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Abstract. In sediment slurry experiments with anoxic marine sediments collected in Cape
Lookout Bight, NC, and a site in mid-Chesapeake Bay, the rates of sulfate reduction and
ammonium production decrease with increasing dilution of sediment with oxygen-free sea-
water. The effect of sediment dilution on the rates of these processes can be described by a
simple mathematical relationship, and when these rates are corrected for sediment dilution
they yield values which agree well with direct measurements of these processes.

In sediment slurry studies of amino acid utilization in Cape Lookout Bight sediments, the
fermentative decarboxylation of glutamic acid (to y-aminobutyric acid) or aspartic acid (to
alanine or ]p-alanine) did not occur when either of these amino acids were added to Cape
Lookout Bight slurries. The addition of glutamic acid did however lead to a small (- 1%)
transient build-up of fl-aminoglutaric acid. Measured rates of glutamic acid uptake in these
slurries also decreased with increasing sediment dilution.

Molybdate inhibition experiments demonstrated that dissolved free amino acids represent
1-3% of the carbon sources/electron donors used for sulfate reduction in Cape Lookout Bight
sediments. The direct oxidation of amino acids by sulfate reducing bacteria also accounts for
13-20% of the total ammonium produced. Glutamic acid, alanine, fl-aminoglutaric acid,
aspartic acid and asparagine are the major amino acids oxidized by sulfate reducing bacteria
in Cape Lookout Bight sediments.

Introduction

Recent studies have shown that the remineralization of sedimentary (i.e.,
acid hydrolyzable) amino acids accounts for significant fractions of the total
organic carbon and nitrogen that are regenerated in anoxic marine sedi-
ments (Henrichs & Farrington 1987; Burdige & Martens 1988). While these
sedimentary amino acids are ultimately transformed to NH3 , CO2 and/or
CH4 with either sulfate reduction or methanogenesis the "terminal" micro-
bial processes, the exact mechanism(s) of their overall decomposition are
poorly understood. Because sulfate reducers and methanogens are only able
to utilize a limited number of substrates, the complete anoxic remineraliz-
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ation of sedimentary organic matter requires that fermentative organisms
initially degrade sedimentary organic matter, eventually producing waste
products which are then utilized by either sulfate reducers or methanogens
(e.g., Laanbroek & Veldkamp 1982).

The anaerobic fermentation of amino acids can produce end products
such as H2 and volatile fatty acids (VFAs) like acetate (Gottshalk 1979;
Barker 1981; Stams & Hansen 1984), which previous studies have shown are
important substrates for sulfate reduction and methanogenesis in anoxic
marine sediments (e.g., Banat et al. 1981; Laanbroek & Pfennig 1981;
Sorensen et al. 1981; Christensen 1984; Sansone & Martens 1984; Sansone
1986). However, these studies of amino acid fermentation have generally
been performed with pure bacterial cultures (i.e., single strains) and the
relative proportions of fermentation end products often change with the
growth conditions of the organisms (Gottshalk 1979). There have also been
reports of the direct utilization of amino acids by sulfate reducing bacteria
(Coleman 1960; Skyring et al. 1977; Smith & Klug 1981; Stams et al. 1985;
Stams & Hansen 1986; Burdige 1988). Taken together, these observations
suggests that only studies with natural, mixed microbial populations will
yield accurate information regarding the in situ pathways of amino acid
cycling in anoxic sediments.

One way to examine the transformations of amino acids in sediments
involves the use of sediment "slurries" (experiments in which natural sedi-
ments are diluted with sterile 02-free seawater). The use of sediment slurries
has the advantage that good, reproducible time course experiments can be
performed, since sediment heterogeneity is reduced. In previous studies of
carbon and nitrogen dynamics in anoxic sediments, slurry techniques have
been used to examine the metabolism of VFAs (Laanbroek & Pfennig 1981;
Sorensen et al. 1981; Sansone 1986) and of methylated amines (Oremland &
Polcin 1982; King 1984). Although slurrying decreases the measured rates of
microbial processes (Jorgensen 1978; Alperin & Reeburgh 1985), studies to
date suggest that the overall patterns (or pathways) of microbial re-
mineralization are not affected by the slurrying procedure (Sorensen et al.
1981; Christensen 1984; Alperin & Reeburgh 1985).

In this paper, the technique of sediment slurrying will be further exam-
ined, with specific reference to its effects on biogeochemical processes in
anoxic marine sediments. Results will also be presented from sediment
slurry experiments in which molybdate is added as a specific inhibitor of
bacterial sulfate reduction (Oremland & Taylor 1978; Smith & Klug 1981;
Sorensen et al. 1981). The results of these experiments indicate that in the
anoxic marine sediments of Cape Lookout Bight, NC, between 1-3% of the
measured sulfate reduction occurs using dissolved free amino acids
(DFAAs) as carbon substrates/electron donors.



Materials and methods

Study sites and sediment sample collection

Surface (0-5 cm) sediments from Cape Lookout Bight, NC (CLB) were
collected by divers for use in these studies. Sediments were stored re-
frigerated in Mason jars (filled to the top) until used in these experiments.
Cape Lookout Bight is a small (- 2 km2) coastal lagoon located behind a
barrier island cuspate foreland on the Outer Banks of North Carolina, USA
(see map in Chanton et al. 1983). The sediments of Cape Lookout Bight are
fine grained silts and clays (Chanton et al. 1983), organic rich (- 5% organic
carbon in the surface sediments) and highly reducing just below the
sediment-water interface. Organic matter remineralization in these sedi-
ments is dominated by sulfate reduction and methanogenesis (Martens &
Klump 1984). The use of Cape Lookout Bight sediments in this study allows
for a direct comparison of the results obtained here with previous studies of
these sediments (e.g. Marens & Klump 1984; Sansone & Martens 1984; Crill
& Martens 1987; Burdige & Martens 1988; Klump & Martens 1989).

Experiments were also carried out using anoxic sediments collected from
a site in mid-Chesapeake Bay (CB). This site is located at 380 56'N,
76° 23' W east and slightly south of Annapolis, MD. The water depth in this
portion of the Bay is approx. 31 m and the bottom water salinities range
from 16-20%o. Sediments in this portion of the bay are fine grained silts and
clays (J. Halka, pers. comm.), and the organic carbon content of the surface
sediments at this particular site is 3-4% (G. Cutter, pers. comm.). Sulfate
reduction also appears to be the predominant process by which organic
matter is remineralized in the upper portion of these Chesapeake Bay
sediments. Complete depletion of pore water sulfate occurs in the upper
10-20 cm of sediments with the concomitant buildup of YCO2 and inorganic
nutrients such as ammonium and phosphate (data not shown; also see
Matisoff et al. [1975] for similar data from nearby sites). These mid-Chesa-
peake Bay sediments have 100's of #M to mM pore water sulfide concentra-
tions just below the sediment-water interface, with concentrations increasing
with depth in the sediments (San Diego-McGlone and Cutter, 1988). The
sediments also contain 1.5-7 mg S/gr,,d as acid volatile sulfides and 6-7 mg S/
grsd as pyrite (Kluckhohn & Cutter, unpublished data).

Surface sediments from this mid-Chesapeake Bay site were collected using
an acrylic soft sediment box corer (Fabrau, Ramona, CA) and again were
stored refrigerated in Mason jars until used in experiments.

Sediment slurry experiments

Sediment slurries were prepared by diluting sediments with either Cape
Lookout Bight surface seawater or mid-Chesapeake Bay bottom water (as
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appropriate) which had been filtered through a 0.22 #m membrane filter and
degassed with N2 (after this treatment the pH of the CLB seawater was 8.1
while that of the CB bottom water was 8.0). The sediment:seawater ratios
of slurries (wt:wt) ranged from 1:2 to 1:4, depending on the specific experi-
ments.

CLB slurries were incubated in 500ml Ehrlenmeyer flasks sealed with
specially designed two-hole butyl rubber stoppers and black electrical tape.
Stir bars were also placed in each flask. The rubber stoppers contained two
glass tubes, each of which had a 3-way plastic stopcock attached with epoxy
cement to the end of the glass tube outside of the flask. Inside the flask, one
of these tubes extended down into the sediment slurry while the other tube
ended in the small headspace overlying the slurry. This sample vessel main-
tained anaerobic conditions during the course of these experiments, and
allowed samples to be removed from the flask with no apparent oxygen
contamination.

Once the sediment slurries were prepared and sealed in the flasks, they
were degassed for 15 minutes by opening both stopcocks and bubbling
nitrogen through the "longer" glass tube. This removed any oxygen which
entered the flasks while the experiment was set up. After this degassing, both
3-way stopcocks were closed and the flasks were either placed on stirring
plates inside of a temperature controlled incubator (T = 19 + 1C; CLB
sediment dilution experiments) or placed on a shaker table in the lab
(T = 22 + 2 C; CLB molybdate inhibition experiments). The speed of the
stirring plates or the shaker table were set to just keep the slurries mixed.

Over the course of these experiments, the flasks were sampled by attaching
a plastic syringe to the 3-way stopcock on the "longer" glass tube, opening
the stopcock and then removing a 5-10 ml aliquot of the slurry. The flask
was then degassed as described above for 3 minutes. Sulfide was always
detected by smell during this degassing, indicating that anaerobic conditions
were maintained in the flasks during the course of these experiments.

Slurries of mid-Chesapeake Bay sediments were prepared as described
above and incubated in 500 ml Ehrlenmeyer flasks sealed with black rubber
stoppers that were placed inside of GasPak anaerobic jars (BBL). These jars
were placed on stirring plates inside of a constant temperature incubator
(T = 25 + 2° C). Anaerobic conditions were maintained in these experi-
ments by opening and closing the jars and sampling the flasks inside of a Coy
Anaerobic Chamber (Coy Laboratory Products, Ann Arbor, MI) contain-
ing N2 and 0.5-1% H2. In conjunction with Pd catalyst pellets placed inside
the chamber this hydrogen acts to chemically scrub any oxygen which might
leak or diffuse into the chamber. Oxygen and hydrogen concentrations
inside of the chamber were monitored with a Coy Laboratory Products
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Model 10 Gas Analyzer, while oxygen concentrations in the anaerobic jars
were monitored with methylene blue indicator strips (BBL).

Slurry aliquots removed by either of these sampling procedures were
centrifuged, and the resulting supernatant filtered through a 0.45 gm filter.
A portion of this sample was acidified to pH < 2, and stored refrigerated.
On these acidified sub-samples dissolved sulfate was measured as BaSO4,
gravimetrically in the CLB experiments (Crill & Martens 1987) and tur-
bidimetrically in the CB experiments (Tabatabai 1974). Ammonium was
determined colorimetrically using a modification of the procedure described
by Solorzano (1969). Dissolved free amino acids were separated and quan-
tified using an HPLC technique (Lindroth and Mopper 1979; Burdige &
Martens 1988) on a second unacidified portion of selected samples that were
stored frozen until analyzed.

Sediment dilution experiments

Sediments were diluted approx. 1:2, 1:3 and 1:4 (wt:wt) with surface sea-
water as described above. For the first 4 days (96 h) of the CLB experiment,
the flasks were periodically sampled for dissolved sulfate and ammonium.
At the end of this four day period, 5 ml of a 2 mM glutamic acid solution
(prepared in filtered Cape Lookout Bight seawater) was added to three of
the four flasks (flasks I, I, and III) giving initial glutamic acid concen-
trations of 20-50 uM. These additions were made through the 3-way valves
and the flasks were then degassed as described above. Flask IV served as a
control flask and received no glutamic acid addition. Over the next 24 hours
all four flasks were sampled (as described above) for dissolved free amino
acids.

CB sediments were also diluted approx. 1:2 to 1:4 (wt:wt) as described
above. These experiments were sampled for dissolved sulfate and am-
monium over seven days.

Molybdate inhibition experiments

CLB sediments were diluted approx. 1:4 (wt:wt) with surface seawater as
described above. For each experiment, two parallel flasks were set up and
sampled for dissolved sulfate, ammonium and amino acids over the first four
days of the experiments. At the end of this period, 10 ml of a 1 M molybdate
solution (Na 2MoO4 2H2 0, prepared in filtered Cape Lookout Bight
seawater) was added to one of the flasks, giving an initial molybdate concen-
tration of 20 mM. The second flask in each experiment served as a control
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flask and received no molybdate addition. Over the next 24 hours these
flasks were sampled for dissolved free amino acids.

Results

Sediment dilution experiments

As can be seen in Figs. 1 and 2, in both sets of sediment slurry experiments
sulfate decreases with time (indicative of bacterial sulfate reduction) while
ammonium concentrations increase (as a result of the remineralization of
organic nitrogen compounds). These changes are consistent with the known
biogeochemical processes occuring in anoxic marine sediments such as these
(Berner 1980; Martens & Klump 1984; Klump & Martens 1989). Linear
least squares fitting of the data was used to determine the sulfate reduction
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and ammonia production rates listed in Tables 1 and 2. The validity of using
this approach is discussed in the next section. For ammonium the slopes of
these lines (dC/dt) were corrected for ammonium adsorption to sediment
particles to determine the true ammonium production rate (Rosenfeld 1979;
Klump & Martens 1988),

APR = (1 + K)(dC/dt) (1)

where APR is the ammonium production rate (mM/hr). K, the dimension-
less ammonium adsorption coefficient, is a function of sediment porosity (0;
cm3w/cm3) and the measured linear adsorption coefficient (K*), and is given
by (Berner 1980):

K = Pds[( - )/]K* (2)

where Pds is the dry sediment density. The measured value of K* for Cape
Lookout Bight sediments is 2.30 cm/gds (Klump & Martens 1989), while a
K* value of 1.84 was used for the mid-Chesapeake Bay sediments (this value
is based on data reported by Mackin & Aller 1984). For both sediments the
value of Pds was taken to be 2.5 g/cn,. Because the adsorption of sulfate is
negligible in these types of sediments (Berner 1980) a similar correction is
not required for the sulfate reduction rates.'

Both sulfate reduction and ammonium production rates decrease with
increasing dilution of the wet sediment with filtered seawater (Figs. 3 and 4;
Tables 1 and 2). The "Dilution Factor" (DF; units of L/g) for each flask
is defined as the total volume of water in the slurry divided by the weight of
wet sediment initially added to the slurry, and is given by:

DF = [(Ws,/p) + Vw/[1000Ws] (3)

where Ws is the initial weight of wet sediment, V,, is the initial volume of
filtered seawater and p, is the wet sediment density, calculated from the dry
sediment density and the porosity of the wet sediment (). The measured
porosity of the CLB sediment used in these experiments was 0.86, giving a
wet sediment density of 1.21 g/cm, while for the CB sediments the respective
values were 0.91 and 1.13 g/cm3. In Figs. 3 and 4 rates of sulfate reduction
and ammonium production are plotted against the inverse of DF; the
reasons for this will be discussed in the next section.

Glutamic acid added to CLB sediment slurries was rapidly removed from
solution (see Fig. 5 and Table 1), and the rates also decreased with increasing
sediment dilution (see Fig. 3 and Table 1). In all three flasks the uptake of
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Fig. 3. Sulfate reduction rates (SRR; mM/h), ammonium production rates (APR; mM/h),
glutamic acid uptake rates (GUR; uM/h): all versus /DF for the flasks from the Cape
Lookout Bight sediment dilution experiment. DF (the Dilution Factor) is defined by eq. (3).
The best fit straight lines through these data are given by eq. (5) and the slopes of these line
(Rrr, Rap, and Rg,,) are listed in Table 1.
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glutamic acid was not accompanied by increases in the concentration of
y-aminobutyric acid (y-aba). A similar experiment in which Cape Lookout
Bight sediment slurries were amended with 20-30 #M aspartic acid resulted
in the rapid removal of aspartic acid at rates similar to those listed in Table
1, with no production of either alanine or JB-alanine (data not shown). These
results indicate that the fermentative decarboxylation of either aspartic or
glutamic acid (Barker 1979; Gottshalk 1981) did not occur in these experi-
ments.

In Flask I however, there was a transient build-up of fi-aminoglutaric acid
(/i-aga) following the addition of glutamic acid (see Fig. 5). /B-aminoglutaric
acid is an isomer of glutamic acid that has been found to be a major
constituent of the dissolved free amino acids in the pore waters of many
marine sediments (e.g., Henrichs & Farrington 1979, 1987; Henrichs et al.
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Fig. 5. Glutamic acid (Glu) in Flask I (filled circles); fi-aminoglutaric acid (f-aga) in Flask I
(filled squares) and Flask IV (open squares); total dissolved free amino acids (TDFAA) in
Flask IV (open triangles), all versus time, in the CLB sediment dilution experiment. Flask I
received an addition of glutamic acid at t = 0 while Flask IV was a control flask and received
no addition of glutamic acid. The slope of the best fit straight line through the glutamic acid
data from Flask I is listed in Table 1. Note that t = Oh in this figure represents t = 96 h in
Fig. 1.

1984; Burdige & Martens 1984 and unpublished data), although its source(s)
to pore waters are not well understood. The maximum concentration of
f-aga observed in Flask I (0.36 uM) occurred 9 hours after the addition of
the glutamic acid (see Fig. 5) and accounted for less than 1% of the initial
glutamic acid added to this flask. However this was significantly greater than
the concentrations of either fB-aminoglutaric acid or total dissolved free
amino acids in the control flask IV (which received no glutamic acid ad-
ditions), suggesting that this transient build-up of fB-aga was indeed related
to glutamic acid utilization. Samples from Flasks II and III were not
analyzed for -aga.

Molybdate inhibition experiments

The addition of 20 mM molybdate to CLB sediment slurries resulted in an
increase in the concentration of total and individual dissolved free amino
acids at rates significantly greater than those in the control flasks which had



o 6

O

I I I I

l 

+-

I I

_.o o

o o+

J--

O0 - -- 

i
00 0

I 0

C - o -

0E 2
-o . d £ C

· . < 2c 0 ,

O Ld 

6

001

CD

oco
09 

Cl -

N-I 4- I
t m

c V ,
C

Pi a
ZC 6
< <
< -ed d

C

.0 

0

Ce

-sB
.; E 

*a a

0 0o O .r

e rc S

-o'
· 0

CeO

o 

.a 

- O

1 E 

= C .

Ce 0~
0~ I 

00d~4
0 uor

12

0.
x

wi
00

.~j0o

k

w
In
00
r-

!:i

V)
Xl

0
0.

0

"O

O

E

0.0

o

0

.
o

O

0

o

,

.0

_

4.

_



13

7
T Fl T
D D
F FM 
A ' A 5
A 1 - ; A

FI I M 3

M M

24 -12 0 12 24 -6 0 6 12 18 24

TIME (hr) TIME (hr)

Fig. 6. Total dissolved free amino acids (TDFAA) versus time in the flasks of the 1/4/85 and
2/27/85 CLB experiments. Samples from Flask I are indicated by open triangles while those
of Flask II are indicated by filled squares. In both experiments molybdate was added to Flask
II at t = 0 (indicated by the arrow) while Flask I received no molybdate additions. The slopes
of the best fit lines through the data are listed in Table 3 (for Flask II of the 1/4/85 experiment
only the data for 0 < t < 7 h were fit). Accumulation rates of individual amino acids in both
Flask Ils after the addition of molybdate are listed in Table 4. Note the differences in the scales
of the concentration axes of the two figures.

no molybdate additions (see Fig. 6 and Table 3). This increase was domi-
nated by increases in the concentrations of aspartic acid, glutamic acid,
fB-aminoglutaric acid, asparagine, and alanine (Table 4). In both experi-
ments the concentrations of dissolved amino acids increased for approxi-
mately 6-8 hours, followed by a rapid decrease in concentration and a
second concentration increase at rates comparable to the initial rate of
increase. This second increase is more clearly defined in the 2/27/85 experi-
ment (due to the frequency of sampling), and quantitative discussions of this
phenomena will be limited to the results of this experiment.

Discussion

The effect of sediment slurrying on biogeochemical processes in anoxic
marine sediments

Studies to date have indicated that the overall patterns (or pathways) of the
microbial remineralization of organic matter do not appear to be affected by
the sediment slurrying procedure (Sorrensen et al. 1981; Christensen 1984;
Alperin & Reeburgh 1985). The results from the sediment dilution experi-
ments described here can be used to further examine this topic.

At sulfate concentrations greater than about 3-4 mM, the rate of bacterial
sulfate reduction has been shown to be independent of sulfate concentration
(Boudreau & Westrich 1984), and processes such a sulfate reduction or
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ammonium production have generally been modelled as being first order
with respect to the amount of metabolizable organic carbon (or nitrogen)
present in the sediments (e.g. Berner 1980). If the amount of metabolizable
organic carbon and nitrogen remains roughly constant over the time course
of an experiment such those described here, then one would predict zero
order kinetics (i.e. linear concentration changes with time) for processes
such as sulfate reduction and ammonium production. In previous whole
sediment incubation and sediment slurry experiments, these processes (as
well as methanogenesis, phosphate and ECO 2 production) have been shown
to be linear with time, on time scales similar to those of the experiments
described here (i.e., several hours to several days; see Aller & Yingst 1980;
Sorensen et al. 1981; Crill & Martens 1983; King 1984; McNichol 1986;
Klump & Martens 1989; and other references cited therein). For these
reasons the data from these experiments were analyzed using linear least
squares fitting. As can be seen in Figs. 1 and 2, this appears to be a valid
fitting procedure for this data.

Based on the previous discussion, in the experiments described here
slurrying of the sediments should affect sulfate reduction and ammonium
production only by decreasing their rates as a result of the dilution of the wet
sediment (and the organic matter therein) by seawater. Mathematically, the
measured rates of these processes and the dilution factors in each of the
flasks can then be related by the following expression:

(SRR or ARP) x DF = Rsrr or Rapr (4)

or

(SRR or APR) = (Rsrr or Rapr) x (/DF) (5)

where Rsrr and Rapr are the rates in undiluted sediments (having units of
mmole/hr/gs). The results of least squares fitting of the data from these
experiment to eq. (5) are listed in Tables 1 and 2, and illustrated in Figs. 3
and 4.

In undiluted sediments DF (as defined by eqn. (3)) equals /1000p,
(7.1 x 10-4L/gs in CLB sediments and 8.0 x 10-4L/g, in CB sediments).
DF now acts to convert the units of Rsrr and Rapr from mmol/g/h to mM/h.
As can be seen in Table 5, there is good agreement between the rates
calculated using the results of these experiments (using eq. (4) and the values
of Rr~ and Rapr in Tables 1 and 2) and measured rates of sulfate reduction
and ammonium production in undisturbed CLB and CB sediments. This
suggests that slurrying of sediments affects processes such as sulfate reduc-
tion and ammonium production only by decreasing their measured rate as
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Table 5. Rates of sulfate reduction and ammonium production in Cape Lookout Bight and
mid-Chesapeake Bay sediments.

Sulfate reduction* Ammonium production* SRR/APR**

Cape Lookout Bight sediments
Rates in undiluted sediments based on the results of the sediment dilution experiments a

2.98 + 0.67 0.62 + 0.15 4.85 + 1.90

Direct measurements of rates in undiluted sedimentsb

0.21 - 3.14 0.15 - 0.55 3.39 + 1.22

Mid-Cheaspapeake Bay sediments
Rates in undiluted sediments based on the results of the sediment dilution experiments'

1.36 + 0.13 0.20 + 0.01 6.76 + 0.59

Direct measurements of rates in undiluted sediments'
1 to2 -

* mM/day
**SRR = sulfate reduction rate; APR = ammonium production rate (corrected for am-
monium adsorption).

R, and Rap converted from units of mmol/h/g, to mM/day using eq. (4) (see text).
b These are the range of summer rates in CLB sediments from Crill & Martens (1987) and
Klump & Martens (1989). Comparisons are made to summer rates since the sediments used
in this experiment were collected in July and incubated at temperatures (19 + 1C) compar-
able to summer temperatures in Cape Lookout Bight (Martens & Klump 1984).
c These sulfate reduction rates are from Roden & Tuttle (1987) for the upper 1 to 2cm of
reducing sediments in the mesohaline region of Chesapeake Bay. To the best of my knowledge
there are no reported direct measurements of ammonium production rates in the sediments
of this portion of the Chesapeake Bay.

a result of sediment dilution, and that this "dilution effect" can be described
in a very straight-forward manner (i.e., with eq. (4)). Further evidence of this
is the observation that the ratio SRR/APR in the CLB experiments
(4.85 + 1.90) is similar to that determined by Klump and Martens (1989)
in whole sediment incubations of Cape Lookout Bight sediments
(3.39 + 1.22).

These results differs from those of Jorgensen (1978), who found that
measured rates of sulfate reduction could not be corrected for sediment
dilution in the manner described above. In his study, corrected rates of
sulfate reduction (per unit volume of undiluted sediment) decreased with
increasing sediment dilution, and he attributed this to the effects of the
handling of sediments during the mixing or slurrying procedure. However
his results were obtained with 8 hour incubations while the experiments
presented here were longer in duration (96-168 hours; see Figs. 1 and 2).
This suggests that if there is a "handling" artifact in these types of experi-
ments, this effect (at least for these two anoxic sediments) may be a short
lived phenomenon.
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The uptake of glutamic acid by sediment slurries

In addition to the biological utilization of amino acids as carbon substrates
by anaerobic microorganisms, amino acids may also be removed from
solution by abiotic processes such as adsorption onto organic or inorganic
constituents of the solid phase of the sediments (e.g., Doyle & Henrichs
1986; Hedges & Hare 1987; Henrichs & Farrington 1987; Burdige 1988 and
unpublished data). Although it is not possible to quantitatively estimate the
importance of abiotic versus biotic processes in the glutamic acid uptake
observed in these experiments (see Figs. 4 and 5), the results of these
previous studies would suggest that the majority of the glutamic acid uptake
observed in the CLB experiments is most likely due to the microbial re-
mineralization of the glutamic acid.

The measured rates of glutamic acid uptake in these experiments also
follow eq. (4) (see Fig. 5), suggesting that the process(es) responsible for
glutamic acid uptake are also affected by slurrying only through sediment
dilution. It is not possible to compare Rgur to other measured quantities in
Cape Lookout Bight sediments since the various processes responsible for
glutamic acid uptake in CLB sediments have not been as carefully quantified
as have sulfate reduction and ammonium production.

The results of this study suggest that the occurrence of f/-aminoglutaric
acid in anoxic marine pore waters may in part involve a reaction in which
glutamic acid is the precursor (see Fig. 4), as originally suggested by Hen-
richs & Farrington (1979). The lack of production of y-aminobutyric acid
from glutamic acid (and of f-alanine or alanine from aspartic acid) indicates
that the fermentative decarboxylation of these acidic amino acids is not an
important process in the anoxic sediments of Cape Lookout Bight. This
finding is consistent with the low levels of y-aba and fB-ala found in most
anoxic marine sediments (e.g., Henrich et al. 1984; Henrichs & Farrington
1987) including Cape Lookout Bight (Burdige & Martens 1988 and un-
published data). In comparison, abyssal (oxic) marine sediments contain
much higher levels (up to 50 mole % or greater) of y-aba and fB-ala in their
sedimentary amino acids (e.g., Degens et al. 1964; Whelan 1977).

Processes affecting dissolvedfree amino acids in molybdate inhibited
sediment slurries

As will be discussed in the next section, the initial increase in DFAAs is
taken to be the rate at which these compounds were utilized as electron
donors in sulfate reduction prior to the addition of molybdate (Sorensen et
al. 1981). The rapid decrease and subsequent second increase in dissolved
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free amino acids in these experiments (see Fig. 6) may be related to the
microbial populations adjusting to a situation in which sulfate reduction is
no longer the terminal process in organic matter remineralization and
therefore is presumed to be an artifact of the experimental manipulations
(i.e., molybdate addition).

A careful examination of the data from the 2/27/85 experiment (see Table
4) strongly suggests that these two increases are indeed related to different
phenomena, in spite of the fact that both have similar rates (0.73 + 0.05
and 0.79 + 0.06#M/hr). For certain amino aicds (aspartic acid, serine,
isoleucine) the second rate of increase (t > 7 hr) is less than the first rate of
increase (t < 7hr) while for other amino acids (-aga, alanine, y-aba,
phenylalanine, 6-aminovaleric acid) the opposite is true. For both pheny-
lalanine and b-aminovaleric acid there is actually no increase in their con-
centrations until this second concentration increase occurs.

The role of amino acids as substrates for bacterial sulfate reduction

As an analog to sulfate, molybdate (at the 20 mM concentration level) has
been shown to be an effective inhibitor of bacterial sulfate reduction (e.g.,
Oremland & Taylor 1978; Smith & Klug 1981; Sorensen et al. 1981; Chris-
tensen 1984). When molybdate is added to a sediment (or sediment slurry)
the short term (i.e., several hour) accumulation of organic compounds (or
H2) has been taken to represent the rate at which these compounds were
oxidized by sulfate reducing bacteria prior to the molybdate inhibition
(Sorensen et al. 1981). Based on this assumption, amino acids account for
about 1-3 % of carbon sources/electron donors for sulfate reduction in Cape
Lookout Bight sediments (Table 4). Utilization of amino acids by sulfate
reducing bacteria also accounts for 13-20% of the observed ammonium
production in these experiments (see Table 4). These calculations assume a
1:1 stoichiometry between moles of amino acids oxidized and moles of
sulfate reduced (or ammonium produced). However, the incomplete oxi-
dation of certain amino acids to acetate during sulfate reduction (Stams et
al. 1984) will lead to stoichiometries less than 1:1, while the complete
oxidation of 1 mole of glutamic acid (or f3-amioglutaric acid) to CO2 by
sulfate reducing bacteria will reduce 2.25 moles of SO'-. With the present
data I cannot determine whether these amino acids are completely oxidized
to CO2 by sulfate reduction, or only partially oxidized (to perhaps acetate).
In addition, these calculations most likely underestimate the role of amino
acids in these processes, due to adsorption of amino acids to sediment
particles (Rosenfeld 1979; Doyle & Henrichs 1986; Hedges & Hare 1987;
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Henrichs & Farrington 1987). When molybdate is added, a certain portion
of the amino acids that would be utilized by sulfate reducers may also adsorb
to sediment particles as well as accumulate in solution.

While the direct utilization of dissolved free amino acids by sulfate
reducing bacteria in these sediments is only a small fraction of the total
sulfate reduction and ammonium production (Table 4), previous studies
(Burdige & Martens 1988) have shown that the remineralization of sedimen-
tary amino acids in Cape Lookout Bight sediments accounts for - 25% of
the organic carbon regeneration and 80-90% of the total nitrogen regener-
ation. These observations are not inconsistent, but imply that most sedimen-
tary amino acids in CLB sediments are fermented (and deaminated) rather
than directly utilized by sulfate reducing bacteria. The products of these
processes may then be VFAs such as acetate, and H2 (Gottshalk 1979;
Barker 1981; Stams & Hansen 1984), since previous studies have shown that
these are the most important substrates for sulfate reduction in anoxic
marine and estuarine sediments such as Cape Lookout Bight (Banat et al.
1981; Laanbroek & Pfennig 1981; Sorensen et al. 1981; Christensen 1984;
Sansone & Martens 1984; Sansone 1986).

The results of these studies indicate that several amino acids are utilized
by sulfate reducing bacteria in Cape Lookout Bight sediments (see Fig. 6
and Table 4). The individual amino acids that account for the majority of
this utilization (glutamic acid, alanine, fB-aminoglutaric acid, aspartic acid
and asparagine) are also the major dissolved free and sedimentary (i.e., acid
hydrolyzable) amino acids in Cape Lookout Bight and other anoxic, marine
sediments (e.g., Henrichs & Farrington 1979, 1987; Burdige & Martens
1984, 1988). Sediment slurry experiments using 14C labelled glutamic acid
and alanine also indicate that these two amino acids are utilized by sulfate
reducing bacteria in both thse mid-Chesapeake Bay sediments and sedi-
ments from Bordenstake Bay, an anoxic tidal flat on Virginia's Eastern
Shore (Burdige 1988 and unpublished data).

The observation that these particular amino acids constitute the predomi-
nant amino acid oxidized by sulfate reducing bacteria in CLB sediments is
interesting from several additional standpoints. Previous reports of the
utilization of individual amino acids by pure cultures of sulfate reducing
bacteria have indicated that growth was obtained with only certain amino
acids, such as alanine, serine and glycine and aspartic acid (Coleman 1960;
Stams et al. 1985; Stams & Hansen 1986). Stams et al. (1985) also noted that
asparagine and glutamic acid supported little growth by the two marine
strains of Desulfovibrio they examined. Similarly, Stams & Hansen (1984)
reported that they were unable to isolate glutamic acid utilizing sulfate
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reducing bacteria from anoxic estuarine sediments. As can be seen in Table
4, glutamic acid and asparagine constituted significant fractions ( 20%
and - 7%, respectively) of the total amino acid oxidation by sulfate reduc-
tion in Cape Lookout Bight sediments.

The utilization of Bf-aminoglutaric acid by sulfate reducing bacteria in
Cape Lookout Bight sediments is also intriguing given the fact that in most
anoxic marine sediments this amino acid becomes the dominant dissolved
free amino acid with depth (Henrichs & Farrington 1979, 1987; Burdige &
Martens 1984). This behavior has been ascribed to -aga being more refrac-
tory than other amino acids (Henrichs & Farrington 1979), although the
results of these experiments would suggest otherwise. The accumulation of
P-aminoglutaric acid with depth in certain anoxic sediments could be due to
the fact that it cannot be metabolized by methanogenic bacteria. In sedi-
ments such as those of Cape Lookout Bight complete sulfate reduction
occurs in the upper sediments (10-30cm) and a zone of methanogenesis
exists below the zone of sulfate reduction (Martens & Klump 1984). How-
ever, other explanations must account for the accumulation of fl-aga in
anoxic, yet non-methanogenic marine sediments (e.g., Peru upwelling region
sediments (Henrichs et al. 1984); Buzzards Bay (Henrichs & Farrington
1987)).

Conclusions

In long term (several day) sediment slurry experiments with anoxic marine
sediments collected in Cape Lookout Bight, NC, and at a site in mid-Chesa-
peake Bay, the rates of sulfate reduction and ammonium production de-
crease with increasing amounts of dilution of wet sediment with oxygen-free
seawater. A simple relationship can be used to describe the effects of sedi-
ment slurrying on the rates of these processes. Using this equation to
"correct" slurry rates for sediment dilution yields sulfate reduction and
ammonium production rates which agree well with direct measurements of
these processes.

The addition of glutamic acid to Cape Lookout Bight sediment slurries
led to a rapid uptake of this amino acid with no production of y-ami-
nobutyric acid (which can be produced by the fermentative decarboxylation
of glutamic acid). However there was a small (- 1%) transient build-up of
fl-aminoglutaric acid following the addition of glutamic acid. The measured
rates of glutamic acid uptake also decreased with increasing sediment di-
lution. In a similar experiment aspartic acid was also rapidly taken up by
sediment slurries with no production of either alanine or fl-alanine, indicat-
ing that the fermentative decarboxylation of aspartic acid also did not occur
in these sediments.
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Molybdate inhibition experiments demonstrated that dissolved free
amino acids represented between 1-3% of the carbon soruces/electron
donors for sulfate reduction in these sediments. This direct oxidation of
amino acids by sulfate reducing bacteria also accounted for 13-20% of the
total ammonium produced. Glutamic acid, alanine, /B-aminoglutaric acid,
aspartic acid and asparagine were the major amino acids oxidized by sulfate
reducing bacteria in Cape Lookout Bight sediments. These results however,
do not indicate whether these amino acids were completely oxidized to CO2
by sulfate reducers or only partially oxidized (to perhaps acetate).

Taken together, the results of these experiment suggest the usefulness of
future, more sophisticated slurry experiments (using radiolabelled amino
acids) in delineating the pathways by which amino acids are utilized in
anoxic sediments.
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Notes

1. Throughout this paper subscripts on units of length, area, volume and weight signify the
following: pw = pore water, s = bulk or whole wet sediment; ds = dry sediment.
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