore water profiles exhibit an upper
zone from 1 to 8 cm in which concentrations of constituents, such as sulfate and alka-
linity, do not change markedly with depth. The actual concentration levels, however,
are significantly altered from bottom water values with the transition between bottom
water and pore water occurring within the top 1 to 2 cm. The upper 8 c¢m zone is
underlain by a much thicker one in which pore water profiles show trends indicative
of progressive diagenesis involving bacterial sulfate reduction (for example, sulfate
decrease). Winter pore water profiles do not show an upper zone of constant pore
water concentration.

As an aid to interprecting the pore water data, dircct measurements were made
of sulfate reduction rates by incubating sediment aliquots under anacrobic condi-
tions and following sulfate depletion with time. These rates fall in the range 2 to
77 mM sulfate/1 pore water/yr and show a striking decrease with depth in the sedi-
ment column.

It is argued that the depth independent pore water profiles in the upper 8 cm
of summer sediment arise from irrigation or particle mixing of sediment by macro-
infaunal organisms (that is, bioturbation) rather than by lack of sulfate reduction.
This conclusion is based on high measured rates of sulfate reduction in the upper
8 cm. Frequent recovery during coring of the deposit-feeding polychacte worm Nephtys
incisa and presence of abundant iron-sulfide minerals in the upper 8 cm also support
this conclusion. The vertical transport of pore water coustituents arising from bioturba-
tion during the summer is at lcast five times more rapid than by ionic diffusion. Such
transport does not swamp out all effects of bacterial metabolism, as the latter process
is so rapid in the upper 1 cm as to modify the chemistry of solutions passing through
this interval. During winter the bioturbating activity of infauna decreases; hence pore
water profiles are diffusion controlled.

Below the zone of bioturbation (0-8 cm), mass transport of sulfate is dominated
by ionic diffusion and burial. Rates of sulfate reduction over the depth interval 10
to 80 cm were estimated from the sulfate profiles by mathematical modeling using a
diffusion cocficient (4.0X10—® cm?/scc) measured on cores in the study area and a
sedimentation rate (0.3 cm/yr) estimated by three independent techniques. Rates so
calculated fall in the range 0 to 2 mM/l/yr and are in good agrecment with valucs
measured in the laboratory.

* Present address: U.S. Geological Survey, Branch of Uranium and Thorium Re-
sources, Denver IFederal Center, Denver, Colorado 80225 and Department of Chemistry
and Geochemistry, Colorado School of Mines, Golden, Colorado 80401

#% Institute of Marine Sciences, University of North Carolina, Chapel Hill, North
Carolina 27607
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INTRODUCTION

Bacterial sulfate reduction is a biogeochemical process occurring pre-
dominately within marine and terrestrial sediments. The consequences of
sulfate reduction to long-term cycling of sulfur through the oceans (Holser
and Kaplan, 1966; Holland, 1973) as well as short-term cycling of sulfur
through the atmosphere (Koyama, Nakai, and Kamata, 1965; Kellogg
and others, 1972) have been widely acknowledged. These consequences
arise in large part from the ability of sulfate reducing bacteria to facilitate
transfer of sullur from dissolved to solid and gaseous phases. In the marine
realm, the major process of this type is the net transfer of sulfur from
the sulfate reservoir of seawater to solid phase iron sulfide of the sedi-
ment column. The quantitative evaluation of this process requires a de-
tailed understanding of the mechanisms by which sulfur is transported
between and within reservoirs and the rate at which it is incorporated
into a given reservoir.

We have studied sulfur transport and rates of sulfate reduction in
sediments at a single station in Long Island Sound. Sulfur transport is
particularly complex near the sediment-water interface because of physical
or biological disturbance by waves, currents, and burrowing organisms
(Rhoads, Aller, and Goldhaber, 1977; Berner, 1976a). We have studied
this upper zone as distinct from deeper sediment where transport is con-
trolled predominately by diffusion. Mathematical modeling of sulfate
pore-water profiles (Berner, 1964a, 1972, 1974; Lasaga and Holland, 1976;
Tsou, Hammond, and Horowitz, 1973) together with direct measurement
of ionic diffusion coefficients for the sediments under study is used to
evaluate the relative importance of different transport mechanisms with
depth as well as bacterial metabolic rates.

Rates of sulfate reduction are known to be highly variable (Gold-
haber and Kaplan, 1975). We have attempted to measure rates of reduc-
tion at different levels of the sediment pile by incubating sediment from
various depths at close to in situ conditions and following progressive
chemical changes through time (see, for example, Gunkel and Oppen-
heimer, 1963; Nakai and Jensen, 1964). No additional substrate was
added. Rates of reduction obtained Ly incubation technique and mathe-
matical modeling are compared.

The study site (hereafter referred to as the Foam site) is located in
approximately 9 m of water in Long Island Sound adjacent to the
Thimble Islands (fig. 1). This site is readily accessible for repetitive
sampling and rapid sample processing on shore. Sulfate removal at this
station is complete over a depth interval casily sampled by gravity cores.
Sediments at the Foam site are silt-mud characterized by a brown surficial
layer 1 to 3 cm thick underlain by gray-green sediment with occasional
black mottles. Shell debris is extremely abundant in the upper 50 cm
below which it decreases noticeably. The upper ~15 cm of sediment show
prominent evidence of bioturbation. Most active burrowing is associated
with the errant polychaete worm, Nephtys incisa; the dwelling tubes of
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Fig. 1. Location map of FOAM site.

Spiochaetopterus sp. (deep-burrowing polychaete) and Ampelisca sp.
(near-surface-dwelling amphipod crustacean) arc also common. Deposit-
feeding protobranch bivalves typical of many soft-bottom areas of the
Sound are not abundant at the Foam site.

METHODS

Sample collection.—Several gravity cores were obtained at various
times from the Foam site in clear plastic 4.78 cm L.D. core liners. They
were returned within 3 to 5 hrs to the laboratory, and pore waters were
removed by mechanical squeezing. Two techniques were utilized. The
first approach (Kalil and Goldhaber, 1973) entails sectioning the cores
in a miter box at 10 cm intervals, removing about 1 cm of sediment from
each cut end, and inserting filter paper against the sediment. Mud re-
moved from the core ends was used to estimate water content by drying
at 70°C in a vacuum. O-ring-sealed end pistons drilled to allow passage
of pore waters are then seated against the filter paper. This procedure is
duplicated at the other end of the section, and the whole assembly is
placed in a mechanical press. Water is forced out of both ends of the
section at pressures <200 psi and passed through in-line millipore filters.
Samples are obtained by expansion into plastic syringes, and the first 5 m}
are discarded in order to avoid analysis of air contaminated samples.
Waters from each end of the core section were analyzed separately. Core
20B was squeezed by a modified Reeburgh (1967) type squeezer using
an interlock device (Martens, 1974), so that sample loading could be ac-
complished in a helium atmosphere. Core 20D was also squeezed in the
Reeburgh type squeezer without benelit of the interlock. This latter
core was not analyzed for volatile constituents.

To supplement the gravity core data, two closely spaced box cores
were obtained by scuba divers at the Foam site during August 1974 and
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again in March 1975. These cores designed by one of us (Aller) are
plexiglas boxes of dimension 7.6 X 30.5 X 25.4 cm and 2.5 X 30.5 X 25.4
cm with a beveled cutting edge along the (open) bottom. A core is taken
by a diver who inserts the core gently into the sediment column and
then slips a tightly fitting base into position. The base is secured by
elastic straps. The smaller cores were X-rayed on a medical X-ray unit,
and the larger one analyzed chemically as follows: After removal by
aspiration of all supernatant seawater, sediment samples were obtained
at successive 1 cm depth increments and packed (under a nitrogen atmos-
phere in a glove bag) into empty precut and cleaned 10 cm core sections.
These sections were then squeezed using the same approach as for cut 10
cm sections of gravity core.

Sediment analysis—Pore waters from gravity and box cores were
analyzed for chloride, alkalinity, sulfate, sulfide, phosphate, and ammonia.
Alkalinity was determined potentiometrically on 10 ml samples (1-2 ml
in core 20B) using the procedure of Gieskes and Rogers (1973). Sulfate was
measured gravimetrically as BaSO, on 10 ml samples acidified to pH 2-3
and heated to about 80°C to coarsen the precipitate. Frequently the pore
water samples became cloudy upon acidification. We take this to indicate
formation of organic precipitates or of elemental sulfur from polysulfides
which decompose at acid pH. Such samples were refiltered before precipi-
tation of BaSO,. Dissolved sulfide was determined by a modification of
the colorimetric methylene blue procedure (Cline, 1969; Goldhaber, 1974).
This approach entails collecting about 2 ml of pore water in a plastic
syringe containing a known volume of zinc acetate which preserves the
sulfide as ZnS. The sample volume is obtained by weighing the syringe
before and after water sample collection and applying a density correction
to the sample weight. The color is developed by adding the acidic ferric
chloride catalyst and diamine reagent sequentially rather than as a mix-
ture. This allows dissolution of ZnS before catalyzed development of the
color. Phosphate was determined colorimetrically (Strickland and Parsons,
1968), ammonia by a modification of the phenol hypochlorite method of
Solorzano (1969), and chloride by titration with silver nitrate. Precision
of the alkalinity, sulfide, phosphate, and ammonia determination is better
than =5 percent, and the sulfate is precise to =0.5 mM/l. Not all cores
were analyzed for the entire range of parameters.

The squeezed cakes of mud enclosed in plastic liners were stored
frozen, later thawed, and analyzed for acid volatile sulfides (that 1is,
greigite, mackanawite, amorphous sulfides) by acid evolution of sulfide
in a gas train into a silver nitrate trap and weighing of resulting silver
sulfide. “Pyrite” sulfur was determined on the sediment residue from this
acid treatment by oxidation in boiling bromine plus aqua-regia and pre-
cipitation of resulting sulfate as BaSO,. Weights of sulfur from these two
procedures are referred to the dry weight of unreacted sediment using the
initial wet weight of unreacted sediment taken, together with a separate
measurement of the water content of this material made on a subsample
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dried at 80°C. “Pyrite” sulfur determined in this way actually includes
subordinate contributions from elemental sulfur and organically bound
sulfur (Kaplan, Emery, and Rittenberg, 1963). Estimates of organic matter
were made by weight loss at 475°C on a sample initially dried at 105°C.
Some measurements were made of the trace elements Zn and Cu on the
combusted material according to the procedure of Thomson, Turekian,
and McCaffrey (1975) which involves leaching by hot nitric acid and
analysis by atomic absorption spectrophotometry by direct aspiration of
the leachate. Calcium carbonate was estimated by weight loss in IN HCI
(Molnia, 1974).

“Jar” experiments—To have some estimate of the rates at which
bacterial metabolism was progressing in the sediment column, four
separate suites of experiments were carried out in which sediment was
partitioned into a number of containers maintained in the laboratory.
Rates of sulfate depletion and ammonia production were estimated by
analyzing the containers serially with time.

The first of these series of jar experiments, denoted JJ, was made
on sediment obtained by a Van Veen grab at a site near (within 90 m)
of the Foam site. The surficial brown zone was visibly present in this
material suggesting minimal washout of sediment. We estimate that ap-
proximately the upper 10 cm of sediment was sampled. This mud was
returned to the laboratory, very completely homogenized in a cleaned 40
gallon plastic trash can, and subdivided into 10 glass chromatographic
tanks. These were left open for several hours during which time macro-
fauna that surfaced were removed. The tanks were then covered with snug
fitting glass tops. Pore waters were analyzed at various times by sub-
coring using a short length of empty core liner, and the sediment squeezed
after transfer into a Reeburgh type squeezer. It is likely that some in-
faunal organisms were unable to escape and were, therefore, entombed
with the sediments.

The second suite of experiments (denoted D]} was made, using Foam
site gravity cores, on sediment from the 10 to 20 and 20 to 30 cm intervals.
Mud from these horizons was homogenized separately and loaded into a

TABLE 1
Summary of cores analyzed

Core Date Length cm
*1A 5/16/74 170
20B 6/4/74 150
20C 6/4/74 125
20D 8/5/74 138

Box-1 8/5/74 24

*#+x20E 9/11/74
20GG 10/3/74 150
*+¥20H 10/23/74 142
Box-2 3/13/75 12

* Adjacent to Foam site (within 90 m).
#* Used primarily for diffusion studies.
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series of 30 ml test tubes with tightly fitting tops. Sample handling was
carried out under nitrogen in a glove bag. The tubes were stored in a
nitrogen flushed, sealed, dissicator further to minimize air oxidation.
Sulfate analysis was carried out on the clear supernatant obtained by
centrifuging the test tubes. The precision of these analyses is relatively
low due to small (2-5 ml) water sample volumes.

The third series (S]) was made on the (summer) X-ray box core using
sediment from the 0 to 2, 3 to 5, 5 to §, and 11 to 14 c¢m intervals. This
material was prepared, stored, and analyzed in the same manner as for
the D] series.

Finally, a series of experiments (T]) was made on mud from a
coastal salt marsh known from a previous study (Martens and Berner,
1974) to support very rapid sulfate reduction. This was prepared and
analyzed in the same manner as for series JJ, except that half the chroma-
tographic tanks were placed in a refrigerator at 2 = 1°C. All the remain-
ing jars from all experiments were maintained at room temperature.

Rates may, in some cases, be best described as “potential” rates. In
particular, there is no « priori reason to believe that sediment from the
brown “oxidizing” zone 0 to 2 or 8 cm is involved in sulfate reduction
at all. The rate of sulfate reduction determined on such material is that
which would occur in the absence of oxygen. All sediment for jar experi-
ments was obtained between May and September. Temperature and pres-
sure differences between summer Long Island Sound sediment and the
laboratory regime are small (17°-19°C versus 22°C and 2 atm versus 1
atm pressure). Temperature effects can be corrected as discussed in the
section on results.

Diffusion procedure.—The diffusion coeflicient of sulfate was deter-
mined on sediment from Foam gravity cores by a technique adapted from
Li and Gregory (1974). This invelves joining two cells filled with un-
disturbed sediment such that one cell contains interstitial sulfate and
the other does not. The cells used in the present study were prepared
directly from the Foam cores by cutting 5 cm sections near the top and
bottom of the core. Sulfate analyses on adjacent (above and below) 5 cm
sections were used to bracket the initial sulfate concentrations in the
diffusion cells. Additional measurements of Dgp,>~ were made on sedi-
ment taken from the top and bottom 20 cmx of a core. This sediment was
homogenized and added to cylindrical lucite cells 5 cm long X 5 cm
diameter. Initial sulfate concentrations were determined directly by anal-
yzing an aliquot of the homogenized sediment.

For each experiment the cells were joined, separated only by a filter
(Whatman #41 paper or coarse nylon mesh), and sulfate diffusion was
allowed to proceed for a measured length of time (<7 days) following
which the sediment in each cell was homogenized, and a sample of inter-
stitial water collected by squeezing (Reeburgh squeezer). Sulfate was
determined as previously described, and the amount of sulfate that
diffused was calculated.
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The procedure used to determine Dgo, >~ in the present study differs
from similar recent studies (Li and Gregory, 1974; Phillips and Brown,
1964) in that (1) tracer *S was not used, and (2) the natural sulfate
gradient in a core was used to establish the sulfate gradient in the dif-
fusion cells. This ensured a counter-gradient of HCO,~, thus approxi-
mating the conditions under which sulfate diffusion occurs in situ.
Further, the use of sediment plugs cut {rom cores minimized disturbance
of the sediment, preserving the original tortuosity. Berner (1975) has
shown that concentration changes due to diffusion can be affected by
gradients in water content in addition to Fick’s second law effects. The
water content for any two sediment plugs joined together in the present
study was 50 = 5 percent. T'o check on possible non-diffusive changes in
sulfate concentration during the course of an experiment, controls were
run by placing an impermeable membrane between the cells. Sulfate
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Fig. 2. Pore water sulfatc analyses of FOAM site cores. Filled circles, FOAM 1A;
open triangles, FOAM 20B; crosses; FOAM 20C; filled squares, FOAM 20D; filled tri-
angles, FOAM 20F; filled cllipse, 20H; open circle, Box-1.
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Fig. 3. Dissolved total sulfide (S + HS™) in FOAM gravity core pore waters.
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Filled squares, FOAM 20B; open circles, FOAM 20C; filled circles, FOAM 20GG.

TaABLE 2
Results of analysis of core Foam 20B

Pol:s*

Depth SO~ S H.S NH,* micro- Alkalinity
cm mM mM Cl' M mM molar meq/1
0-2 22.0 0.766 130
2-10 21.3 Tr.? 0.440 0.81 159 7.8

14-22 174 0.18 0.440 1.10 214 11.6
27-35 14.0 0.44 0.455 1.36 216 175
45-53 9.1 1.11 0454 1.78 218 23.1
63-71 8.4 0451 1.97 230 27.3
78-86 7.6 2.80 0450 1.90 227 34.0
96-105 3.8 0.454 2.29 239 36.0

113-120 19 0.452 248 250 384

126-133 1.1 0450 2.72 259 41.0

140-148 0.3 0.450 2.54 261 454
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loss by bacterial reduction during the diffusion experiments was thereby
checked.
RESULTS OF SEDIMENT ANALYSES

Pore water chemistry—The general aspects of trends with depth in
pore water chemistry of Foam gravity cores are similar to those that have
been observed in previous studies of near-shore organic matter-rich
marine sediments sediments (for example, Shiskina, 1964; Sholkovitz,
1973). Sulfate is observed to decrease from near bottom water values in
the vicinity of the sediment water interface to essentially zero at depth
greater than 150 cm (fig. 2). This decrease is not associated with a de-
crease in salinity as evidenced by essentially constant Cl— concentration
below 20 cm (table 2). Associated with the sulfate decrease is an increase
in the aqueous reaction products of sulfate reduction such as sulfide (fig.
3) and ammonia (fig. 4).

In general, variations between gravity cores taken at different times
(over the interval May-September) and different places within the study
area are small relative to total changes over the entire depth range. This
is best shown for sulfate in figure 2. We take this to indicate that the
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Fig. 4. Dissolved ammonia in pore waters of core FOAM 20D. The curve drawn
through the data is an exponential fit as discussed in the text.
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Fig. 5. A. Pore water sulfate data from analysis of the sunimer box cove: (filled
circles). Also shown are data from gravity cores 20B (filled squares) and 20C (filled
triangles). B W = Bottom Water.

B. Pore water sulfate data from the winter box core.
variability in rates and extent of diagenesis over this time interval is small
within the study area, and therefore that conclusions regarding one core
may be genecralized to the remaining ones. This statement is further sub-
stantiated by additional data on several cores taken within 1 km of the
Foam site which show sulfate profiles similar to those of figure 2 (Martens
and Berner, 1977). In the top few centimeters, however, seasonal vari-
ability does clearly exist, the significance of which will be discussed in
detail.

The results of pore water analyses on the summer box core are strik-
ing in a number of respects. The summer sulfate data are shown on
figure 5A. Within the upper 7 to 9 cm, sulfate is essentially constant
within experimental uncertainty at a value 2 mM less than that of the
overlying LIS water, particularly when box core data alone are con-
sidered. Below this depth a great deal of scatter exists, but there is an
unmistakable overall decrease in concentration. Also shown on figure 5A
are sulfate values from gravity cores 20B and 20C. Note the general agree-
ment between gravity and box core data at comparable depths. This may
be taken as further support for between-core similarity. Gravity core 20C
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shows SO~ constant in the upper 13 ecm in a manner like the box core.

Similar gravity core sulfate profiles have been found by Martens and
Berner (1976) for Long Island Sound and by Berner (1964b), Sholkovitz
(1973), and Goldhaber and Kaplan (1974) for other near-shore marine

environments.

Alkalinity measurements on the summer box core (fig. 6A) show less
scatter than sulfate data. A very rapid rise occurs in the upper 2 cm from
bottom water values to a constant concentration of between 6 to 7 meq/I.

As for sulfate, a break in the profile occurs at about 7 to 8 c¢m with a

steeper slope below 8 cm.

Dissolved sulfide (fig. 7) is undetectable in the summer bhox core
until 7 to 8 cm at which depth it begins to accumulate. The coincidence
of the depth of initial appearance of sulfide with that of breaks in sulfate
and alkalinity profiles suggests a process in common among all three para-
meters. Also plotted on figure 7 are sulfide values from gravity core 20C.
Again, excellent correspondence between gravity and box core data is
evident. Furthermore, this agreement demonstrates that sample handling
involved in sampling the box core did not lead to substantial loss of

volatile constituents by outgassing or air oxidation.
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Summer phosphate data (fig. 8A) are characterized by an extremely
rapid rise in concentration within the first cm (as was found for alka-
linity) followed by a gradual decrease down to at least 7 cm and a second
more gradual increase. This second increase continues to at least 1.5
m depth based on data from core 20B (table 2).

Pore water data from the upper 7 to 8 cm of the winter (March)
box core are in striking contrast to the summer data. Alkalinity, for
example, figure 6B, shows a systematic increase rather than constant
values over this depth interval. Sulfate (fig. 5B) systematically decreases
with depth. The winter box core has lower near-interface phosphate
values which increase gradually and continuously with depth. Below
7 to 8 cm, summer and winter box core sulfate and alkalinity data are
in good agreement.

Solid phases—Solid phases in upper layers of Foam site sediments
are characterized by high contents of organic matter (percent ignition wt

20 p— —

! | | — [ l
0 50 100 150 200 250 300 350
2 Hp S Micromolar
Fig. 7. Pore water sulfide data from the summer box core (closed circles). Also
shown for comparison are data from gravity cores 20B (filled squares) and 20C (fillled

triangles). The brackets indicatc depths at which sulfide is less than the detection limit
of the analytical procedure.
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TABLE 3

Results of analysis of core Foam 20C

Cu
Depth SO — SH.S Pyrite S Organic matter microgram/
cm mM mM % dry wt % dry wt gram
0-7 195 1] 047
8-12 19.7 0.16 0.67 64
12-17 16.7 0.89 5.4
18-25 15.7 0.34 1.20 75
25-30 14.1 0.84
30-35 12.0 0.42 0.66 5.3 10.6
35-40 11.0 0.60
40-45 10.3 1.20 0.71 5.1 8.6
45-50 95 0.77 3.2 10.0
50-55 8.6 0.79 4.4
55-60 8.1 0.62
60-65 7.0 0.70 4.6 95
65-70 6.1 213 0.83 4.1 8.3
70-75 5.6 0.86
75-80 49 0.86
80-85 4.3 0.90 42 8.7
85-90 3.4 0.98 9.0
90-95 2.6 0.94
95-100 24 0.92
100-110 1.9 0.82 4.7 9.8*
115-125 0.6 0.95 5.1 10.5%*

*100 to 105 cm
*%115 to 120 cm
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loss) exceeding 4 percent (tables 3, 5). A systematic decrease of this para-
meter occurs in the upper 9 cm. This decrease is underlain by a maxi-
mum in concentration located at 15 to 17 cm (table 3). These trends are
not artifacts of dilution by CaCOj, which is itself highly variable, ranging
between 10 to 30 percent in the upper 25cm (table 5).

Acid volatile sulfur (table 5, fig. 9) is present at relatively low levels
not exceeding 0.08 percent S (or 0.094 percent S on a carbonate free basis).
A maximum was found at around 5 cm.

Pyrite sulfur initially increases in the upper 3 cm and is then essen-
tially constant down to 12 cm where a second increase takes place to a
maximum at about 16 c¢m (fig. 10). This latter depth coincides with the
organic matter maximum. A positive correlation in marine sediments
between organic carbon and pyrite sulfur was described previously (Ber-
ner, 1970; Sweeney, ms) and is attributed to a control on the amount of
sulfate reduced by metabolism of a reactive component of organic matter
rapidly consumed near the sediment water interface. Also shown on figure
10 are gravity core data for core 20C. As for the pore water constituents,
excellent agreement between cores is noted. An interesting feature of
the box core pyrite data is that the upper brown zone (0-2 cm) contains
considerable pyrite sulfur, the origin of which will be discussed below.

The copper and zinc contents of the nitric acid-soluble sediment
fraction are presented in table 5, and Cu is shown in figure 11 (on a
carbonate free basis). Also plotted on figure 11 are the data of Thomson,
Turekian, and McCaffrey (1975) for central Long Island Sound. Their
data have not been recalculated carbonate-free, but the carbonate content
of the central Sound is considerably less than the Foam site (about 3-9
percent). Note that at both localities trace metals are considerably en-
riched in surface LIS sediments compared to deeper levels.

RESULTS OF LABORATORY EXPERIMENTS

Jar experiments—Results of sulfate analyses on jar experiments are
shown in figures 12 to 18. Before these rates can be discussed and inter-

TABLE 4
Results of analysis of core Foam 20D

Depth SO~ NH,~ PO~
cm mM mM Micromolar
8-13 14.6

18-23 12.1 1.13 229
28-33 11.2 1.43 252
38-43 7.7

48-53 6.7 1.68 254
65-71 4.3 1.93 261
78-88 32 2.08 282
88-93 2.0 2.12 290
98-107 1.9 2.16 295

108-113 1.2 2.52 320

118-123 0.7 2.36 318

128-136 0.6 2.47 318
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preted the origin of the “initial” behavior during the experiments must
be considered. In several cases there appears to be a rapid initial de-
crease in sulfate with time followed by a change in slope to a somewhat
slower long term rate. This effect is particularly noticeable in series JJ
but may also be inferred in S] 2-5, 5.8, 11-14, and DJ 20. Alternative ex-
planations may be advanced to explain this behavior. Previous investi-
gators (Nakai and Jenson, 1964) have ascribed rapid initial rates to a
kinetic mechanism which is first order in sulfate concentration. However,
extensive research on the metabolism of sulfate reducers indicates that
reduction rate is independent of sulfate concentration at values greater
than 10 mM (Rees, 1973; Ramm and Bella, 1974; Postgate, 1951; Harrison
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Fig. 9. Acid volatile sulfide (that is, greigite, mackinawite, amorphous sulfides) in
the summer box core of FOAM Box-1. Acid volatile § 9, dry wt.
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Fig. 10. Results of “pyrite” sulfur analysis of core FOAM Box-1 (closed circles).
Also shown for comparison are results from core 20C (open squares).
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and Thode, 1958; Kaplan and Rittenberg, 1964). A more likely explana-
tion involves the possible presence of a relatively small component of
readily metabolized organic matter which could arise by death and decay
of entombed macro-and meiobenthos. Such an explanation is particularly
attractive in the case of series JJ where as noted above macro-organisms
are thought to have been trapped in this manner. To some extent such
processes must take place in situ, but they are considered largely experi-
mental artifacts. By way of contrast, the source of highly reactive organic
matter might have been present in silu owing to the production of fecal
material by macro-organisms. Fecal pellets are known to support high

Depth, cm.

| 1 | | |

0 20 40 60 80 {00

Cu micro gram/gram

Fig. 11. Copper analyses (carbonate-frce basis) on the solid phase of the summer
box core (closed circles). Also shown are data of Thomson, Turckian, and McCaffrey
(1975) for central Long Island Sound (open circles).
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Fig. 12. Plot of jar experiment results from series JJ showing sulfate decrease with
time. Note the initial more rapid decrease in sulfate over the first 5 days. Calculated
rates are 25 to 88 mM/1/yr when the initial two points are respectively excluded and
included in the calculation.
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Fig. 18. Plot of jar experiment results from scrics 8] (0-2 an) showing sulfate
decrease with time. Calculated rate is 77 mM/1/yr.




212 M. B. Goldhaber and others—Sulfate reduction, diffusion,

levels of bacterial metabolism (Hargrave, 1972). Some organisms secrete
mucous during burrowing or for cementation of tubes, and its presence
as a rich organic substrate might lead to rapid anaerobic metabolism. In
fact field observations (by Aller) reveal that most recent sedimentary
burrow structures are surrounded by intensely jet black (sulfide rich)
sediment probably arising from such a mechanism. If such processes are
occurring in situ the “initial rate” may actually be closer to the in situ
rate (R. Wollast, personal commun.). This possibility seems less likely for
deeper experiments (D] series) than for shallower ones owing to the lack
of an cbvious mechanism for continuously supplying reactive substrate.
It should be kept in mind, therefore, that the reported rates may to some
extent underestimate in sitw values. This possibility would not affect our
conclusions.

Increased temperature and decreased pressure from in situ Foam con-
ditions were used in the laboratory, and these are known to enhance
metabolic activity of bacteria. This might cause an initial growth phase
(corresponding to the initial rapid rate), while the bacterial population
adjusts to the laboratory conditions. The pressure difference, however,
between field and laboratory conditions is not large for the situation

Elapsed time. days
50 100 150

16|
g o © ® s 25
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o
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Fig. 14. Plot of jar experiment results from series S] at depths of 2 to 5 cm, 5 to
8 ¢m, and 11 to 14 cm. Calculated rates are 13 to 21, 6 to 7, and 2 to 8 mM/l/yr
respectively.
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under consideration (2 atm versus 1 atm). It is expected that the tempera-
ture difference between summer in situ and laboratory conditions of at
most 5°C will exert some influence on the rate.

The temperature experiment (T']} at 2°C showed a lag or induction
period over the first 20 days during which time no sulfate was reduced.
This effect may reflect thermal shock to the bacterial population due to
a sudden temperature change.

Because of the existence of these various initial behaviors and their
uncertain origin, the results of individual jar experiments are expressed
as a range in which the 1nitial data points are alternatively included and
excluded from consideration (fig. 18). It is explicitly assumed that sulfate
reduction is zero order with respect to sulfate down to low sulfate con-
centration (<5 mM).

The rates of sulfate reduction measured in this study are not dis-
similar from others reported previously from the nearshore marine en-
vironment (for example, Gunkel and Oppenheimer, 1963; Ivanov, 1968;
Berner, 1972). The spread in Foam site values is quite large, however,
ranging well over an order of magnitude from 77 mM /1/hr (S] 0-2) down
to about 2 mM/l/yr (D] 30). A striking exponential decrease is shown
when the data are plotted against the depth in the sediment column from
which the sediment was obtained (fig. 18). This localization of rapid meta-
bolic rates in the vicinity of the sediment water interface has been
demonstrated previously (Sorokin, 1962). It has also been shown that
numbers of culturable bacteria including sulfate reducers fall off ex-

[0—-20 CM

18

16

14 X
PREDICTED BY DIFFUSION
MODEL 2.8mM/I/YR.

SO, %mM

12
0 50 100 150 200 220

Elapsed time, days

Fig. 15. Plot of jar experiment results from series DJ (10-20 cm) showing sulfate
decrease with time. The line drawn through the data is the rate predicted by a
diffusion model discussed in the text. Note that the calculated in situ values (table 8)
have been increased to account for the increased temperature of laboratory conditions
under which the jar experiment was run. The basis for this increase is the “activation
energy” derived from the TJ jar experiments.
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TABLE 6
Core box 2

Depth SO, Alkalinity NH, PO = Percent*
cm millimolar meq/1 millimolar millimolar water
0-1 22.8 3.5 0.071 0.012 564
1-2 22.2 4.3 0.124 0.052 50.2
2-3 224 5.0 0.181 0.065 49.8
3-4 22.1 5.2 0.245 0.091 50.9
4-5 21.7 6.3 0.322 0.151 54.7
5-6 21.1 74 0.361 0.258 53.9
6-7 — 74 0.442 0.309 39.6
7-8 19.5 8.2 0453 0.231 38.5
8-9 19.7 9.0 0.542 0.308 375
9-10 19.1 9.5 0.590 0.294 38.7
10-11 18.6 10.0 0.631 0.288 36.9

*Wet wt basis

ponentially with depth in the sediment column (Zobell and Feltham,
1942; Oppenheimer, 1960; Sorokin, 1962). Extremely rapid sulfate reduc-
tion rates in a near surface zone have been inferred by Berner (1970) and
Sweeney (ms) on the basis of the distribution of iron sulfides within the
sediment columnmn, while Orr and Gaines (1973) and Jorgensen and Fenchel
(1974) have shown that the ability of anaerobic bacteria to maintain rapid
rates of oxidation of organic matter may not be strikingly different than
that of aerobic microorganisms.

The results of the temperature jar experiment may be used to obtain
the sensitivity of bacterial rates to temperature changes. A difference of
about a factor of 16 exists between 20° and 2°C rate data for splits of
the same sediment (fig. 17). This corresponds to a factor of 4 difference
per 10°C change in temperature or approximately a factor of 0.67 in the
rate between summer in siti and laboratory conditions. Vosjan (1974) has
demonstrated that the temperature dependence of sulfate reduction rates

0-20 CM
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3 ]
i SR
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Fig. 16. Plot of jar experiment results from series DJ (20-30 cm) showing sulfate
decrease with time. The line drawn through the data is the calculated rate predicted
by a diffusion model as discussed in the text. The calculated rate has been increased
to account for the increased temperature of laboratory conditions under which the jar
experiment was run.
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in natural Wadden Sea sediments may be fit to a function of the form
of the Arrhenius rate law and calculates an “activation energy” of 22
kcal/mol from his data. Although the activation energy concept is only
strictly valid for a single elementary reaction, if we assume that our data
may likewise be parameterized as an exponential function, we calculate
an “activation energy” of 25 kcal/mol from the rates at 2° and 20°C. This
value is used to adjust rates of sulfate reduction to temperatures other
than those at which rates were measured. The gross similarity between
the activation energies just cited suggests that the assumption of an
exponential form to the temperature dependence ol our data is reason-
able.

Diffusion results—I1f the amount of sulfate that has diffused from
one cell to the other and the length of time diffusion has proceeded are
known, the diffusion coefficient can be calculated from:

h*f? a7
D=—— M
where
h = length of one cell (5 cm)
f = fraction of initial sulfate which has diffused
t = time for diffusion (sec)

A detailed development of eq 1 as well as restrictions on its use are given
in the appendix (see also Phillips and Brown, 1964). D calculated byeq 1l
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Td 2°C
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\ TJ 20°C
u \
! ]
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Fig. 17. Plot of jar experiment results from series T] showing sulfate decrease with
time for splits of the same sediment maintained at two different temperatures.
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includes the effect of tortuosity only, since adsorption or ion exchange, is
negligible for SO,*~ (Li and Gregory, 1974).

Table 7 gives the values of Dg,>~ determined on sediment obtained
from Foam gravity cores 20H and 20E. Four determinations were made at
room temperature, and in those runs a control indicated that a non-
diffusive decrease in sulfate concentration occurred, which amounted to
about 10 percent of the total decrease. In general the rate of sulfate re-
duction in these sediments (as determined by the jar experiments) is
sufficiently slow to be negligible on the time scale of the diffusion ex-
periments. However, a rapid initial rate of reduction was noted in some
of the jar experiments, and we attribute the sulfate decrease in the dif-
fusion controls to this phenomenon as well. The values of D have been
corrected accordingly by assuming that none of the sulfate lost by reduc-
tion would have diffused.

The effect of the membrane separating the cells is seen to be small
by comparing the results for 20H-a and b. Experiment a was run using
filter paper, and b used coarse nylon mesh. The similarity in the values
of D calculated suggests that no correction for a “cell constant” need
be incorporated as eq 1 as is the case for (steady state) diffusion in aqueous
solution (Ben-Yaakov, 1972).

80
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ol ] i
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Fig. 18. Summary plot of sulfate reduction rates obtained from jar experiments
against depth in the sediment column from which the sediment was obtained. Vertical
bars represent the range of values calculated when the initial data points are either
included or excluded from the calculated values.
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There is a 25 percent range in the values of D determined at 20°C,
but the scatter appears to be random and may be due to inhomogenei-
ties such as shell fragments in the sediment. The mean and standard
deviation of the 20°C runs is 4.0 = 0.7 X 10—% cm?/sec, which agrees
quite well with earlier studies (Berner, 1964a; Li and Gregory, 1974)
and with the results for similar experiments in kaolinite/artificial sea-
water mixtures (see app). The temperature dependence of D for Foam
sediment is also comparable to that of kaolinite, corresponding to an
activation energy for sulfate diffusion of 6 to 8 kcal/mol, a value in
general agreement with other studies of diffusion (Lai and Mortland,
1961).

DISCUSSION

Diagenesis within the zone of bioturbation—]Judging from the com-
plicated depth and time dependence of pore water composition, chemical,
biological, and physical processes in the upper 10 cm at the Foam site are
complex. We believe, however, that two (seasonally variable) effects are
largely responsible for generating observed pore water profiles over this
depth interval. The first is bioturbation; the second is bacterial sulfate
reduction. We first discuss these processes separately and then their inter-
relationships as they occur at the Foam site.

The presence of macroinfauna at the Foam site is well established.
Virtually all gravity cores were observed to contain either filled or open
burrow structures. The filled burrows were brown in contrast to the
surrounding gray-green sediment. Two gravity cores were observed to
contain the polychaete worm, Nephiys incisa, at depths between 5 to 10
cm. A box core also contained open burrows as well as the same species of
polychaete worm at near surface (0-2 cm) and 5 an depths. An X-radio-
graph of a second box core was largely obscured by the abundant shell
debris but did reveal two essentially vertical burrows of approximately
12 cm depth. A Van Veen grab sampler which intercepts a surface area
of about 200 cm? and 10 cm depth contained a minimum of 10 polychaete
worms. A previous study (Sanders, 1956) reported large numbers (~100/
m?) of the same organism in an area adjacent to the Foam site. It is,
therefore, worthwhile to consider the potential effects that this and other
species might exert upon early diagenesis. These processes that come

TABLE 7
Dgo,?~ in Foam sediment

t Digo 2

Core Horizons Method f (XI10' sec) (X107 cm?®fsecy Temperature
20E-a ( 0-18 cm)-(124-144 cm) Homogenized 0.139 425 3.6 20°C
20E-b (18-28 cm)-(119-124 cm) Core 0.134 451 3.1 20°C
20H-a (20-25 cm)-(112-117 cmy) Core 0.174  54.1 4.4 20°C
20H-b (25-80 cm)-(117-122 cm) Core 0.180  54.1 4.7 20°C
20H-c ( 0-20 cm)-(122-142 cm) Homogenized 0.13% 583 24 6°C
Method: Homogenized = sediment mixed and packed into cells; Core = sediment plugs cut

from gravity core.
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under the general heading of bioturbation may be further divided into
two categories: those that dominantly affect pore water chemistry and
solid phases, respectively.

An important control on pore water chemistry occurs when an in-
faunal organism pumps overlying seawater through its burrow in order to
replenish its oxygen or food supply. This activity is termed irrigation. In
the case of a deposit or scavenger feeder such as Nephtys incisa (Sanders,
1956), the former need is dominant and arises from oxygen uptake to both
the organism and the sediment. Rates of irrigation for marine poly-
chaetes can be quite high — ranging from 100 to 1000 ml/animal/day
(Wells, 1949; Dales, 1961, Mangum, 1964). The net eftect of irrigation is
to decease concentration differences between solutions contained within
the burrow and the overlying seawater. For closely spaced burrows, this
may in turn potentially affect overall sediment pore water chemistry due
to diffusional exchange driven by concentration differences between the
burrow and non-burrow pore solutions. Additionally, the activities of
vagile polychaete worms such as Nephtys can serve to ‘“‘ventilate” large
volumes of sediment during their feeding or burrowing activities in a
manner analogous to the ventilation of soil by earthworms. This second
process will be identified below as mixing. Observations made on box
cores studied in the laboratory demonstrate that Nephtys incisa is capable
of moving through sediment at rates exceeding 10 cm /hr.

In studying processes in a hetrogeneous system such as burrowed
sediment, it is necessary that the analyses be obtained on a sufficiently
large sample to integrate over the various chemically distinct environ-
ments (Hanor and Marshal, 1971). This criteria is best met by the box
core that samples a surface area of 232 cm?. It is in the summer box core
pore water data that evidence of the effect of irrigation is most evident.
The sharp breaks in sulfate, phosphate, alkalinity, and sulfide profiles
at about 8 cm correspond approximately to the maximum depth at which
Nephtys incisa was observed, and these breaks are attributed to the aver-
age maximum depth at which summer Foam site pore water chemistry is
markedly affected by bioturbation.

It is evident that rate of bottom water supply into the sediments by
irrigation or mixing is not completely dominant over concentration
changes arising from bacterial metabolism over the upper 8 cm. If irriga-
tion were dominant, one might reasonably suppose that pore water pro-
files would be constant at precisely the bottom water values. Deviations
from bottom water values are, in fact, observed. Nevertheless, most of
the concentration change between bottom and pore water in the upper
zone occurs within the uppermost 1 to 2 cm (see below). The general
constancy of pore water profiles between I and 8 cm strongly implies an
effect due to the presence of macroinfauna. An alternative hypothesis,
that the sediment between 1 and 8 cm is biochemically incapable of sup-
porting active metabolism of organic matter, is refuted by the results of
jar experiments. These data indicate that this sediment is potentially
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capable of rapidly reducing sulfate and, therefore, producing alkalinity,
phosphate, and sulfide.

It is possible that, because of O, addition [rom bioturbation, sulfate
reduction, which might otherwise occur, is inhibited in the 1 to 8 cm
depth zone (sulfate reducing bacteria are obligate anaerobes). This is
suggested by unmeasurably low concentrations of dissolved sulfide in this
zone (fig. 7). However, evidence that sulfate reduction does in fact take
place in situ is given by the acid volatile and pyrite sulfur analyses. Be-
cause iron sulfides are not common detrital phases (Kaplan, Emery, and
Rittenberg, 1963), their presence may be taken as direct evidence for
in situ production of sulfide. In particular, the maximum content of
acid volatile sulfur is realized between 4 and 6 cm (fig. 10) which falls
within the zone of bioturbation. Virtual absence of dissolved sulfide can
be attributed to complete precipitation to form iron sulfides. The iron
sulfide minerals that correspond to this fraction are extremely sensitive
to oxidation — they are transformed to iron oxides plus elemental sulfur
in a matter of minutes to hours in the presence of oxygen. Furthermore,
they turn over rapidly — being converted to pyrite on a relatively rapid
time scale. Their existence within the bioturbated zone, therefore, suggests
the presence of environments, such as the centers of fecal pellets, which
are sufficiently protected from oxygenated burrows to allow sulfate reduc-
tion to proceed. The presence of 0.08 percent sulfur tied up in the acid
volatile form requires that about 25 mM of sulfate per liter of pore water
was reduced (at the measured water content of 50 percent) to provide
the necessary sulfide sulfur. This predicted concentration decrease does
not take into account possible oxidation and loss of sulfide and is, there-
fore, a minimum estimate. It may be compared to the observed depletion
in the upper 8 an of about 2 mM with respect to bottom water values
(or 3 mM in the case of gravity core 20C). This discrepancy between
calculated and observed SO,2— depletion is further evidence for advective
interaction between bottom water and pore water. Because of the lack of
a sumimer sulfate concentration gradient in the interval 1 to 8 c¢m, mole-
cular diffusion cannot make up this discrepancy. The winter core does
show a sulfate concentration gradient, and some dilfusion will occur (see
below). We cannot, however, estimate with available data the winter
contribution to reduced sulfur compounds, although because of low
winter sulfate reduction rates, it is unlikely to be the dominant contribu-
tion. Note that significant “pyrite” concentrations also exist in the upper
few centimeters, and the reduced sulfur contained in “pyrite” (minus the
contribution of sulfide remineralized from organic matter) must also be
added to the total sulfate reduced.

Because infaunal activity is temperature dependent, sulfate reduction
rates and the influence of bioturbation on pore water exchange decrease
during the winter. As shown by the winter box core data, during the
coldwater period a number of subtle but important changes in the near
interface pore water profiles occur. The discontinuity between pore and
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seawater concentrations of SO,=, PO,=, and alkalinity seen near the inter-
face in the summer box core is considerably reduced (figs. 5B, 6B, 8B).
This change is consistent with a lowering of bacterial metabolic rates and
a replenishment of SO,= and loss of PO,= and HCO,— in the upper zone.
Because of an associated decrease in macrofauna activity (Aller and
Cochran, 1976), pore water profiles are probably not altered by bioturba-
tion at a rate significantly greater than diffusion during the winter. The
lack of any sharp breaks in concentration trends supports this assumption.
We attribute the winter profiles observed to diffusion alteration of warm-
weather profiles. In the absence of substantial biogenic production or
consumption terms of pore water nutrients, inorganic reactions (for ex-
ample, absorption, sulfide oxidation) may also influence pore water pro-
files to a greater extent during the winter. Seasonal changes of this type
occur at several additional stations in Long Island Sound and are re-
peatable from year to year both at the Foam site and other stations (Aller,
in preparation).

In contrast to the relative lack of variation in the pore water con-
stituents between 1 to 8 cm, the initial concentration gradient within the
uppermost 1 cm is quite dramatic for sulfate, alkalinity, and phosphate.?
These trends are all of the type expected for anaerobic metabolic path-
ways: such as bacterial sulfate or nitrate reduction; sulfate decrease, alka-
linity increase, phosphate increase, rather than aerobic metabolism sul-
fate constant or increase, alkalinity constant or decrease, phosphate in-
crease. It should be noted that an alternative explanation for the changes
observed in the upper 1 cm could be postulated. The sulfate “decrease”
might simply reflect seasonally low salinity in the overlying water column
(Riley, 1956). One might then call upon CaCO; dissolution to provide the
increase in alkalinity and reduction of iron oxide to release adsorbed
phosphate. We consider this explanation to be less likely than anaerobic
metabolism to account for observed changes. First, the phosphate release
from iron oxides would have to occur within the brown oxidized zone.
Second, measured changes in water column sulfate values in the vicinity
of the Foam site measured over the course of the year (Martens and
Berner, 1977) are not large enough to account for the observed decrease
in pore water sulfate values. High ammeonia concentrations are associated
with sulfate depletion and phosphate enrichment in the upper 2 ¢cm of
pore waters (table 2). There is no immediately evident non-biological
mechanism for producing elevated ammonia concentrations as can be sug-
gested for phosphate.

Sulfate reduction occurring in the upper 1 to 2 cm would be some-
what surprising, as this interval was characterized as the brown “oxidized”
zone. There is, in fact, experimental evidence that this zone in LIS sedi-
ments requires rapid physical addition of oxygen by organisms or bottom
currents to maintain its brown color over a thickness any greater than

1 Although phosphate does vary somewhat between 1 to 8 ¢m, the major variation
still occurs in the interval 0 to 1.
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a few mm (Rhoads, 1974). Evidently aercbic and anaerobic metabolism
can coexist in separate microenvironments within this upper zone, or
else the two metabolic pathways are sequential with sulfate reduction
following episodic addition and removal of oxygen. The upper 2 cm
at the Foam site are granular owing to an abundance of fecal pellets.
Such material is rich in nutrients and could constitute the microenviron-
ment just postulated.

The steep pore water concentration gradients in the upper 1 cm are
maintained despite the presence of active bioturbation and probably cur-
rent stirring (Vanderborght, Wollast, and Billen, 1976) as well. From
this observation alone one would conclude that rates of bacterial meta-
bolism must be exceedingly rapid within this zone. This inference is veri-
fied by jar experiment results, which show that by far the highest poten-
tial sulfate reduction rates are near the interface (fig. 18). It is this high
rate that acts as a sort of “filter” for altering pore water composition
(from that found in the overlying water), while the water is being rapidly
mixed downward by bioturbation during the summer. In other words,
the water mixed into the 1 to 8 cm depth zone can be thought of as
consisting of two hypothetical components: (1) the more remotely over-
lying seawater of normal sulfate composition, and (2) the directly over-
lying 0 to 2 cm pore water which, in the absence of bioturbation, would
be highly depleted in sulfate.

In addition to transport of aqueous fluids, organisms are also known
to redistribute rapidly particles within the sediment column of LIS (Aller
and Cochran, 1976). The net sediment transport vector is dependent upon
the particular faunal association present. For some organisms described
by Rhoads (1974) as “vertical conveyer belt species” the transport vector
is directed toward the sediment water interface and arises from feeding
at depth and deposition of fecal material at the sediment surface. Trans-
port from the surface to depth can occur as well, resulting from mechan-
isms such as collapse of sediment into unfilled burrows or by stochastic
mixing of sediment particles due to the passage of organisms. Sedimen-
tological and geochemical consequences of such processes have been
demonstrated (for example, Calvert, 1964; Rhoads, 1967; Glass, 1969;
Schink, Guinasso, and Fanning, 1975). In the present context, one could
postulate that the pyrite increase with depth in the upper 8 c¢m could
be generated by transfer of “high” FeS, sediment from depths greater
than 3 cm to the surface followed by partial oxidation of this material.
Thus, it is possible that pyrite in the upper sediment layers does not re-
flect sulfate reduction in these layers. Although no definitive conclusion
is possible with the present data, some tentative evidence exists that such
particle transport is not a dominant feature of Foam site sediments. (1)
The predominant organisms at the Foam site during this study were not
of the “conveyor belt” type. (2) Summer pore water profiles in the upper
2 cm strongly indicate rapid sulfate reduction in the interval, and it is
reasonable to suppose that the contained iron sulfides are at least in
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part a result of the process. (3) A preliminary experiment was performed
in which 280 g of Foam site sediment {from 11-16 cm depth) were sus-
pended in 2 1 of continuously aerated LIS seawater. The supernatant
solution was periodically analyzed for SO,>— and showed only a minor
increase over the time scales of 2 weeks. This would seem to argue against
extremely rapid oxidation of initially high FeS, sediment as the mech-
anism for producing lowered FeS, contents in the upper 3 cm. On the
basis of these considerations we feel that the trends exhibited by iron
sulfides are in large part indicative of progressive diagenesis with depth
rather than particle redistribution effects.

The assumption of progressive addition of iron sulfides with depth
(time) affords the possibility of direct comparison ol measured trends in
these compounds with calculated distributions derived from the jar ex-
periment data. These calculations proceed as follows: The in situ rate of
sulfate reduction, R, (units of mM/1/yr) in the upper 10 cm is assumed
to be given by the jar experiment results, which in turn can be described
by an exponentially decreasing function of depth (eq 2).

R = Re°exp (—ax) (2)

Where R° refers to the sediment water interface, x is depth (cm) measured
positively downward, and « is a decay constant with units cm—?!. The
decay constant and initial rate may be determined as the slope and inter-
cept respectively of the plot of In R versus x. Although some scatter
exists in this plot, the data approximate

R =81 exp (—0.24 x) (3)

A somewhat different approach to obtaining R° can be applied assum-
ing that the JJ jar experiment gives an average rate, denoted R, over
the upper 10 cm. This average value (~28 mM/I/yr) is given by

10
f R exp (—ax) dx
0
Rm’g - 10 (4>
dx
0
or integrating

R° .

Ravg = — g~ (1 —exp (~a* 10)] ®)

Substitution of ¢« = 0.24 em~—! and solving for R° by iteration yields
R° = 74 mM/1/yr in reasonable agreement with the previous estimate.
The value of the attenuation coeflicient calculated above may be used as
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an aid in comparing laboratory rates with in situ iron sulfide production.
If steady state diagenesis is assumed, the total sulfate reduced (38, mM /1)
is given by the integral of the rate (eq 2).

X
1
3§ = —f Rdx (6)
0

where (R(x) is an exponential function of depth (eq 2), and » is the sedi-
mentation rate. Substituting (2) into (6) and integrating:

RO

aw

35 = [T —exp (—a- 10)] (N
for « = 0.3 cm—1%, R® = 52 mM/1/yr (77 mM/1/yr corrected to the sum-
mer Foam site temperature), o = 0.3 cm/yr (see below), 5S is calculated
as 550 mM/I. Assuming an average water content of about 45 percent
(wet wt, table 6), this corresponds to 1.4 percent solid phase sulfur. This
latter figure would hold only if all sulfide produced were fixed in the
sediment column and the summer temperature were characteristic of
year-round conditions. This calculated abundance may be compared to
the analytically determined sum of solid phase sulfur constituents of
about 0.6 percent S at 10 cm (see table 7). Lack of correspondence be-
tween calculated and measured sulfur contents suggests possible loss of
sulfide sulfur from the sediment column. Such loss would be consistent
with the lack of dissolved sulfide in the interval 0 to 7 cm despite strong
evidence for sulfide production in the interval as discussed above. Alter-
natively, low winter temperature may in part account for the discrepancy.
Note that sulfide loss need not be exclusively by oxidation but could occur
as well by water exchange due to irrigation. Based upon evidence cited
previously, any sulfide oxidation occurs predominantly at the expense
of sulfide species (for example, H.S, FeS) other than sedimentary pyrite.

Some idea of the role of bioturbation in transport of pore water
constituents may be gained by a simple flux constraint; the transport of
matter across any plane in the sediment must be continuous. Let this
plane be located at 8 cm, which is the depth associated with a sharp (as-
sumed discontinuous) break in sulfate concentration. For purposes of this
crude calculation we neglect burial of sulfate within the accumulating
sediments. Then the continuity of flux across the plane may be expressed
by eq 8.

as as
¢ s <ax >x>8 ¢ P (ax >x<8 ®

¢ = porosity, assumed constant across plane
Dy = ionic diffusion coefficient of sulfate
s

where
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S . . L .
<8 -\ = concentration gradient of sulfate ion immediately above

X
(X<8) or below (X>8) 8 cm
D, = stochastic coefficient describing the transport of sulfate by
mixing (bioturbation) processes.
Rearranging eq 8 and cancelling ¢ gives

D, <ﬁ>
X /x>8

a8
aX >x<8

Our formulation assumes that mass transport arising from the activi-
ties of organisms can be described by a stochastic coefficient, D,,, which
when taken over a sufliciently large surface area relates the net flux to a
concentration gradient. This approach has yielded reasonable results in
describing the transport of particles due to bioturbation (Schink, Gui-
nasso, and Fanning, 1975) as well as transport of pore water constituents
due to wave and current stirring (Vanderborght, Wollast, and Billen,
1976).

The quantity (ds/d9x) X < 8 in eq 9 is for all practical purposes equal
to 0 (that is, the sulfate profile is vertical). However, we have forced a line
of slope 7 X 10—% mol/cm?/cm through the data using as a basis the
assumed imprecision of = 10 percent. Below 8 cm the slope equals 4.7 X
10—7 mol/cm3/cm. Because of our acceptance of the maximum slope
above 8 cm, the following inequality holds:

Dy = 9

4.7 x 10—

D > =575

Dy =17Dg (10)
Therefore, the stochastic coeflicient at 8 cm is at least 5 times greater than
that associated with ionic diffusion.

If our physical picture of the effect of bioturbation on pore water
constituents is correct, one could, in principle, construct a diffusion-
advection—reaction model (ignoring compaction) which describes pore
water chemistry in the zone of bioturbation. It is:

Dy &
o\ — 2B Ry =& an
Ix dx dt
where
S = sulfate concentration
t = time

For several reasons we feel that it is as yet inappropriate to take this
approach: (1) Dy is likely to be depth dependent, but its functionality
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is probably complex. If for example, mixing effects are concentrated at
a characteristic “feeding depth” which the organisms prefer, the corres-
ponding Dy for this depth might be larger than Dy for shallower depths
where organisms are spending less time. (2) The pore water profiles are
clearly time dependent as evidenced by summer and winter box core
data. We believe that Dy is strongly time dependent as well as depth de-
pendent, but again we cannot as yet define the nature of this dependence.
We wish to restress, however, that pore water profiles within the zone of
bioturbation result from a competition between rates of physical and
chemical addition and removal of dissolved constituents and, therefore,
that curvature in such pore water profiles is to be expected in some cases
and is in fact observed in summer Foam pore water concentrations.

Rate of sedimentation.—Three arguments are presented here from
which estimates of the average rate of sedimentation at the Foam site can
be made. It must be emphasized that the derived rates are averages for the
top meter of sediment. Deposition is probably episodic and may be very
rapid over a scale of centimeters. Even erosion may occur. However, a
meaningful average value is decipherable as demonstrated by the Pb2°
measurements of Thomson, Turekian, and McCaffrey (1975).

The first argument is based on the depth distribution of copper in
the solid phase as shown in figure 11. The increased values in the upper
levels of the sediment in the central sound have been ascribed by Thom-
son, Turekian, and McCaffrey to post-industrialization anthropogenic
input of metals to Long Island Sound. The increase above baseline (in
the central sound) has been dated by 2°Pb geochronology by Thomson,
Turekian, and McCaffrey to have occurred 70 yrs ago. This was obtained
from a core whose overall rate of sedimentation was 0.45 cm/yr. A com-
parable increase at about 20 cm depth at the Foam site may be taken
as a tentative indication that the average sedimentation rate there is 20 cm
in 70 yrs or about 0.3 cm/yr (2/3 X 0.45 cm/yr). Note that Cu concen-
trations from deeper levels at the Foam site (table 8) confirm that base
levels there and in the central sound are comparable. A similar sedimen-
tation rate would be calculated from the Zn distribution (table 5).

The relationship between sedimentation rate and sulfide pore water
profiles has recently been studied by Goldhaber and Kaplan (1975). It
was pointed out that below the depth of complete removal (about 150 cm
at the Foam site) sulfide is no longer produced, but sulfide removal to
form iron sulfides still occurs. This gives rise to a maximum in the dis-
solved sulfide concentration. This sulfide maximum has been shown to
be related to total sediment accumulation rate (fig. 19). Based upon this
relationship and the maximum observed sulfide concentration at the
Foam site (fig. 3), an average sediment accumulation rate of about 0.3 =
0.1 cm/yr is predicted. The sulfide values shown in figure 6 do not show
a clear maximum; however, the value where sulfate goes to zero at ~
120 cm must represent a maximum (assuming steady state diagenesis),
since no sulfate is available for sulfide formation below this depth. The
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sedimentation rate calculated in this way is in good agreement with that
based upon the Cu and Zn distribution.

A third argument is based on the depth distribution of ammonia
below the zone of bioturbation and its rate of production in jar experi-
ments. Ammonia production in anoxic sediments, if one assumes steady
state and ignores bioturbation, can be described by the equation (Berner,
1974):

9*c dc

prenlia (1+K) o % + R) =0 (12)
Where
¢ = concentration of total NH, (NH, + NH,*) in the pore
water
x = depth in the sediment
R(x) = rate of ammonia production (as measured by jar experi-
ments)
D = ionic diffusion coefficient in the pore water
K = adsorption distribution coefficient
» = rate of sedimentation

Rearranging equation (12) and solving for «:

0%c

b]
L ox2

+ R{x)

oc
Ky 2=
(1 +K) 7%

Values of dc/dx and 4%c/9dx? at a depth of 20 cm can be taken from figure
4 (assuming an exponential fit to the data) and combined with the jar
sulfate reduction rate at 20 cm and the Rgo,--/Ryy,+ jar data of Rosenfeld
(unpub.). Reasonable estimates, good to a factor of 2, of D and K can be
obtained from the results of Berner (1974) and the preliminary adsorp-
tion results of Rosenfeld. They are: D = 95 cm?/yr (3 X 10—% cm?/sec),
K = 2.5, Combining these values with dc/9x (20 cm) = 4.25 X 102

mM/cm?; 9%c/ox* (20 cm) = —1.06 X 10—* mM/cm® Rgo, = 1.8
mM /cm3/yr, Rgo,--/Ryu,+ = 13 one obtains (for 20 cm depth):
o= 0.25cm/yr

Although this value represents a small difference between nearly equal
numbers and is therefore highly sensitive to errors in the data used, there
is good agreement with the value derived from the (Cu + Zn) and sulfide
arguments, thus, the value o = 0.3 cm/yr will be used for the average
depositional rate at the Foam site.

Diagenesis within the diffusion zone.—Below the zone of bioturba-
tion, the major process for the migration of dissolved species is molecular
diffusion. In order to calculate sulfate reduction rates diffusion must be

considered. For sulfate, the steady state diagenetic equation (Berner,
1964a, 1972, 1975) is:
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Fig. 19. Plot of maximum dissolved sulfide for cores in which sulfate is essentially
completely removed versus sedimentation rate (after Goldhaber and Kaplan, 1975).

Saanich Inlet is in British Columbia; Santa Barbara Basin and Wast Cortes Basin,
Southern California borderland; Sal Si Puedes Basin, Carmen Basin, Pescadero Basin,
and San Pedro Martir Basin are in Gulf of California.

d%s as _
ENE — (9—)( —_ R(X) =90 (14)

I

sulfate concentration

ionic diffusion coefficient in the sediment

sedimentation rate

depth dependent rate of sulfate reduction

depth, measured positive-downward below the base of the zone
of bioturbation.

For the present calculation the base of the bioturbated zone is taken at
10 cm.

Eq (14) is a special case of a more general one in which such effects
as change in porosity with depth and reversible interaction of solutes with
sediment particles can be explicitly incorporated (Berner, 1976b; Im-
boden, 1975; Lerman, 1977). Sulfate, however, interacts only weakly with
clay particles in an anion exchange mechanism (Barrow, 1967, 1969), and
solute-particle interaction is neglected here. Furthermore, the variation of
water content and porosity at the Foam site is sufficiently small to be
unimportant in the present context. Eq (14) implies that the sulfate
depth profile results from three competing rates (1) transport of matter
by diffusion (first term on left) (2) burial of sulfate ion by the accumulat-
ing sediment column (middle term), and (3) rate of removal of sulfate by

® Me T
[ [
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reduction to sulfide. Steady state is assumed. Rather than solving eq 14
analytically, as has been the approach previously, we have employed a
simple numerical technique to estimate sulfate reduction rates. The
smooth sulfate data (for depths greater than 10 cm) from Foam 20 C
were fitted to a higher order polynomial by a least squares routine on an
IBM system 370 computer. The resulting polynomial could then be dif-
ferentiated to obtain expressions for the first and second derivative of
sulfate concentration as a function of depth. These were multiplied by the
sedimentation rate and diffusion coefficient respectively and then com-
bined as indicated by eq (14) to obtain the rate, R, at various depths.
The diffusion coefficient was taken to be 4 X 10—¢ cm?/sec, as measured
in the present study (the in situ sediment temperature was close to 20°C),
and the sedimentation rate as 9.6 X 102 cm/sec (0.3 cm/yr) as calculated
above. This approach has the advantage that it introduces no assump-
tions on the form of the depth dependence of the sulfate reduction rate
(for example, exponentially decreasing with depth) or alternately, its
dependence on some other parameter (for example, organic carbon).

Figure 20 is a plot of the sulfate data together with the fitted fourth
order polynomial curve;

S(x) = 1.95 X 10—3 —4.72 X 10—7"x + 8.37 x 10—2 x?
—9.54 X 10-11x3 + 4.06 X 10—18 x* (15)

It was determined that a fourth order polynomial gave the best fit using
as a criterion the sum of the squared deviations of calculated from ob-
served values. Rates of sulfate reduction as a function of depth are con-
tained in table 8, recalculated to units of mM/1/yr. Below 70 cm (model
depth) the calculated values become erratic, because errors due to trun-
cation of the polynomial become appreciable. Above 20 cm it is seen
that the burial term is less than 10 percent as large as the diffusion term
so that the calculated rate at these depths is balanced mainly by diffusion.

The maximum estimated sulfate reduction rate is on the order of
2 mM/l/yr and drops off exponentially with depth. Direct comparison
of these calculated values may be made with those obtained in the labora-
tory. The relevant experiments are D] 10-20, 20-30, and SJ 11-14, for
which rates of 2.2 to 3.2, 2.0 to 3.6, and 2 to 8 mM /1 /yr respectively were
obtained. Applying the previously discussed temperature coefficient to

TABLE 8
Calculated rates assuming D = 4.0X10—%cm?/sec and » = 0.3 cm/yr

X;cm* Rate m mole/1/yr
0 2.2
10 1.5
20 1.0
40 0.25
50 0.08
60 0.03

* Model depth = actual depth — 10 cm
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Fig. 20. Pore water sulfate analyses of core 20C. The curve drawn through the
data is the fourth order polynomial given by eq I5.

these data, the values become 1.5 to 2.1, 1.3 to 2.4, and 1.3 to 5.4 mM/1/yr
respectively. The agreement between predicted and observed rates is quite
good particularly considering uncertainties in the jar experiment results
(especially S] 11-14) and the numerous assumptions built into eq (14).
The comparison between calculated and measured rates is shown graphi-
cally in figures 15 and 16.

The agreement between predicted and observed sulfate reduction
rates suggests that: (1) steady state diagenesis is a reasonable assumption
at the Foam site; (2) rates of sulfate reduction in sediments can be studied
with reasonable accuracy by means of jar experiments; and (3) there is un-
appreciable bioturbation below 10 ¢m at the Foam site and that trans-
port of sulfate, relative to surrounding sediment grains, occurs solely by
molecular diffusion. Measurements of pore water sulfate profiles at the
Foam site are continuing in order to test the steady state assumption.

Summary and conclusions—Pore water profiles of biogeochemically
active constituents in the upper 10 cm of the “Foam” site in Long Island
Sound were shown to have a complex time and depth dependent behavior.
During the summer months, the following features were observed: (1) A
thin zone (upper 1 or 2 cm) of rapid transition between bottom water
values of $O,2—, HCO;—, and PO,*~ and those more typical of pore fluid.
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The direction of these changes suggest that they are brought about by
anaerobic metabolism. (2) A second zone, between 1 to 8 cm in which
these pore water constituents, although modified from bottom water con-
centrations, do not change markedly with depth. (8) The absence of dis-
solved sulfide from depths shallower than 8 cm. Winter pore water pro-
files from the upper 10 cm are distinct from summer ones in that they
show smooth gradients qualitatively similar, for example, to those re-
ported by Sholkovitz (1973) from the central deep of Santa Barbara basin
(a low oxygen, benthos-inhibiting environment). Below 8 cm, the pore
water constituents measured show distributions consistent with progres-
sive diagenesis involving sulfate reduction (for example, SO,2— decrease,
NH,* and alkalinity increase).

The above pore water features were interpreted with the aid of “jar”
experiment data, designed to yield information on rates of bacterial sul-
fate reduction. These results demonstrate that sulfate reduction rates are
quite rapid near the sediment surface (77 mM SO.2—/1/yr at room tem-
perature) but drop off exponentially with depth to values near 2 mM/1/yr
ata depth of around 10 cm. In particular, though, the rate data demonstrate
that sulfate reduction ought to occur quite rapidly in the interval 1 to 8
cm in which no decrease in sulfate concentration is observed for summer
profiles. This discrepancy is reconciled if sulfate and/or oxygen can be
supplied from overlying water into sediments via the activities of macro-
infaunal organisms. Such organisms were observed in large numbers at
the FOAM site and are dominated by the deposit-feeding polychacte
worm Nephlys incisa. Infauna may affect pore water chemistry by irriga-
tion of burrows or by mixing of sediment-pore water during feeding. By
invoking a simple flux constraint, it is possible to demonstrate that sum-
mer transport of sulfate by such processes is at least five times more
rapid than ionic diffusion. Even as rapid as this transport appears to be,
bacterial metabolic rates in the upper 1 to 2 cm are sufficiently vigorous
that water passing through this interval is chemically modified from that
present in overlying seawater. In addition to transport of solutions, or-
ganisms also affect the transport of particles. Tentative evidence is ad-
vanced, however, that at the FOAM site, particle transport is not quanti-
tatively important. If this is so, it is possible to show by comparison of
observed abundances of solid phase sulfur to the integrated rate of sulfate
reduction that sulfide sulfur is lost from the sediment column. During
the winter, the activities of macroinfauna and microorganism decrease.
Under these conditions, upper layer pore water profiles assume shapes
indicating that diffusion is the dominant transport mechanism rather than
bioturbation.

In order to treat quantitatively the deeper (than 8 cm) sulfate pro-
files, it was necessary to have data on the sedimentation rate at the FOAM
site as well as the ionic diffusion coefficient of sulfate. Sedimentation rate
was estimated using arguments regarding the timing of anthropogenic
metal input, rate of pore water ammonia generation, and maximum con-
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centration of dissolved sulfide. All three approaches are consistent with a
value of 0.3 = 0.1 cm /yr. Direct measurements of the sulfate ion diffusion
coefficient were made under conditions very closely approximating in situ
conditions. Two plugs of FOAM sediment, one cut {rom near surface and
one cut from a deeper layer, were juxtaposed, and the ions allowed to
diffuse against each other, thus allowing counter diffusion of HCO,~ and
S$O,2—. Measured values fall in the range 2.4 to 4.5 X 10—¢ cm?2/sec over
the temperature range 6° to 20°C respectively. Using the above sedimen-
tation rate and diffusion coefficients, sulfate reduction rates were cal-
culated from pore water sulfate profiles using a numerical technique.
These rates decrease with depth and are in the range 2.2 to 0.03 mM/1/yr.
Measured results from jar experiments are in reasonable accord with the
calculated values at comparable depths. This agreement suggests that
mathematical modeling is a valid approach to calculation of rates of
diagenetic reactions involving pore water constituents.
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APPENDIX
Sulfate diffusion in sediment

The purpose of this section is to discuss in greater detail the theoretical basis for
the experimental measurement of sulfate diffusion coefficients and the applicability of
such measurements to natural sediments. Determination of the diffusion coefficient of
sulfate in sediment pore water can be made based on measurements of the concentration
of SO*~ in a system consisting of two cylindrical cells filled with sediment and joined
together such that the following initial conditions prevail:

C=C,x<0,1=0
(al)
C=0,x>0,t=0

where C = concentration of dissolved sulfate in terms of mass per unit volume of
pore water
x = distance from the interface (x = 0) betwcen the cells
t = time

Diffusion proceeds from the cell containing sulfate (x < 0) to that without sulfate
(x > 0) according to Fick’s second law:

ac 8°C
st =D 2% (A2)
where D = whole sediment diffusion coefficient for sulfate, which includes the effects

of tortuosity. This equation applies only when simple diffusion occurs without equili-
brium adsorption (Duursma and Hoede, 1967). This is reasonable for SO,*—, which
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does not readily adsorb to clay minerals (Li and Gregory, 1974). For the boundary
conditions:

C=0C,Xx = —0

(A3)
C=0 x =+
the solution to eq A2 is (Crank, 1956, p. 14):
C(x,ty = 3G, exfc (x/2 V D t) (A4)

where erfc is the error function complement.
An cxpression for experimentally determining D results from eq A4 evaluated
according to Fick’s first law. For sediments (Berner, 1976b),

— gc
0 = —D fdatl
JA ’ # (ax ) x=0

where J., = flux of sulfate across the interface between the cells.
¢ = sediment porosity
Now from eq A4,

(JC) _ —C, .
X Jx=o 2V #Dt
Joo = Ci8 VD

2V art

The total amount of sulfate that has diffused from one cell to the other, M,, is
given by the flux integrated over the length of time diffusion has taken place:

t
M, = f a Jx=o dt
5

. = ag G = (A5)
T
where ¢ = cross-sectional area of a cell.
For the initial conditions of eq Al the amount of interstitial sulfate originally

present in the system, My, is
M,=haC ¢ (A6)

where h = length of one cell.
Thus the fraction of sulfate that has diffused from one cell to the other is:

po M V Dt
- 1\’11 - h \/7
and
h? {2,
D= ErE— (AT

In practice, for a cell of finite length, h, eq A7 is still valid if the boundary conditions
C=¢C,x=—-h

(A8)

C = ¢, x = +h

with ¢, << G, are satisfied throughout the course of an experiment.
The validity of eqs A4 and A7 for determining the diffusion coefficient of sulfate

in the interstital water of sediment was checked by using artificial sediment consisting

of a mixture of kaolinite and a small amount (5 percent) of clean quartz sand with
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sulfate and sulfate-free solutions mixed to a water content of 50 percent by weight.
The sediment-solution mixtures were each put into cylindrical lucite cells 5 cm long
and 5 cm in diameter, and the cells were joined with a piece of filter paper between
them to prevent physical mixing of sediment. Several experimental situations iwere
considered:

1. SO,*— —HCO,— counter-diffusion: NaCl solution with an ionic strength similar
to that of seawater and containing 28 mM Na,SO, was mixed with kaolinite and paired
with a similar NaCl solution containing sufficient NaHCO, to equal the excess negative
charge of sulfate in the other solution.

2. Na*—S80,*— codiftusion: The SO,*— solution from situation (1) was used. Na*
and 8O,*~ gradients were created by mixing kaolinite with sulfate-free solution and
pairing the two sediment-solution mixtures.

3. Ca**,SO.*~ — NH,*, HCO,— counter-diffusion: Gradients in Ca* and SO
were matched with counter gradients in NH,* and HCO;— to simulate the effects of
sulfate reduction, calcium precipitation, and ammonia formation in anoxic sediments.
The 80/~ and NH concentrations (in NaCl solution) were chosen to be typical of
those found near the surface and at depth, respectively, in anoxic sediment pore water.
The HCO,—~ and Ca® concentrations initially equalled the excess charge due to SO~
and NH,* respectively.

Figure Al shows the interstitial SO,*~ profile in kaolinite for SO~ —HCO,~
counter-diffusion allowed to proceed for 3 weeks in 15 cm long cells. The data are
well fit by the error function expression of eq A4 with D = 3.6 X 10—° cm?/sec. The
validity of the diffusion coeflicients calculated from eq A7 depends partly on whether
the boundary conditions of eq A8 hold throughout an experiment. Eq A7 implies (for
constant D) that f should vary linearly with respect to t'2 Figure A2 plots f versus
t'/2 for a series of SO*~—HCO,~ counter-diffusion experiments run at 19°C in 5 cm
long cells. A linear £ versus t'/* relationship obtains for t = 7 days and £ < 0.18 at 19°C.

0.60
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0.20

TR G I R S SRR S SR RS U [T SR S S e S

0.0
-15.0 -10.0 -5.0 0.0 5.0 10.0 15.0

Fig. Al. Interstitial SO*— profile for SO.*~ —HCO,;~ counter diffusion in kaolinite
(19°C). G, = 29.7 mM. Data are fit by eq A4 with t = 22.66 days, D = 36 x
10— cm*/sec.
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Fig. A2. Fraction of sulfate diffused (f) versus (2 for a series of SO/~ —HCO,—
counter diffusion experiments in kaolinite (19°C). Solid line corresponds to D =
3.7 x 10—° cm?/sec.

Table Al gives the results of sulfate diffusion experiments under the various
conditions considered. Although there is a suggestion that the SO~ _HCO;— counter
diffusion coefficient is slightly less than that for the other two cases, on the whole
relatively little variation is observed between the three situations. This indicates that,
at the level of accuracy of the present study (and most other sediment studies),
estimates of the sulfate ion diffusion coefficient are not dependent upon a detailed
consideration of the codiffusing or counter-diffusing ions as maintained by Ben-Yaakov
(1972).

TABLE Al

Sulfate diffusion in kaolinite (50 percent water)

t f D
(x10* sec) (x10—° cm?/sec)
SO2—_HCO,— counter-diffusion
- 7°C 102 0.158 2.01
19°C 42.1 0.187 3.66
S_Cl"’*_Na+ codiffusion
7°C 57.0 0.142 271
19°C 13.1 0.079 3.90
(80,7—, Ca?)—(NH,*, HCO,; ™) counter-diftusion
7°C 374 0.116 2.70

19°C 525 0.161 3.86




and bioturbation in Long Island Sound sediments 235

REFERENCES

Aller, R. C,, and J. K. Cochran, 1976, Th*_U**® disequilibrium in nearshore sediment:
particle reworking and diagenetic time scales: Earth Planetary Sci. Letters, v. 29,
p. 37-50.

Barrow, N. J., 1967, Studies on the adsorption of sulfate by soils: Soil Sci., v. 104,
p- 342-349.

1969, Effects of adsorption of sulfate by soils on the amount of sulfate
present and its availability to plants: Soil Sci., v. 108, p. 193-201.

Ben-Yaakov, S., 1972, Diffusion of seawater ions. 1. Diffusion of seawater into a dilute
solution: Geochim. et Cosmochim. Acta, v. 36, p. 1395-1406.

Berner, R. A., 1964a, An idealized model of dissolved sulfate distribution in recent
sediments: Geochim. et Cosmochim. Acta, v. 28, p. 1497-1503.

1964b, Distribution and diagenesis of sulfur in some sediments from the
Gulf of California: Marine Geology, v. 1, p. 117-140.

1970, Sedimentary pyrite formation: Am. Jour. Sci., v. 268, p. 1-23.

1972, Sulfate reduction, pyrite formation and the oceanic sulfur budget, in
Dryssen, D., and Jagner, D., eds., Nobel Symposium 20, The changing chemistry of
the oceans: Stockholm, Almquist and Wiksell, p. 347-361.

1974, Kinetic models for the early diagenesis of nitrogen, sulfur phosphor-
ous, and silicon in anoxic marine sediments, in Goldberg, E. D., ed., The Sea, v. 5,
Marine Chemistry: New York, John Wiley & Sons, p. 427-449.

1975, Diagenctic models of dissolved species in the interstitial waters of
compacting sediments: Anm. Jour. Sci., v. 275, p. 88-96.

1976a, The benthic boundary layer from the viewpoint of a geochemist, in
Proc. NATO Conf. on the benthic boundary layer: New York, Plenum Press,

. 33-55.
i 1976h, Inclusion of adsorption in the modeling of carly diagenesis: Earth
Planctary Sci. Letters, v. 29, p. 333-340.

Calvert, S. E., 1964, Factors aflecting distribution of laminated diatomaceous sediments
in the Gulf of California, in van Andel, T. H., and Shor, G. G., eds., Marine
geology of the Gulf of California: Am. Assoc. Petroleum Geologists Mem. 3, 48 p.

Cline, J. D., 1969, Spectrophotometric determination of hydrogen sulfide in natural
waters: Limnology Oceanography, v. 14, p. 454-458.

Crank, J., 1956, The Mathematics of Diffusion: Oxford, Clarendon Press, 347 p.

Dales, R. P., 1961, Oxygen uptake and irrigation of the burrow by three terebellid
polychaetes: Eupolymnia, Thelepus, and Neamphitrite: Physiol. Zool, v. 34,

. 306-311.

Dqur)sma, E. K., and Hoede, C., 1967, Theoretical, experimental, and field studies
concerning molecular diffusion of radioisotopes in sediments and suspended solid
particles of the sea, Part A. Theories and mathematical calculation: Netherlands
Jour. Sea Research, v. 8, p. 423-457.

Gieskes, J. M., and Rogers, W. C,, 1973, Alkalinity determination in interstitial waters
of marine sediments: Jour Sed. Petrology, v. 43, p. 272-277.

Glass, B. P., 1969, Reworking of deep-sea sediments as indicated by the vertical disper-
sion of the Australasian and Ivory Coast microtektite horizons: Earth Planetary
Sci. Letters, v. 6, p. 409.

Goldhaber, M. B., 1974, Kinctic modcls of sulfur diagenesis in recent marine sediments
[abs.]: EOS, Am. Geophys. Union, v. 55, p. 461.

Goldhaber, M. B., and Kaplan, I. R., 1974, The sulfur cycle, in Goldberg, E. D,
The Sea, v. 5, Marine Cheniistry: New York, John Wiley & Sons, p. 569-655.

1975, Controls and consequences of sulfate reduction rates in recent marine
sediments: Soil Sci., v. 119, p. 42-55.

Gunkel, W., and Oppenhecimer, C. H., 1963, Experiments regarding the sulfide forma-
tion in sediments of the Texas Gulf Coast, in Oppenheimer, C. H., and Thomas,
C. C, eds.: Charles C. Thomas, Symposium on Marine Microbiology, p. 674-683.

Hanor, J. §., and Marshal, N. T., 1971, Mixing of sediment by organisms, in Perkins,
B. K, ed., Trace fossils: Louisiana State Univ. Misc. Pub. 71-1, p. 127-136.

Hargrave, B. T., 1972, Aerobic decomposition of sediment and detritus as a function
of particle surface area and organic coutent: Limnology Oceanography, v. 17,
p- 503-596.

Harrison, A. G., and Thode, H. G., 1958, Mechanism of the bacterial reduction of
sulfate from isotope fractionation studies: Faraday Soc. Trans., v. 54, p. 84-92.



236 M. B. Goldhaber and others—Sulfate reduction, diffusion,

Holland, H. D., 1973, Systematics of the isotopic composition of sulfur in the oceans
during the Phanerozoic and its implications for atmospheric oxygen: Geochim. et
Cosmochim. Acta, v. 37, p. 2605-2616.

Holser, W. T., and Kaplan, I. R., 1966, Isotope geochemistry of sedimentary sulfates:
Chem. Geology, v. 1, p. 93-135. .

Imboden, D. M., 1975, Interstitial transport of solutes in non-steady state accumulating
and compacting sediments: Earth Planetary Sci. Letters, v. 27, p. 221-228.

Iyanov, M. W., 1968, Microbial processes in the formation of sulfur deposits: Jerusalem,
Israel Program for Sci. Translations, 298 p.

Jorgensen, B. B., and Fenchel, T., 1974, The sulfur cycle of a marine sediment model
system: Marine Biology, v. 24, p. 189-201.

Kalil, E. K., and Goldhaber, M., 1973, A sediment squeezer for removal of pore waters
without air contact: Jour. Sed. Petrology, v. 43, p. 553-557.

Kaplan, I. R., Emery, K. O,, and Rittenberg, S. C., 1963, The distribution and isotopic
abundance of sulfur in recent marine sediments off southern California: Geochim.
ct Cosmochim. Acta, v. 27, p. 297-331.

Kaplan, 1. R, and Rittenberg, S. C., 1964, Microbiological fractionation of sulfur
isotopes: Jour. Gen. Microbiology, v. 34, p. 195-212.

Kellogg, W. W, Cadle, R. D,, Allen, E. R, Lazrus, A. L., and Martell, E. A, 1972,
The sulfur cycle: Science, v. 175, p. 587-596.

Koyama, T., Nakai, N., and Kamata, E,, 1965, Possible discharge rate of hydrogen
sulfide from polluted coastal belts in Japan: Nagoya Univ. Jour. Earth Sci., v. 13,

C1-10.

Lai,Ef. M., and Mortland, M. M., 1961, Diffusion in ions in bentonite and vermiculite:
Soil Sci. Soc. America Proc., v. 25, p. 853-357.

Lasaga, A. C.,, and Holland, H. D., 1976, Mathematical aspects of non-steady-state
diagenesis: Geochim. et Cosmochim, Acta, v. 40, p. 257-266.

Lerman, A., 1977, Migrational processes and chemical reactions in interstitial waters: in
Goldberg, E. D., ed., The Sca, v. 6: New York, John Wiley & Sons, in press.

Li, Y. H., and Gregory, S., 1974, Diffusion of ions in seawater and in deep-sea sedi-
ments: Geochim. et Cosmochim. Acta, v. 38, p. 703-714.

Mangum, C. P., 1964, Activity patterns in metabolism and ecology of polychaetes:
Comparative Biochemistry Physiology, v. 11, p. 239-256.

Martens, C. S., 1974, A method for mecasuring dissolved gases in pore waters: Limnol-
ogy Oceanography, v. 19, p. 525-530.

Martens, C. S., and Berner, R. A, 1974, Methane production in the interstitial waters
of sulfate-depleted marine sediments: Science, v. 185, p. 1167-1169.

1977, Interstitial water chemistry of anoxic Long Island Sound sediments
I. Dissolved gases: Limnology and Oceanography, in press.

Molnia, B. F., 1974, A rapid and accurate method for the analysis of calcium carbonate
in small samples: Jour. Sed. Petrology, v. 44, p. 589-590.

Nakai, N., and Jensen, M. L., 1964, The kinetic isotope effect in the bacterial reduction
and oxidation of sulfur: Geochim. et Cosmochim. Acta, v. 28, p. 1893-1912.

Oppenheimer, C. H., 1960, Bacterial activity in sediments of shallow marine bays:
Geochim. et Cosmochim. Acta, v. 19, p. 244-260.

Orr, W. L., and Gaines, A. G,, Jr., 1973, Observations on Rate of Sulfate Reduction and
Organic Matter Oxidation in the Bottom Waters of an Estuarine Basin: The
Upper Basin of the Pettagvamscott River (Rhode Island), in Advances in organic
geochemistry: Paris, Ed. Technip, p. 791-812.

Phillips, R. E., and Brown, D. A., 1964, Ton diffusion: 1I Comparison of apparent self
and counter diffusion coefficients: Soil Sci. Soc. America Proc., v. 28, p. 758-763.
Postgate, J. R., 1951, The reduction of sulphur compounds by Desulphovibrio: Jour.

General Microbiology, v. 5, p. 725-738.

Ramm, A. E, and Bella, P. A,, 1974, Sulfide production in anaerobic microcosms:
Limnology Oceanography, v. 19, p. 110-118.

Reeburgh, W. S, 1867, An improved interstitial water sampler: Limnology Ocean-
ography, v. 12, p. 163-165.

Recs, C. E,, 1973, A steady state model for sulfur isotope fractionation in bacterial
reduction process: Geochim. et Cosmochim. Acta, v. 37, p. 1141.

Rhoads, D. C., 1967, Biogenic reworking of intertidal and subtidal sediments in Barn-
stable Harbor and Buzzards Bay, Massachusetts: Jour. Geology, v. 75, p. 461.

1974, Organism sediment relations on the muddy seafloor: Oceanography
and Marine Biology, An annual review, v. 12, p. 263-300.



and bioturbation in Long Island Sound sediments 237

Rhoads, D. C., Aller, R. C., and Goldhaber, M. B., 1977, The influence of colonizing
benthos on physical properties and chemical diagenesis of the Estuarine seafloor, in
Coull, B. C., ed., Ecology of Marine Benthos, Belle Baruch Symp., v. 6: Columbia,
S.C., Univ. of South Carolina Press, in press.

Riley, G. A., 1956, Occanography of Long Island Sound, II. Physical Oceanography:
New Haven, Ct., Yale Univ., Bingham Oceanog. Colln. Bull., p. 15-46.

Sanders, H. L., 1956, Occanography of Long Island Sound, 1952-1954, The biology of
marine bottom communitics: New Haven, Ct.,, Yale Univ.,, Bingham Oceanog.
Colln. Bull,, v. 15, p. 345-413.

Schink, D. R., Guinasso, N. L., Jr,, Fanning, K. A., 1975, Processes affecting the con-
centration of silica at the sediment-water interface of the Atlantic Ocean: Jour.
Geophys. Research, v. 80, p. 3015-3031.

Shishkina, O. V., 1964, Chemical composition of porc solutions in oceanic sediments:
Geochemistry Internat., no. 3, p. 522-528.

Sholkovitz, E., 1973, Interstitial water chemistry of the Santa Barbara basin sediments:
Geochim. et Cosmochim. Acta, v. 37, p. 2043.

Solorzano, L., 1969, Determinations of ammonia in natural waters by the phenol hypo-
chlorite method: Limnology Oceanography, v. 14, p. 799-801.

Sorokin, Yu. I., 1962, Expcrimental investigation of bacterial sulfate reduction in the
Black Sea using §*: Mikrolrologiya, v. 31, p. 402-410.

Strickland, J. D. H., and Parsons, T. R., 1968. A practical handbook of sea water
analysis: Canada, Fish Resources Board Bull. 167, 311 p

Sweeney, R. E., ms, 1972, Pyritization during diagenesis of marine sediments: Ph. D.
thesis, Dept. Geology, Univ. California, Los Angeles.

Thomson, J., Turekian, K. K., and McCaffrey, R. J., 1975, The accumulation of mectals
in and release from sediments of Long Island Sound, in Cronin, L. E., ed., Es-
tuarine Rescarch; I. Chemistry, Biology and the Estuarine System: New York,
Academic Press, p. 28-44.

Tsou, J. L., Hammond, D., and Horowitz, R., 1973, Interstitial water studies Leg. 15
Study of CO, released from stored deep sca sediments, in Heezen, B. C., MacGregor,
I. G.,, and others, Initial reports of the deep sca drilling project: Washington,
D. C., U. 8. Govt. Printing Office.

Vanderborght, J. P., Wollast, R., and Billen, G., 1977, Kinectic models of diagenesis
in disturbed sediments: Part I. Mass transfer properties and silica diagenesis:
Limnology Oceanography, in press.

Vosjan, J. H., 1974, Sulfate in water and sediment of the Dutch Wadden Sea: Nether-
lands Jour. Sea Research, v. 8, p. 208-213.

Wells, G. P., 1949, Respiratory movements of Arenicola marine L. intermittent irriga-
tion of the tube, and intermitient aerial respiration: Marine Biology Assoc. Jour.,
v. 28, p. 447-464.

Zobell, C. E., and Feltham, C. B., 1942, The bacterial ecology of a marine mud flat
as an ecological factor: Ecology, v. 23, no. 69-78.





