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Organic matter decomposition in an anoxic estuarine environment

has been studied from the interstitial water and sediment chemistry of

a core from Yaquina Bay and sediment incubation experiments. Both

carbon and nitrogen were depleted most rapidly in the top 10 cm. The

C/N ratio indicates that nitrogen was preferentially removed with

depth as the ratio slowly increased from 18 in the surface sediments

to 30 at 80 cm. The SO/Cl ratio profile was of a sinusoidal nature

having a period of 50 cm with maxima at 10 cm and 60 cm. The CO2

and PO concentrations mirrored this curve, whereas ammonia had

a single maximum at 10 cm, indicating ammonium adsorption by the

clay fraction of the sediments. These profiles suggest that varying

amounts of decomposition occurred downcore due to both sediment

texture and source organic material.

The sediment incubation experiment demonstrated that the
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interstitial water concentrations of ammonia, phosphate, and alkalinity

only partially reflect the extent of organic matter decomposition. The

secondary reactions involving CO2 (carbonate precipitation), NH3 (sedi-

ment adsorption), and PO (phosphate adsorption and precipitation)

were significant. The remineralized phosphorus was corn-

pletely recovered in the form of dissolved and precipitated phosphate.

However, the remineralized nitrogen and carbon were not totally re-

covered, suggesting that gaseous forms of each element were produced.

In addition, the sediment incubation study provided experimental

nutrient regeneration, sulfate reduction, and particulate organic matter

decomposition rates and rate constants. These were found to be similar

to those previously reported from other organic rich sediments.
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DECOMPOSITION OF ORGANIC MATTER IN ESTUARINE
SEDIMENTS BY SULFATE REDUCTION: A FIELD

STUDY FROM YAQUINA BAY AND SEDIMENT
INCUBATION EXPERIMENTS

INTRODUCTION

Dissimilatory sulfate reduction is one of the most significant geo-

chemical processes occurring during early sediment diagenesis. It is

strictly a biological reaction carried out by the respiratory activity of

anaerobic bacteria of the genus Desulfovibrio (Kaplan and Rittenberg,

1964). Microbially-mediated sulfate reduction occurs only in anoxic

environments (fjords, tidal flats, estuaries, continental margins, oceanic

basins with restricted circulation) where there is a high influx of organic

matter (Goldhaber and Kaplan, 1974). Metabolites from the anoxic

mineralization of organic material accumulate in the pore water, but the

extent of accumulation is constrained by their secondary reactions with

the sediment solid phase. However, steep concentration gradients

form, and the metabolites subsequently diffuse into the overlying sea-

water (Nissenbaum et al. , 197Z; Berner, 1974; Suess, 1976; Murray

et al. , 1978) Therefore, the sediments can be considered as a nutrient

source for the oceans (Suess, 1976).

In order to evaluate quantitatively this process a detailed under -

standing of the decomposition rates and elemental composition (C: N: P)

of the labile organic material is required. The aim of this study was to



elucidate the relationship between the elemental composition of the

metabolized organics and the chemistry of the associated pore water,

as well as deduce the nutrient regeneration rates by sulfate reduction

in estuarine sediments.

Characteristics of Desulfovibrio

Desulfovibrio, ubiquitous in the marine environment (Sisler and

ZoBell, 1950), oxidize carbon compounds by utilizing sulfate as the

terminal electron acceptor with the concomitant production of hydrogen

sulfide. The evidence for the biological origin of the H25 produced stems

from laboratory experiments and isotopic fractionation data (Jones and

Starkey, 1957; Kaplan and Rittenberg, 1964; Nakai and Jensen, 1964).

Acid soluble sulfides (H2S, HS, FeS) and pyrite in sediments may be

enriched in 32S by over 60% compared to the sulfate in the associated
32 34seawater (Kaplan et al., 1963). S is preferentially utilized over S.

during sulfate reduction, resulting in products with high concentrations

of the lighter isotope. Kinetic factors alone could not account for this

degree of fractionation. In contrast, the sulfur compOunds from igneous

(hydrothermal) sources have a 34S close to zero, indicating a non-

biogenic origin (Faure, 1977).

Laboratory studies on the physiology and biochemistry of

Desulfovjbi-jo have shown that sulfate reduction rates are: 1) indepen-

dent of the sulfate concentration unless it is limiting (<5mM/L)
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(Goldhaber et al. , 1977), 2) dependent on the availability of specific

energy substrates (Goidhaber and Kaplan, 1975), and 3) influenced by

temperature (Kaplan and Rittenberg, 1964).

Sulfate reducers are restricted to monocarboxylic acids such

as lactate, pyruvate, succinate, and malate for utilizable energy sub-

strates (LeGall and Postgate, 1973). Due to an incomplete enzyme

system of the TCA cycle, Desulfovibrio can only oxidize these corn-

pounds to acetate and carbondjoxjde. Therefore, in a natural mixed

microbial community, these bacteria must depend on a complex group

of fermenters which provide the specific 1-4 carbon compounds (Gold-

haber and Kaplan, 1974; Sorokin, 1962). Tezuka (1966} demonstrated

this commensal relationship in the laboratory. Mixed cultures of fer -

mentative heterotrophic bacteria and Desulfovibrio succes sfully reduced

sulfate in the presence of complex organic substrates that the sulfate

reducers alone could not have utilized.

Sulfate reducers are greatly affected by temperature. Pure culture

studies reveal that they have an optimum growth temperature between

300 and 42°C (Butlin et al. , 1949; Postgate and Campbell, 1966). Kaplan

and Rittenberg (1964) have demnnstrated from laboratory studies, using

pure cultures, that the rate of sulfate reduction increases five fold by

altering the temperature from 5°C to 25°C. This large temperature

effect is substantiated by data from field experiments (Jorgensen, l977b;

Howarth and Teal, 1979; Nedwell and Abram, 1977).
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Therefore, because sulfate is rarely limiting in the marine en-

vironment, rates of sulfate reduction are ultimately controlled by

temperature and the quantity and nature of organic material. In turn,

the extent of sulfate reduction in the sediments is instrumental in deter-

mining nutrient regeneration rates and chemistry of the pore waters.

Consequences_of Sulfate Reduction and the
Geochemical Siinificance

Interstitial water of sediment and sedimentary rocks represents

about 20% of the water in the hydrosphere (Garrels and Mackenzie, 1971).

It is a sensitive indicator of the reactions between organic and mineral

matter and seawater (in the case of marine sediments). The advantage

of studying pore water chemistry is that undetectable changes in the

solid phase can cause enormous changes in the concentration of the

dissolved constituents. The direction and rates of biogeochemical

reactions are important for estimating the mass flux of elements to and

from the sediments, thereby providing a better understanding of the

chemical cycling within the oceanic system.

The study of interstitial water began in 1895 when Irvine and

Murray (1896) collected dripping water from a canvas bag filled with

Blue Mud, reduced marine deposits from the western coast of Scotland.

From their analyses, they discovered that the sulfates were greatly

reduced, while the alkalinity was correspondingly increased sometimes
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rising to ten times above the when compared to the overlying

seawater. Chemical reactions were proposed to describe the inter-

actions of the pore water with the sediment. They concluded that large

abundances of organic matter were crucial for the reduction of sulfate

and subsequent formation of sulfides to occur.

Since that time, a plethora of investigations on interstitial water

and solid phase interactions have been published with emphasis on studies

of reduced sediments from restricted oceanic basins and continental

slopes (Sholkovitz, 1973; Nissenbaum et al,, 1972; Murray et al.

1978) and other nearshore environments (Bray et al. 1973; Bricker and

Troup, 1975; Berner, 1977; Martens et al. 1978; Suess, 1979). The

interstitial water chemistry of marine sediments has been reviewed

extensively by Manheim (1976).

The most sensitive indicators of diagenetic changes in the inter -

stitial water are bicarbonate, hydrogen sulfide, ammonia, reactive

phosphate, sulfate, Eh, pH and dissolved organic matter. These para-

meters can exhibit steep vertical gradients within short depths, less

than one meter in extreme cases, resulting from the decomposition of

organic matter due to the activity of Desulfovibrio.

The consequences of the accumulation of these constituents are

variable depending on the depositional environment but generalizations

can be made. As soon as oxygen becomes depleted due to aerobic

respiration, the redox potential drops to a low value (-100 to -450 mY



inducing changes in the concentration of chemical species governed by

the oxidation state. For example, Mn4+ and Fe3+ in solid phase oxides

and hydroxides are reduced to soluble divalent cations that are then free

to react with other chemical species.

As sulfate becomes reduced by bacteria hydrogen sulfide, carbon

dioxide, ammonia, and reactive phosphate are produced; their concen-

trations may increase by over several orders of magnitude. Authigenic

minerals can then form due to the precipitation of base and transition

metal sulficles (FeS, MnS) (Goidhaber and Kaplan, 1974), alkaline earth

carbonates (FeCO3, MnCO3, CaCO3) (Suess, 1979), and a variety of

phosphates (MgNH4 6 HO, Fe3(PO4)2 l-1O) (Bray et al. , 1973; Malone

and Towe, 1970). Ion exchange reactions and adsorption of NH onto the

clay and organic fraction of the sediment also takes place (Muller, 1977;

Suess and Muller, 1980; Rosenfeld, 1979b). Thus, the interstitial water

constituents and sediment assemblage are rapidly and characteristically

altered during sulfate reduction.

Remineralization of Organic Matter: Rates
and Elemental Composition

Decomposition of organic matter, and the resulting production of

ammonia, reactive phosphate, and carbon dioxide during sulfate reduc-

tion is of prime interest for evaluating elemental fluxes from the sedi-

mentary environment. The microbiology and biochemistry of these
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processes have been extensively studied, but the quantitative importance

has only begun to be examined. For a more complete understanding of

nutrient regeneration in anoxic rrearshore environments, it is necessary

to assess the rates of nutrient regeneration a well as the major ele -

mental composition (C: N: P) of decomposing organics.

Previous studies of nutrient regeneration rates and fluxes have

been determined by four different methods (1) diagenetic modeling of

interstitial water nutrient data (Berner, 1964a, 1974, 1977, 1979; Gold-

haber and Kaplan, 1974; l-lartmann et al. , 1976; Suess, 1976), (2) in

situ radio tracers (Howarth and Teal, 1979; Jorgensen, 1977b, 1978a,

1978b; Jorgenen and Fenchel, 1974; Sorokin, 1962), (3) in situ chamber

systems (Aller, 1977; Hallberg et al. 1972; Smith et al. , 1979), and

(4) closed experimental systems in the laboratory where sediments,

sealed in containers, are sequentially analyzed with time (Goidhaber

et al., 1977; Gunkel and Oppenheimer, 1963; Howarth and Teal, 1979;

Martens et al. , 1978; Nakai and Jensen, 1964; Rosenfeld, 1977).

Diagenetic modeling, based on steady-state conditions, has been

used successfully in oceanic environments where pore water nutrient

concentrations exhibit exponential profiles. In nearshore sediments

the models may riot be applicable because steady state conditions are

rare and sedimentation rates are variable resulting in irregular inter

stitial water nutrient profiles (Lasaga and Holland, 1976).

Recently, sulfate reduction rates have been determined directly by



in situ radio tracer studies. The sulfate reduction rates are more

accurate than those determined by theoretical means, but the regenera-

tion of ammonia, reactive phosphate, and carbon dioxide cannot be

assessed unless the elemental stoichiometry of the labile material is

known.

Direct nutrient flux measurements from in situ chambers, can be

used to deduce regeneration rates. However, secondary reactions of

the nutrients as well as sediment solid phase changes cannot be assessed

Furthermore, the small area occupied by the chamber may not be re -

presentative of the general environment, resulting in anomalous regen-

eration rates.

Sealed container experiments provide accurate estimates of nutrient

regeneration rates as diffusion and bioturbation effects are eliminated

and adsorption of the nutrients by the sediments can easily be evaluated.

Rosenfeld (1977) and Goidhaber et al. (1977) found that nutrient regen-

eration rates from incubated Long Island Sound sediments agreed within

a factor of two with the rates determined by diageneti.c modeling. Yet,

because the particulate organic changes were not measured, the stoi-

chiometry of the interstitial water nutrients could not be compared to the

stoichiometry of the decomposing organic s.

Stoichiometric reactions were first proposed by Redfield (1958)

and Richards (1965) for the aerobic and anaerobic decomposition of

plankton in the water column. These were based on the average elemental



composition of plankton, C: N: P = 106: 16: 1, as determined from

numerous analyses by Redfield (1958). These overall reactions, in

order of available electron acceptors are:

(aerobic respiration)

(CH2O)106(NH3)16(H3PO4) + 138 O4 106 CO2 + 16 HNO3 + H3PO4 +

12.2. H2O

(nitrate reduction)

(CH2O)106(NH3)16(H3PO4) + 94,4 HNO3-+ 106 GO? + 55.2 N2 +

177.2. H2O + H3PO4

(sulfate reduction)

(CH2O)106(NH3)16(H3PO4) + 53 SO 106 CO2. + 53 S2. + 16 NH3 +

106 H2O + H3PO4.

In most areas of the ocean and some noarshore waters these

models have proven to be fairly accurate (Redfield et al. , 1963;

Richards et al. , 1965; Gaines and Pilson, 1972; Froelich et al. 1979;

Suess et al. , 1980). However, the simple stoichiometric reaction of

sulfate reduction is not representative of nutrient regeneration in the

interstitial water of rapidly deposited organic rich sediments for two

reasons. One, the organic fraction of the sediment does not have the

elemental composition of plankton. Two, it does not correct for
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secondary reactions (diffusion, adsorption and precipitation) of ammonia,

reactive phosphate, and carbon dioxide.

The elemental composition of organic matter in sediment differs

from that of plankton due to fractionation prior to and after settling

(Suess and Muller, in press) and terrigenous organic input (Bader, 1955;

Borodovskiy, 1965a, b), Fractionation, the preferential removal of car-

bon, nitrogen, or phosphorus during the decay of organic materials has

been supported by experimental studies of decaying diatoms (Kamatani,

1969> and recent sediment trap data from different oceanic regimes

(Knauer et al. , 1979; Cobler and Dymond, 1980; Smatecek et al. , 1978).

Organics falling through the water column generally become depleted in

nitrogen and phosphorus relative to the carbon during decomposition.

Upon deposition, the detrital organics are mixed with two additional

organic sources, benthic biomass and clay-sorbed organics, which are

enriched with nitrogen and phosphorus (Suess and Muller, in press).

The organics in the sediment then undergo fractionation with depth

(Emery and Rittenberg, 1952; Muller, 1977). The degree and direction

of fractionation is unique to the depositional environment and the types

of organic matter present.

Terrestrial debris also significantly alters the C: N: P ratio of

sediments from that of plankton. The remains of vascular plants

(leaves, branches, wood chips and sterns) represent most of the terres -

trial detrital organic fraction (Day, 1976). These characteristically
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have high C/N (molar) ratios ranging from 14-65 as compared to the

C/N ratio (6-8) of plankton (Muller, 1977). For example, wood, corn-

posed of approximately 49% carbon and 1% nitrogen (by weight), has a

C/N ratio of 57 (Clarke, 1924). The C/P (molar) ratios of forest bio-

mass ranges from 450-2250 (Likens, 1977). These are substantially

greater than the C/P ratio of plankton (106). Consequently, the near-

shore environment, dominated by terrestrial sources, is depleted in

nitrogen and phosphorus relative to plankton material and thus provides

for an unusual study area in the marine realm,

The C:N:P ratio of the labile material, in certain environments,

can be determined indirectly from pore water measurements. If plots

of ammonia, phosphate, and carbon dioxide versus sulfate all exhibit

linear relationships, then it can be assumed that the organic matter has

decomposed according to a constant stoichiornetric C: N: P ratio

(Hartrnann et al. , 1973, 1976; Suess, 1976; Martens et al. , 1978).

From the slopes, the C: N: P = X: Y: Z ratio relative to reduced sulfate

can 1e determined and then substituted in the sulfate reduction stoi-

chiometrjc reaction of Richards (1965) as follows:

(CH2O)x(NH3)y(H3PO4)z + l/ZX X CO2 + l/ZX S + Y NH3 +

XH O+ZH3PO

However, direct pore water measurements are not always indica-

tive of the labile organic composition as differential diffusion, adsorption,
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and precipitation of ammonia, reactive phosphate, carbon dioxide, and

sulfate can occur (Berner, 1977; Suess,, 1979; Emerson, 1976). Neg-

lecting to correct for these secondary reactions could result in an

erroneous elemental composition of the organic material. Berner (1977)

developed equations, based on his diagenetic model, to predict the

C: N: P ratio of the labile material in which these factors are taken into

account. It requires that diffusion coefficients, sedimentation rates,

decomposition rate constants, and adsorption coefficients be determined,

which in nearshore heterogeneous sediments is extremely difficult.

From the foregoing discussion it is evident that only scattered in-

formation has been reported on the quantitative aspect of the decornposi-

tjon of organics in anoxic nearshore environments and that diagenetic

modeling is not satisfactory. Estuarine sediments were selected for

this study because of their unique C: N: P composition. The decomposi-

tion rates and elemental composition of the labile organic material and

the corresponding nutrient regeneration in the interstitial water were

measured directly from one closed experimental system. The results

indicated that the stoichiometry of the decomposing organics was not re-

flected in the pore water chemistry. Furthermore, because secondary

re actions alone could not account for this discrepancy, it was suggested

that remineralization products of nitrogen and carbon other than

ammonia and carbon dioxide were produced.
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OBJECTIVES

The purpose of this study was to qualitatively and quantitatively

evaluate the decomposition of organic matter and nutrient regeneration

in estuarine sediments by sulfate reduction. The objectives were:

1) to determine the elemental composition (C: N: P) of the decomposed

organics and compare it with the stoichiometry of the regenerated

nutrients (COa, NH3, P) and reduced sulfate in the interstitial

water;

Z) to assess the recovery and chemical partitioning of the remineralized

organic carbon, nitrogen, and phosphorus;

3) to determine if fractionation of the major organic elements occurred;

4) to estimate experimental rates of CO2. NH3, and PO production,

sulfate reduction and organic matter decomposition; and

5) to evaluate authigenic mineral precipitation and adsorption

reactions.
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EXPERIMENTAL APPROACH

The objectives were determined by combining results from both

open and closed system studies. The open system was represented by a

core taken from an estuary in which the interstitial water and sediment

chemistry was determined. This provided information on the general

diagenetic changes that occurred in the natural environment: fractiona-.

tion of organics with depth, stoichiometry of the interstitial water

nutrients, occurrence of mine ral precipitation reactions, and concentra -

tion ranges of the dissolved organic matter.

The closed system was represented by a series of sediment-filled

containers, incubated at different temperatures, that were sequentially

analyzed with time. This was an attempt to simulate controlled anoxic

conditions and subsequent diagenetic changes that occurred with depth in

the open system. Results from the interstitial water and sediment

chemical analyses provided information on: the composition of the labile

organic material, the quantitative decrease in organic carbon, nitrogen,

and phosphorus with time, the C: N: P stoichiometric relationship between

the liquid and sediment phases, and the rates of nutrient regeneration

and sulfate reduction at different temperatures.



MATERIALS AND METHODS

Field Experiment

Sampling

15

The sampling site was in Yacluina Bay, Oregon, an estuary charac-

terized by a central channel bordered by mudflats. It is subjected to

mixed semi-diurnal tides. The salinity in the bottom water is approxi-

mately 33 -34 %o and the average monthly salinity differences between

surface and bottom waters range from 4 %o to lZ%o throughout the year

(Kuim and Byr.ne, 1966). The maximum differences occur during the

rainy season, November through April. The estuary is fairly well mixed

from May to October. The annual temperature range of the tidal flats is

4° to 30° C.

A gravity core was taken at Sally's Bend Tidal Flat (Fig. 1) during

an ebb tide on May 3, 1978 from OSU's R/V Paiute. The water depth was

approximately 3 meters and the bottom water had a temperature of 14°C.

The PVC core liner was one meter in length and four inches in diameter.

As soon as the core was brought on deck the top water layer was siphoned

off and the water at the sediment/water interface was stored in acid-
washed (10% HNO3) polypropylene bottles. A thick rubber membrane

was placed on the sediment surface and polyurethane foam was used to

fill the 18-20 cm space in the core liner in order to prevent any
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disturbance to the stratification. The core was kept vertical during

transport back to Corvallis (two hours) and stored upright at 5°C for 14

hours prior to opening.

Core Opening and Interstitial Water Extraction

The core was sawed into longitudinal halves and immediately sec-

tioned into 4 cm intervals. Texture, color and other distinguishing

features were noted. Bulk density and pH measurements were made on

one half of the core.

Sediments f rpm each 4 cm section from the other half of the core

were transferred into centrifuge tubes and immediately taken to the

laboratory for analysis. Interstitial water was obtained by centrifuging

the sediment at 10, 000 RPM at 5-10°C for twenty minutes and the super-

natant was re-centrifuged at 5000 RPM for three to five minutes. The

average volume of water obtained was about 35 to 40 n-il. All interstitial

water samples were stored in acid-washed (10% nitric acid) polypropylene

bottles and refrigerated.

Analytical Techniques

Interstitial Water. Immediately following centrifugation, 5 ml

samples of supernatant were transferred to 10 ml ampoules, flame sealed,

and frozen for possible back-up analyses to be performed at a later time.

The following analyses were carried out on the remaining interstitial
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water within three days. All precisions are reported on a percent basis

and represent the standard deviation of the standard replicates perform-

ed with each set of analyses.

Total Alkalinity. The pH method of Culberson et al. (1970) as cited in

Grasshoff (1976) was used for the determination of total alkalinity on

15 ml samples, Precision = + 3%.

Total CO2. Total CO was calculated from the pH and alkalinity me a-

surements according to the equation by Skirrow (1975) using the dissocia-

tion constants of carbonic acid and bicarbonate reported by Mehrbach

et al. (1973).

Sulfate, Two ml of 10% BaCl2 (acidified with HC1 to a pH of 3) were

added to the sample immediately after the alkalinity titration. Sulfate

was determined gravimetrically by the precipitation of BaSO4. The pre-

cipitate was filtered, burned at 800CC for two hours, and weighed (Bather

and Riley, 1954 as cited in Grasshoff, 1976). Precision + 1%.

Ammonia. Ammonia was determined photometrically by the indophenol

method of Koroleff (1970) as cited in Grasshoff (1976) using dilutions of

1 ml samples. The hypochiorite reagent was replaced by a DTT solution

(one gm dichloro-o-triazin 2,4, 6 trisodium and 8 gm NaOH in 400 ml of

water). Precision = + 5%.

Dissolved Organic Carbon. The wet oxidation/persulfate method was

used to determine dissolved organic carbon on 1 -.5 ml samples (Gordon

etal. , 1975). CO2 was measured by infrared absorption. Precision+4%.
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Inorganic Phosphate. Reactive inorganic phosphate was measured on

dilutions of 0. 5 ml samples using the molybdate blue method of Murphy

and Riley (1962). Precision = + 1%.

Urea. Urea was determined on B ml samples by the photometric method

of Grasshoff (1976). Precision + 6%.

Carbohydrates. The L-tryptophan sulfuric acid method of Josefsson

et al. (1972) as cited in Grasshoff (1976) was used on two ml samples

for total carbohydrate measurements. Precision = + 6%.

Chlorinity. Mohr titrations (Strickland and Parsons, 1968) adapted to a

5 ml sample were used to determine chiorosity. Chiorinity was cal-

culated from the density and chiorosity of the samples. The IAPSO

Standard Seawater indicated a precision of +2%

Reactive Silicate. A modified version of the reduced silicomolybdate

method of Grasshoff (1976) was used for the determination of reactive

silicate on dilutions of 0.5 misamples. Metol-sulphite was substituted

for ascorbic acid as the reducing agent. Precision = + 5%

Major Cations. Major cations (Na+, K+, Ca++, Mg++) were determined

by atomic absorption spectros copy on dilutions of 0. 5 ml samples.

Precision = + 2%.

Sediment Samples. Sediment samples were desalted with porcelain

candle filters (0. 61j.m pore size) using double distilledwater as the rinsing

agent. They were ground in mortar grinders for two hours and freeze
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dried. A dry sample splitter was used to subsample the freeze-dried

sediments. Prior to all analyses the subsample was ground in a ball

mill, dried at 100°C for two hours, cooled and stored in a dessi.cator.

The following analyses were made on the freeze-dried sediment

samples:

Total Carbon. Total carbon was determined by dry combustion in the

presence of oxygen at 1000°C on a LECO WR-12 carbon determinator

which measures evolved CO2 by thermal conductivity. Precision = +2%.

Inorganic Carbon. The method described above was also used for deter-.

mining inorganic carbon except the samples had been previously burned

at 500°C for twa hours to burn off all of the organic carbon. Precision =

+ 4%.

Organic Carbon. Organic carbon was determined by the difference

between total carbon and inorganic carbon values.

Total Phosphorus. 300 mg samples (previouslyheated at 500CC for two

hours) were shaken in 1. 0 N FIC1 for 14-18 hours, centrifuged and

analyzed for inorganic phosphate by the same method as used on the

interstitial water (Aspila et al. , 1976). Precision +2%.

Inorganic Phosphorus. The same procedure was used as for total phos -

phorus. Precision = ±2%.

Organic Phosphorus. Organic phosphorus was determined as the differ-

ence between total phosphorus and inorganic phosphorus.

Total Nitrogen. Micro-Kjcldahl digestion was used to determine total
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nitrogen (Bremner, 1960). Sediment was oxidized in 36% H2O and

digested in F12SO4 at 350° C for five hours. A selenium digestion mixture

was used as the catalyst. The slurry was made alkaline and the NH3 was

distilled into a 2-4% boric acid-indicator solution. The solution was

titrated with 01 N HC1 to measure the quantity of ammonium borate

present. Precision = + 2%.

Fixed Ammonium. Fixed ammonium was determined by the method of

Silva and Bremner (1966). A 0.5 gm sample was boiled in hypobromite

solution, rinsed repeatedly with KC1 and shaken with HF(N) HC1(IN)

for 24 hours. The solution was made alkaline with KOH and the nitrogen

was distilled as NH3. The ammonia was determined as described in the

total nitrogen procedure. Precision +2%.

Organic Nitrogcn. Organic nitrogen was calculated as the difference

between total nitrogen and fixed ammonium.

Clay, Silt, Sand. Grain size analyses of each sample was determined by

differential settling velocities in large settling tubes by the technique of

Thiede et al. (1976).

The following parameters were measured on the sediment core

immediately after it was opened:

The pH measurements were made using a combination (calomcl/

glass) electrode calibrated at room temperature with standard buffers.

It was inserted directly into the sediments and values were used if they



were stable for at least one minute

399A. Precision = + . 05 pH unit.

Bulk Densities

22

The pH meter was an Orion model

Rings of known volume were used to extract sediment

for the determination of bulk density. The water content was determined

from the weight loss after drying the samples at 60°C for 48 hours.

Laboratory Experiment

Sampling

Sediment was collected near Sally's Bend Tidal Flat on July 3,

1979. The wet sediment was sieved consecutively through 3.9 mm,

0.417 mm, 165 im and 63 .jm sieves using seawater. Eachfraction <63 m

was thoroughly homogenized and 230 ml samples were poured into 250 ml

polypropylene centrifuge tubes. These were centrifuged at 5°C for five

minutes, the supernatant discarded and the remaining sediment auto-

claved for thirty minutes at 121°C. To ensure sterility, the samples

were re -autoclaved after seven days.

The purpose of autoclaving was to have sterile controls in order to

assess the pore water changes that occurred strictly due to chemical

reactions. This method of sterilization was employed after testing cer-

tam alternative methods. Poisons could not be used for obvious reasons.

Gamma radiation from a Cobalt-60 source proved to be inadequate as it

made the centrifuge tubes extremely brittle which later cracked during
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centrifugation. Other disadvantages were a lengthy processing time and

a high probability of incomplete sterilization.

Tables I and U summarizes the effects of autoclaving and gamma

radiation on sieved and unsieved estuarine sediments. The results from

the unsieved sediments, although homogenized, indicated that large

changes in the interstitial water components (carbohydrates, ammonia,

and inorganic phosphate) occurred from both autoclving and gamma

radiation; however, these changes were minimized in the interstitial

water of sieved sediments. Furthermore, the concentrations of the dis-

solved constituents from the sieved, autoclaved sediments were more

representative of in situ (estuarine) concentrations than those from the

untreated, sieved sediments. Hence, autoclaving proved to be fairly

appropriate for this study.

Twenty-four centrifuge tubes each were inoculated with 3 gm of

Yaquina Bay mud containing an indigenous estuarine microbial popula-

tion and filled with filter sterilized Oregon Shelf seawater (degassed by

steaming). They were shaken until the mixture appeared homogeneous.

Three sets of sixteen (8 sterile, 8 inoculated) were incubated in the

dark at 5°C, 15°C, and 30°C. Ten tubes that had not been autoclaved

(5 inoculated, 5 not inoculated) were incubated at 30°C.

The following labelling scheme is used throughout the text. The

autoclaved inoculated samples are referred to by their temperature of

incubation (5°C, 15°C, 30°C). The sediments that were not autoclaved
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Table j . A Comparison of the Interstitial Water Chemistry of Auto-
claved, Irradiated, and Untreated (unsieved) Estuarine
Sediments.

Gamma
Radiation Untreated Autoclaved

Carbohydrates (mg/L) 600-650 45-60 400-500

Ammonia (im/L) 70-100 50-100 100-300

Reactive phosphate (im/L) 70-75 10-15 75-100

Table i. A Comparison of the Interstitial Water Chemistry of Auto-
claved and Untreated Sieved (63 m) Estuarine Sediments.

Untreated Autoclaved

Carbohydrates (mg/L) 2-3 55-60

Ammonia (pni/L) 100-150 200-220

Reactive phosphate (fLm/L) 16-18 1-5

Dissolved organic phosphate (im/L) 1-5 12-15

Dissolved organic nitrogen (im/L) < 3 150200

Dissolved organic carbnn (mg/L) <2 50-60
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and stored at 30°C are denoted as N and N-i, signifying natural sediment

and natural-inoculated sediment, respectively.

The autoclaved samples were opened and analyzed from each

incubation temperature eight different times over a period of 141 days.

The natural sediments were sequentially opened five times over a 68 day

period. Interstitial water and sediment analyses were used as previously

described for the Yaquina Bay core samples except for the following

changes and additions;

Analytical Techniques

InterstitialWater. An average of 160 ml of interstitial water was

obtained after centrifugation. Twenty ml samples were immediately

placed in 20 ml ampoules, sealed, and frozen in case duplicate analyses

were required later. The alkalinity and sulfate determinations were

carried out with 50 ml of sample instead of 15 ml.

Carbohydrates. The phenol sulfuric acid method of Dubois et al. (1956),

as modified by Gerchakov and Hatcher (1972), was used on 2 ml aliquots

to determine carbohydrate values. It is easier and quicker than the L-.

tryptophan method and the blank is consistently low. Precision = -I- 6%.

The pH measurements were carried out on an Orion digital pH

meter (model 801) during the alkalinity titrations and sediment readings.

Total Dissolved Nitrogen. Total dissolved nitrogen was determined on

ten ml of sample using the micro -Kjeldahl digestion method. The slurry
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was diluted, brought to a pH of about 5. 5 using a methyl red indicator

solution and the ammonia determined as outlined in the interstitial water

procedure for the Yaqu.ina Bay core. Dissolved organic nitrogen was

calculated as the difference between total dissolved nitrogen and

ammonia. Precision = + 12%.

Total Dissolved Phosphate. The micro-Kjeldahl digestion was used (as

described for total dissolved nitrogen) and inorganic phosphate was

determined by the method outlined in the interstitial water section for the

Yaquina Bay core. Precision = + 1%.

Protein. The BioRad Protein Assay, a dye-binding assay, was used to

determine dissolved protein. Four ml samples were dialyzed against a

phosphate buffer (pH 7.73) for 15-18 hours prior to analysis. Precision =

±. 10%.

Sediments. Sediment analyses were performed on the initial set of

samples (one day of incubation), the samples opened after 68 days of in-

cubation and the sieved fractions. Analyses were the same as for the

Yaquina Bay sediments except for the following changes and additions:

Eh. Eh of each sample was measured by inserting a platinum electrode

(Corning) and a double junction reference electrode (Corning model 90-

02) directly into the sediments before centrifugation. Readings were

taken after a stable value was reached. The reference solution used was

0. 033 M K3Fe(Cn)6 + 0. 033 M K4Fe(Cn)6 + 0. 1 M KC1 (redox potential
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of +445 mV) (ZoBell, 1946a).

Exchangeable Ammonium. Wet sediment samples were shaken with

2 M KCJ for one hour at the temperatures of prior incubation and allowed

to settle. A sample of the supernatant was analyzed for NH3 as des

cribed in the interstitial water analyses for the Yaquina Bay core. The

NH3 value from the interstitial water was subtracted from this measure-

ment to give exchangeable ammonium. The method is from Bremner

and l'Zeeney (1966). Precision + 5%.

Organic Carbon. Organic carbon was measured volumetrically as CO2

libe rated by sulfuric acid/dichromate oxidation after decarbonation and

expulsion of CO2 by dilute phosphoric acid. Precision = +3%.

Inorganic Carbon. Inorganic carbon was determined by subtracting the

organic carbon values (described above) from total carbon values deter-

mined on the LECO as previously described in the sediment analyses of

the Yaquina Bay core.



RESU LTS

The results are presented in two major sections: (1) Yaquina Bay

Core, and (2) Sediment Incubation Experiment. Within each of these

sections, the interstitial water and sediment chemistry data

are reported separately. However, the results from both sections are

interpreted together in the Discussion.

Yaquina Bay Core

For a better understanding of the core results it is necessary to

briefly describe estuarine environments and Yaquina Bay in particular.

Depositional material originates from variable sources as sediments are

introduced by river and ocean, shore erosion, and biological activity

(Schubel, 1971; Troup and Bricker, 1975). The quantitative importance

of each depends on the tides, seasonal variations, and the general physical

characteristics of the estuary (Aksornkoae, 1976). Storms, slumping,

and wave action can rapidly alter the sediment structure causing localized

concentrations of particulate organics.

The site of coring, SallyTs Bend Tidal Flat, is in a marine -fluviatile

transition zone (Kuim and Byrne, 1966). Yaquina River transports fine

grain sediments to this area due to the geometry of the bay. Sediment

transport and deposition is seasonal with deposition being the greatest in

winter and early spring (Kuim and Byrne, 1966). The Yaquina Bay core
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was very heterogeneous with a major discontinuity in the texture and

organic matter distribution between 10 cm and 14 cm (Table Al in

Appendix). lit changed from a black claycy mud to a brown mottled sand

at this depth. Below 26 cm the sediment appeared reduced again.

Abundant plant remains in the 0-4 cm interval, shell fragments in the

32-3 6 cm interval, and wood chips in the 60-64 cm interval, indicated

variable depositional sources. This variability was detected in both the

interstitial water and sediment organic composition of the core. The

interstitial water and sediment chemistry results of the Yaquina Bay

core are summarized in Tables AII-AIV in Appendix A.

Interstitial Water Chemistry

pH, Chloririity, Water Content, Bulk Density. The pH profile

(Fig. Za) displays a gradual increase in pH from 6. 9 at the surface of

the core to 7. 8 at 78 cm. The slightly more alkaline condition with

depth have commonly been reported from anoxic marine sediments

(ZoBell, 1946b; Oppenheimer, 1960). The pH measurements were made

sequentially from the surface to the bottom of the core during a 30 to 40

minute interval. Thus, it is possible that CO2 diffused from the deeper

sampling intervals, due to a slight warming, resulting in higher pH

measurements (Siever et al., 1961; Oppenheimer and Kornicker, 1958).

However, there was still a significant increase in pH even if this is
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taken into account.

Chlorinity was not constant with depth (Fig. 2b). The core was

taken during an ebb tide when bottom water was being diluted by fresh

water. Consequently, a sharp increase in chiorinity values from 13. 96%

at the sediment/water interface to 15. 09% at the 2 cm depth interval

occurred. The more gradual increase of chiorinity throughout the

length of the core cannot be explained as easily. The difference in

porosity or permeability of the varying sediment texture with depth

may allow for differential lateral migration of bottom water into these

sedimentary layers. The sandy, porous sediment may be flushed

out more regularly.

Siever et al. (1961) proposed that increasing chiorinity with

depth in recent sediments off Cape Cod may be due to paleosalinities"

(trapped, unmodified seawater) or compaction. Compaction of the

sediments would tend to expell water upwards, thereby retaining and

concentrating the salts.



32

The slight chiorinity irregularities downcore may have been

caused by evaporation loss and differential warming of the samples

during the time of interstitial water extraction (Bischoff et al, , 1970;

Fanning and Pilson, 1971).

Water content and bulk density profiles are shown in Figs. 3a-b.

The water contents are reported on a wet weight basis. The high water

content of the sediment in the first 10 cm (68%) of the core could have

been due to several factors, First, all of the water may not have been

siphoned off at the surface of the core prior to sealing. Second, the

sediment underwent compaction with depth. Third and most significant,

the sediment texture changed from a composition of clay and silt at 10 cm

to over 80% sand at 14 cm.

2' PO, NH3, SO, Si02. The most striking feature of the

sulfate (reduced), carbon dioxide, silicate, and inorganic phosphate pro-

files is a sinusoidal distribution with two concentration maxima, one at

10-12 cm and the other at 50-60 cm (Figs. 4a-d). Interstitial water

chemistry profiles of this nature, in contrast with the usual profiles

obtained from deep sea cores, have been reported from other estuarine

studies (Briggs, 1967; Brayet al. , 1973). These non-steady state nutrient
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profiles of rapidly deposited sediments are due to the nonuniform distri-

bution of decomposing organics (Lasaga and Holland, 1976). Diffusion of

the specific ions (NH3, PO , SO, HCO3) is not fast enough to

obliterate the concentration irregularities in the sediment. Therefore,

models developed for homogeneous deposits (Berner, 1964a) are not

applicable to the concentration gradients such as observed here.

Suif ate was never depleted downcore (Fig. 4a ) as the concentra-

tions at the two maxima were 11. 7 mm/L and 10.5 mm/L, respectively.

The sulfate concentration at 26 cm (20. 8 rnrn/L) was approximately that

of the overlying seawater (20. 1 mm/L) indicating that sulfate reduction

had not occurred at that depth. However, since the chiorinity increased

with depth it was necessary to determine the degree of sulfate reduction

by calculating the deviation of the SO/Cl ratio of the interstitial water

from the constant SO/C1 ratio (0. 140) of seawater. Chloride, a con-

servative parameter, is not chemically or biologically altered in the

sediments in such a way as to affect its concentration. The SO/Cl

ratio, therefore, changes only when sulfate reduction has Occurred.

The SO/Cl ratios were plotted with the constant seawater ratio

in order to exhibit the amount of sulfate reduced (excluding removal by

diffusion) (Fig. 5a ). It is evident that sulfate reduction occurred at

all depths, but in different proportions (Fig. Sb),

Carbon dioxide, reactive phosphate, and silicate concentration

gradients were practically mirror images of the SO/Cl profile
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(Figs. 4b-d ). Total CO2 concentrations at the two maxima were 24.2

mm/L and 24, 6 mm/L, corresponding to phosphate concentrations of

176 im/L and 248 m/L, respectively. The overall silicate profile was

more variable than that of total CO2 and P0 but still exhibited two

concentration maxima, 308 FJIT1/L at 10 cm and 345 p n-VL at 50 cm.

These profiles strongly suggest that dissimilatory sulfate reduction was

the principal form of microbial metabolism occurring in the sediments.

The ammonia profile had only a single maximum of 3. 1 mrn/L at

10 cm and below this depth, the NH3 concentration was relatively con-

stant at about 800 p.m/L (Fig. 6a ). The, absence of a secondary

maximum is unexpected if nutrient regeneration was equivalent for

CO2 , P043 , and NH3. Removal of dissolved ammoniurn must have

occurred with depth due to adsorption by the clay fraction of the sedi-

ments (Muller, 1977; Stevenson and Cheng, 1972; Rosenfeld, 1979b).

Dissolved ammonium can be adsorbed as exchangeable ammonium

on the surface of clays and as fixed ammo nium within the clay lattice

structure (Suess and Muller, 1980). Studies by Rosenfeld (l979a,b)

have shown that exchangeable ammonium represented over one third of

the total dissolved ammonium in Florida Bay sediments, and an even

greater fraction in Long Island Sound sediments.

Unfortunately, exchangeable ammonium was not measured on the

Yaquina Bay samples. However, if the assumption is made that nitrogen

is mineralized in a fixed proportion to phosphorus, then the dissolved
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products, ammonium and reactive phosphate, respectively, should be

produced in a constant ratio. The plot of ammonia versus reactive

phosphate did show a linear relationship for the et of concentrations

prior to ammonium removals It was then possible to calculate

11corrected" dissolved ammonium concentrations by extrapolating this

relationship corresponding to the reactive phosphate concentrations

downcore (Fig. 6I).

The difference between the measured and "corrected" ammonj.um

concentrations is the amount of ammonium that was removed by clays.

Figure 6c illustrates this increase in the fixed ammonium of clays caused

by the removal of ammonia. It is evident that what appears to be a large

change in ammonia concentration in the dissolved phase, only corres -

ponds to a relatively small change in the fixed ammonium in the solid

phase.

Stoichiorne1. The linearity between the SO, PO,
and NH3 (corrected) vertical concentration changes implies that the

labile organic matter maintained constant stoichiometric C: N: P ratios

during decomposition. The plots of the regenerated nutrient concentra-

tions versus sulfate concentration illustrate these relationships

(Figs. 7a-c).

The stoichiometry for the regenerated nutrients in the Yaquina Bay

core are summarized in Table III. For comparison, Redlield's ratios
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Table III. The stoichiometry of the regenerated nutrients relative to
sulfate as compared to Redfield's ratios and molar ratios
of Yaquina Bay particulate organic matter.

ASO ACO2 LNH3(ex) APO

Yaquina Bay Porewater -53 69.4 7.0 . 77

Redfieldts ratios -53 106 16 1

ANH3(ex) A2CO2 CO CO2

APO ANH3(ex) PO LSO

Yaquina Bay Porewater 9. 1 9.9 90. 1 1. 3

Redfield's ratios 16 6.6 106 2.0

N/P C/N C/P

Yaqu.ina Bay Particulate 13-33 18-36 >Z60Organic Matter
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and the range of molar ratios of Yaquina Bay particulate organics are

included, The ratios have been normalized to -53 moles of sulfate as

this is the conventional form proposed by Richards (1965) and ermits

deviations to be easily recognized. It must be emphasized that the

stoichiometry of the Y. B. regenerated nutrients has not been corrected

for secondary reactions other than ammonium fixation.

Redlield's ratio (-53: 106: 16: 1 CO2: NH3: PO) is

not representative of nutrient regeneration in the core as a ratio f

-53: 69,, 4: 7. 0:. 77 was obtained, indicating that for the equivalent amount

of sulfate reduced less CO2. NH3, and PO were produced.

The SO: CO2 ratio of the 'interstitial water was 1: 1.3

instead of the theoretical ratio of 1: 2 as derived from the following

equation that describes the utilization of carbon relative to sulfate con-

sumed:

2 CH2O + SO-4 2 HCO3 + H2S (Berner, 1970).

A departure from the 1: 2 ratio would be expected to be in the opposite

direction due to the production of CO2. by micro-organisms other than

sulfate reducers. Therefore, it appears that there was an incomplete

recovery of CO2 in the interstitial waler, indicating possible methane

production. Rosenfeld(l979a), Sholkovitz (1973), Richards et al. (1965),

and Martens et al. (1978) have also published data that show a slight

depletion of CO2 relative to the sulfate reduced.
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The CO2/NH3 and CO2/LPO ratios also reflect an

apparent loss of CO2. Although the CO2/NH3 (corrected) ratio of

9.9, significantly larger than Redfield's ratio of 6-8, is indicative of

the higher C/N ratios of terrestrial organic matter, it is still not re-

presentative of the range of organics from Yaquina Bay.

The CO2/PO (90. 1) ratio was extremely low compared to

the C/P ratio of the terrestrial organic matter as well as Redfield's

ratio. Even if all of the CO2 had been recovered (assuming a

CO2 of 1:2), the CO2/PO ratio would have only increased to

118. It is quite likely that the reactive phosphate concentration. in the

pore water was augmented by the dissolution of inorganic phosphorus

from the solid sediment phase. This would result in an 'excess" of

reactive phosphate, thereby masking the dissolved reactive phosphate

contributed by the remineralized organic phosphorus. Inorganic phos-

phate has been shown to be released from ferric phosphate (Fe3(PO4))

by the presence of low concentrations of hydrogen sulfide (Baas-Becking

et al,., 1960; Sperber, 198; Stumrn and Morgan, 1970) and organic

acids formed during fermentation.

Although the linear relationships between the regenerated nutrients

and sulfate suggest a stoichiometric release of organic carbon, nitrogen,

and phosphorus during decomposition, they do not necessarily represent

the true elemental composition of the labile material. This is because

methane production and secondary reactions other than the adsorption
of arnmonium are likely.
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Urea, Carbohydrates, Dissolved Organic Carbon. Carbohydrates,

urea and dissolved organic carbon profiles exhibited two concentration

maxima downcore at approximately the same depths as the nutrient

species' maxima (10 cm and 50 cm) (Figs. 8a-c). The dissolved

organic matter maxima coupled with strongest sulfate redaction support

the assumption that sulfate reduction rates are partially controlled by

the availability of specific organic compounds to microorganisms

(Pelet and Debyser, 1977; Kaplan and Rittenberg, 1964). The dissolved

organic carbon concentrations of 5-35 rng/L, comprised mainly of

carbohydrates, are indicative of organic_rich sediments. Nissenbaum

et al. (1971) nd Brown et al. (1972) have reported dissolved organic

carbon concentrations of 42 - 150 mg/L from interstitial water.s of

Saanich Inlet, an environment of extreme rapid sedimentation.

Major Cations. The major cations, Mg++, K+, Cafl, and Na+,

were measured to provide information on secondary reactions of in-

organic adsorption and precipitation that might have occurred and

affected the dissolved metabolites. The profiles of the cation/chloride

ratios did not show any significant trends, as they fluctuated around the

respective mean seawater values: represented by the dashed vertical

lines in Figs. 9a-d.

The Na+/C1 and fg++/C1_ ratios never departed by more than 8%

from the respective seawater ratios of 0. 557 and . 0668. However, a
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strong potassium enrichment of over 11% was observed between 18 and

34 cm. It may reflect the exchange of for NH by the clays. The

Ca++/Cl ratio decreased by over 29% at 10 cm which would indicate

precipitation of CaCO3 as it correlated with a maximum inorganic carbon

concentration in the solid sediment phase.

Sediment Chemistr

Grain Size Analyses. Sediment texture plays an important role in

the distribution of particulate organic matter and consequently the inter-

stitial water chemistry. Sand is highly porous and permeable and

therefore any organics that are associated with it are rapidly oxidized

and the metabolites readily dispersed (Oppenheimer, 1960). Further-

more, organic decomposition is greater in sands due to the abundance

of different types of bacteria (Vollcmann and Oppenheimer, 1962). This

is not true for clays and silts which scavenge organic.s and readily be-

come anoxic (Borodovskiy, l96Sa Goldhaber and Kaplan, 1975). They

have small interstitial spaces and therefore the diffusion of bacterial

metabolic wastes is inhibited (ZoBell, 1946b). The sediment consisted

of over 70-80% clay and silt in the first 10 cm (Figs. ba-c). The com-

position abruptly changed at 14 cm where more than 80% of the sediment

was in the sand-size fraction, corresponding exactly with the water con-

tent discontinuity and the minimum concentrations of the pore water
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Particulate Organics. The organic matter from the sieved frac-

tions of the Yaquina Bay mud is discussed here. Table IV summarizes

the carbon, nitrogen, and phosphorus contents and ratios of each fraction

and also includes Redfield's ratios for comparisons.

The most significant trend is the enrichment of nitrogen and phos-

phorus relative to carbon in the organics associated with the smaller

sediment fractions. The >3.9 mm fraction, composed primarily of wood

chips and decayed leaves, had C/N and C/P ratios of 77, 6 and 3645,

respectively. Whereas, in the <62 jim fraction, these ratios decreased to

14. 1 (C/N) and, 139 (C/P), however, this fraction is still depleted in

nitrogen and phosphorus relative to the average plankton composition.

The distribution of carbon, nitrogen, and phosphorus concentra-

tions with depth were similar to each other (Figs. ha-c) and generally

parallel the clay fraction distribution (Fig. 12). The high con-

centration of organics at the surface of the core, from recent deposition,

was somewhat independent of texture.

The organic carbon concentration decreased from 5. 1% at the sur-

face to 42% at 10 cm. A discontinuity occurred between 10 cm and 14

cm where the organic carbon content dropped to 0. 913%. Below that it

fluctuated but remained between 1-1.9% to a depth of 62 cm. Organic

carbon then increased to 3%, indicating possible changesin the sedi-

rnentatiori rate and/or the depositional source material.

The downcore pattern of the organic nitrogen content resembled



Table IV. The major organic elemental compositions and molar ratios of the
fractions of Yaquina Bay sediments and Redfield's ratios.

sieved

C N P C/N C/P N/Porg org Org

PPM --- - molar ratios ------

Reduield's ratios --- --- --- 6. 6 106 16

>3.9mm 290690 4371 206 77.6 3645 47

>.417 mm 95450 3389 129 32.9 1911 58

>165 im 35770 1493 53 27.9 1744 62

>62 1jm 11880 692 23 20.0 1334 67

<62 m 21900 1808 158 14. 1 139 25

<62 im (autoclaved) 21100 1750 138 14.1 152. 28

U.'
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that of carbon but. the concentration decreases were relatively larger,

thus, the C/N ratio slowly increased with depth (Fig. 13a), This type

of organic fractionation in sediments, In which nitrogen is preferentially

removed, is consistent with previous studies (Bader, 1955; Emery and

Rittenberg, 1952).

The slight decrease in the C/N ratio in the first 10 cm was not

due to the preferential removal of carbon because the nitrogen concen-

tratlon increased in that interval. This is indicative of a change in the

organic source material. The high C/N ratios (15-30) throughout the

core point to a predominance of terrestrial debris in the sediments.

The organic phosphorus concentration was also discontinuous

between the depth of 10 cm and 14 cm and fluctuated between 25-100

PPM below this depth (Fig. llc ). The N/P and C/P ratios were some-

what erratic which could be attributed to analytical errors (Figs. 13b-c).

It must be emphasized that the organic phosphorus is determined by the

relatively small difference between two numbers and an error of 10-20

PPM could drastically alter the C/P and N/P ratios. Therefore, they

should be interpreted cautiously.

Particulate Inorganics. Inorganic carbon, fixed amrnonium, and

inorganic phosphate exhibited similar concentration profiles to each

other (Figs. 14a-.c). All three had a concentration maximum in the

first 10 cm with an abrupt decrease in concentration at 14 cm.
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The inorganic carbon content was very low throughout the entire

core ranging from . 005% to . 05%. However, it increased from . 03%

to . 05% in the first 10 cm which corresponded to the calcium depletion

in the interstitial waters. Precipitation of CaCO3 could only partially

have accounted for the increase in inorganic carbon. Below 14 cm the

inorganic carbon co.ntent was fairly uniform with a concentration of

about .01%.

The fixed arnmonium concentration profile is illustrated in Fig. 14b.

The concentration ranged from 2.80 PPM to 300 PPM in the first 10 cm,

decreased to 80 PPM at 14 cm, and fluctuated around 150 PPM in the

remainder of the core. These variations of fixed ammonium with depth

are attributable to fluctuations of the clay content of the sediments

(Fig. 15),

The clay mineral composition is also instrumental in determining

fixed ammonium concentrations. Muller (1977) reported that illitic

and vermicullitic minerals are capable of retaining large concentrations

of fixed ammonium, whereas montmorillonites and kaolinites are not.

Therefore, both the quantity and type of clays control the amount of

ammonium fixed by the sediments.

The overall fixed ammonium concentration range of 80-300 PPM

is comparable to those reported by other investigators (Stevenson and

Cheng, 1972; Rosenfeld, 1979b).

Inorganic phosphorus had a concentration profile similar to the
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other inorganic constituents with a maximum concentration at 10 cm

(900 PPM). It also displayed a small secondary concentration maximum

of 580 pM/L at 36 cm (Fig. l4c).

Summary of Yaciujna Bay Core

The Yaquina Bay core results are summarized:

1) The core was generally heterogeneous with a major discontinuity in

texture and particulate organic matter between 10 cm and 14 cm.

Z) Reactive phosphate, carbon dioxide, silicate, and reduced sulfate

concentrations exhibited sinus oidal profiles indicating non - steady

state conditions. Therefore, nutrient regeneration rates could not

be predicted by diagenetic modeling.

3) Authigenic mineral precipitation involving carbonate and phosphate

appeared to be minimal, although.a small amount of CaCO3 might

have formed in the first 10 cm.

4) Dissolved ammonium adsorption by the clay fraction of the sediment

was extensive, but "corrected" NH3 concentrations were made.

5) The plots of CO2, and NH3 (corr.) versus ASO were

linear indicating that the regenerated nutrients could be approximated

by stoichiometric relationships.

6) Redfield's ratio (-53: 106: 16: 1) was not representative of the stoi-

chiometry of the regenerated nutrients in the pore water as LSO

CO: NH3: = -53: 69, 4:4. 7: . 77 was obtained.
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7) The !CO2/NH3, CO2/PO , and ANH3/PO ratios, as

compared to the general elemental composition of the particulate

matter in the sediments, indicated that there was an incomplete

recovery (or loss) of CO2 possibly due to methane production, and

that a source, other than organic phosphorus, must have contributed

to the dissolved reactive phosphate pool.

8) The C/N ratios of the particulate organics were high, ranging from

15-30, due to the predominance of terrestrial organics.

9) Fractionation of the particulate organics occurred with depth due to

the preferential removal of nitrogen.

Sediment Incubation Experiments

The sediment incubation experiments provided controlled anoxic

conditions in which sulfate depletion and metabolite concentration changes

in the interstitial water were monitored with time and compared to the

decomposition of the particulate organics. In addition, the adsorption

and precipitation reactions of ammonia, phosphate and carbon dioxide

were quantitatively assessed. Furthermore, the temperature dependency

of nutrient regeneration and organic matter decomposition rates was

evaluated. These direct measurements aid in interpreting the results

from the Yaquina Bay core and also in understanding some fundamental

problems of estuarine sediment diagenesis.

The problems encountered during the experiment are discussed



here briefly. First, during the course of the experiment, a precipitate

formed on the walls of the centrifuge bottles at different times in each

of the samples. In the natural sediments it appeared in less than two

days, but it took 37 days to appear in the 15°C and 30°C samples, and

68 days in the 5°C samples.

The precipitates from the walls of several tubes were scraped off

for chemical analysis, but quantitative recoveries were impossible as it

was adsorbed to the polypropylene. Three separate samples were

analyzed for iron and phosphorus and one sample for inorganic carbon.

The results are listed in Table V.

Table y. Iron, Phosphorus, and Inorganic Carbon Content (% by weight)
of the Wall Precipitate From Four Separate Samples.

Sample Fe (%) P (%) C (%)

1 31 5.0 --

2 31 4.9 --

3 30 4.8 --

4 -- --

Although chemically it had a relatively constant Fe/P ratio (6. 3), it

proved to be amorphous in X-ray diffraction analysis.

The precipitate consisted of either siderite (FeCO3) that had

scavenged reactive phosphate from the interstitial water or a mixture of
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siderite and vivianite (Fe3(PO4)2 B H20). The presence of small

quantities of both siderite and vivianite in reduced sediments has been

reported in previous studies (Bray et al. , 1973; Bricker and Troup,

1975; Postma, unpublished manuscript). Their formation under these

conditions is also in agreement with the Eh/pH stability ranges for

these compounds (Degens, 1965).

Differences in time of formation of the precipitate in the samples

can easily be explained. Since the natural sediments were reduced at

the beginning of the experiment, iron was already mobilized and free to

react with the carbonate produced from respiration and fermentation

reactions. Hence, immediate precipitation occurred. In contrast, the

autoclaved samples initially were oxidized and the iron was tied up in

solid phase hydroxides and oxides. As the sediments were slowly

reduced, iron became soluble and was available to react with dissolved

carbonate and phosphate. The onset of precipitate formation in the auto-

claved samples correlated exactly with abrupt decreases in the reactive

phosphate concentrations in the interstitial water.

The second problem was that the experimental system was not corn-

pletely closed as the centrifuge tubes, although tightly capped, were not

sealed and gas may have been lost from the samples, thus affecting the

inventory of metabolites.



The interstitial water and sediment chemistry results are sum-

marized in Tables Bi-BX in Appendix B.

Interstitial Water Chemistry

The labelling scheme used in the text and figures is repeated here.

The inoculated autoclaved sediments are identified by their incubation

temperatures (5°C, 15°C, 30°C), The sediments that were not auto-

claved are referred to as the natural sediments and are denoted N and

N-i. N-i refers to the samples that were inoculated with the same

natural microbial population as the autoclaved samples. N refers to the

samples that were not inoculated. In the text, natural sediments refer

to both N and N-i since the results from both samples were essentially

identical.

pH, Eh. A rapid initial decrease in pH occurred in all of the auto-

claved samples (Fig. 16a) due to the production of CO and organic

acids by aerobic and fermentative microorganisms. The 5°C samples

had a continual decrease in pH from 7. 3 to 6. 5 over a period of 141

days. Whereas the 30°C samples reached their lowest pH (6.5) in

eleven days and then increased and stabilized at 6. 9 after 68 days,

indicating a possible buffering effect by the production of ammonia

and/or the precipitation of iron sulfides (Ben-Yaakov, 1973). The

natural sediments had a stable pH of 6. 9 throughout the entire experi-

ment (Fig. 16b).
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The Eh time profiles also exhibited a sharp decrease in the first

five days which can be attributed to the quick consumption of available

02 by aerobic bacteria (Figs. 16c-d ). The Eh became unexpectedly

less reducing during the length of the experiment, stabilizing around

+ 150 mV in all of the samples. Yet, the sediments were jet black due

to the presence of iron monosulfides which are stable only at negative Eh

values at the given pH range of 6.4 to 7. 1. Thus, the Eh measurements

in this study can only be considered as indicators of the relative reduced

states of the sediments.

2' NH3, P0, Si02, S0_. The evolution of carbon

dioxide and ammonia was exponential with time in the autoclaved samples

(Figs. 17a,d). A rapid initial release of regenerated nutrients is typical

of freshly inoculated sterilized sediments due to the nutritional effect of

dead microbial cells and other dissolved organic compounds released

from the sediments during sterilization. The final concentrations of

EGO2 and NH3 in the samples varied dependingon the temperature of

incubation.

Total CO2 in the 5°C, 15°C, and 30°C samples asymptotically

approached concentrations of 10. 5 mm/L, 12. 5 mm/L, and 16.5 mm/L,

respectively. These concentrations were significantly lower than the

CO2 saturation values of 55 mrn/L (5CC), 39 mm/L (15°C), and

27 rnm/L (30°C) at the given salinity (Strickland and Parsons, 1968).
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Ammonia asymptotically approached concentrations of 1100 m/L, 1650

and 2200 pm/L in the 5°C, 15°C, and 30°C samples, respectively.

The production of CO2 and NH3 in the natural sediments was

more gradual than in the autoclaved samples as the initial increase in

concentration was not as extreme due to low concentrations of dissolved

organic compounds (Figs. 17b, d). The ammonia and total carbon diox-

ide concentrations leveled off at 1200 im/L and 9 pm/L, respectively.

The reactive phosphate concentrations initially increased exponen-

tially but then continued to be erratic following the formation of the wall

precipitate (Figs. 18a,b). If it is assumed that PO and NH3 were re-

generated in fixed proportions throughout the experiment, then values of

P0 can be estimated for the samples affected by the precipitation. By

regres sing NH3 versus PO concentrations prior to the precipitate

formation using the method of least squares, linear relationships ar,e

obtained, which when extrapolated for different times at 5°C, 15°C,

and 30°C yield PO values as listed in Table VI. These values proved

to be accurate as they were equivalent to the measured changes in the

particulate phosphorus (inorganic and organic) over the same time

period. Such extrapolated values could not be determined for the

natural sediments because the PO' concentrations were affected by the

precipitate from the start of the experiment.

The silicate regeneration was also asymptotic for all of the auto-

claved samples with concentration limits of 650 pm/L, 700 pm/L, and
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Table Vi. Extrapolated iflterstitiai water phosphate concentrat:ns

Time (days)

1 1

5 .9

11 6.6

21 32

37 93

68 156

90 190

141 220

1 1

13 134

63 200

154 230

213 272

289 359

329 375

349 382



900 FJm/L for thern 5°C, 15°C, and 30°C samples, respectively (Fig. 18c).

The Si02 concentrations in the natural sediments are shown in Fig. 18th

The SiOa concentrations in all of the samples suggest that the pore

waters were undersaturated with respect to amorphous silica at the

respective temperatures of incubation. Wollast (1974) found that the

solubility of amorphous silica as a function of temperature could be

expressed as log C = -. 309 - . 723 (103/T), where C concentration of

Si02 in moles L1 and T temperature in °K. The solubilities at 5°C,

15°C, and 30°C are therefore 1230 pm/L, 1516 pm/L, and 2018

respectively. Since the Si02 concentrations leveled off at the same time

that the wall p.recipitate formed, it can be speculated that silica may

have co-precipitated with iron and phosphate.

The depletion of sulfate over a 68 day period was 0. 3 rnm/L, 1.9

mm/L, 4,3 mrn/L, and 2.4 mm/L in the 5°C, 15°C, 30°C, and natural

sediment samples, respectively. Therefore, sulfate reduction occurred

in all of the samples but to a greater extent in the ones incubated at the

higher temperatures (Figs. 19a, b). This was to be expected, as at

elevated temperatures, aerobic and facultative aerobic bacteria utilize

oxygen quicker, thereby lowering the Eh values and creating more

favorable environments for the sulfate reducers. Figs. 20a-d illustrate

the dependency of sulfate reduction on the redox potential. In addition,

most strains of Desulfovibrio grow optimally at temperatures between

30° and 42°C. Both of these points account for the immediate reduction
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of sulfate in the 15°C, 30°C, and natural sediment samples. Although

the production of CO2, NH3, and PO was immediate in the 5°C

samples, a 37 day lag period occurred before sulfate reduction was evi-

dent. This suggests that other microorganisms other than sulfate re-

ducers were metabolically active during this time.

Dissolved Organics. High concentrations of urea, carbohydrates,

dissolved organic carbon (DOG), dissolved organic nitrogen (DON), and

dissolved organic phosphorus (DOP) were present initially in the auto-

claved samples (Figs. Zla-c and 2aa,c,d). These constituents were

metabolized exponentially with time in all of the samples (except for DON

and DOP). Their consumption was more rapid in the 15°C and 30°C

samples than in the 5°C samples.

The oxidation of DOG accounted for approximately 38%, 31%, and

30% of the evolved CO2 in the 5°C, 15°C, and 30°C samples, respective-

ly. It also was noted that the DOC concentration changes paralleled

those of carbohydrates. If it is assumed that carbohydrates, represented

by (CH2O), are 40% by weight carbon, then 53%, 53%, and 58% of the

DOC in the 5°C, 15°C, and 30°C samples, respectively, were in the

carbohydrate form.

The DON data is harder to interpret due to the large error involved

in the analytical technique. The initial urea concentration (13-15 1im/L)

represented only a small portion of the DON concentration (100 -300
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Fm/L). In addition, dissolved protein concentrations were below the

detecting limit (< 1 mg/L) in all of the samples. It is possible that

after autoclaving a large pool of amino acids and peptides were present

which were metabolized rapidly. The oxidized DON represented 15%

and 9% of the evolved NH3 in the 15°C and 30°C samples, respectively.

The DON concentration in the 5°C samples fluctuated and did not exhibit

a net consumption over 68 days.

The DOP data is also difficult to interpret. The organic concen-

trations fluctuated in the samples with time; however, the 15°C and

30°C samples did exhibit a net DO? consumption.

The natural sediments had very low concentrations of dissolved

organics throughout the entire experiment (Figs. Zlb,d and Zab).

Major Cations. The major cation concentrations were variable

relative to the Oregon shelf seawater values as illustrated in Figs.

23a-d and 24a-d. The autoclaved sediments had different reactions in-

volving cations than the natural sediments which may be attributed to

autoclaving since this alters the sediment.

Potassium and calcium were slowly removed from the interstitial

water in the natural sediments during the experiment. Potassium might

have been adsorbed by the clay fraction of the sediments. The calcium

decrease could have been due to the precipitation of CaCO3 as carbonates

did form in the samples with time.
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Sulfate Reduction and Nutrient Regeneration Rates and Rate Constants

Sulfate Reduction. The reduction of sulfate in all of the samples,

excluding the 5°C samples, appeared to follow first-order kinetics, which

is in agreement with the observed kinetics of nutrient production Hence,

the following equation describes the rate of sulfate reduction:

c c et where C = sulfate concentration at t
x 0 x x

C0 = sulfate concentration at t0

t = time

k decomposition rate constant.

The rate constants were determined from the slopes of the ln(C/C0)
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versus time plots (Figs. 25a,b and 26a,b); the numerical values are

summarized in Table VII.

Maximum sulfate reduction rates were then determined from the

relationship, _Ckekt when time equals zero. These rates are

reported in terms of unit volume in Table VI They range from

8 mm/L/yr at 5°C to 25 mm/L/yr at 30°C. These are comparable

to the range of rates (.03-280 mm/L/yr) determined on different types

of sediments using a variety of techniques reported by other investigators

(Table VIII).

The kinetics of dissimilatory sulfate reduction, as mentioned pre-

viously, are partially controlled by the availability of organics to

bacteria. This is exemplified by comparing the sulfate reduction rates

of the natural sediments with those of the autoclaved sediments. The

natural sediments, incubated at 30°C, had a sulfate reduction rate of

13 mm/L/yr, similar to the rate of the 15°C samples (11 mm/L/yr).

The 30°C samples had a sulfate reduction rate of Z5 mrn/L/yr.

This discrepancy is due to the low dissolved organic carbon concentra-

tion (< 3 mg/L) in the natural sediments as compared to the high dis-

solved organic carbon in the autoclaved sediments (30-50 mg/L).

The nutritional effect from the presence of high concentrations of

dissolved organics is further emphasized by sulfate depletion with time

in sample G. This was a sample from a duplicate sediment incubation

experiment in which the sediments had been autoclaved without the prior
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Table VII. Sulfate reduction rate constants and rates in Yaquina
Bay sediments incubated at 5°C, 15°C, and 30°C.

Rate constant Rate

Sample 3 -1x 10 d 3nm/cm /yr mm/L/yr

5°C .084 a

15°C .78 Z7 11

30°C 1.9 6Z 25

N-i (30°C) 1.3 32 13

G (30°C) 11 275 112



Table VIII. Sulfate reduction rates in recent sediments determined by different techniques.

Area Technique Source Rate (mm/L/yr)

Santa Barbara Basin modeling Berner (1972) .59

Somes Sound modeling Berner (1972) 37

LIS modeling Berner. (1972) 7. 1

US modeling Goldhaber et al. (1977) .03-2.2

Black Sea Sorokin (1962) .55-43

Limfjorden, Denmark 355 Jorgensen (l978a) 1.9-30

Limfjorden, Denmark 35 Jorgensen (197Th) 1.8-73

Sediment incubation SO decrease Martens and Berner (1974) 280

Sediment incubation SO decrease Nakai and Jensen (1964) 40
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removal of water by centrifugation, which resulted in an extremely high

dissolved carbohydrate concentration of 142 mg/L. Consequently, after

inoculation, sulfate was reduced rapidly ata rate of liZ mm/L/yr.

Nutrient Regeneration. The regenerated nutrients exhibited

exponential increases in concentration during the experiment suggesting

that their production was according to first-order kinetics. The follow-

ing empirical equation describes the accumulation of NH3,2CO2, and

PO with time:

y - y.1 e_kt where maximum nutrient concen-
tration

= nutrient concentration that
provides the proper Y
intercept at t = 0

t = time

k = rate constant.

is the nutrient concentration that is required by the equation to pro-

vide the appropriate Y intercept at tune zero. This equation was trans-

formed into ln(Y-Y0/-Y1) = -kt, where ln(Y-Y0/-Y) = Y'. The rate

constants were determined by least-squares regression from the plots

of Y' versus time for all of the samples (Figs. 27-32). The rate con-

stants have the dimension day and are listed in Table IX.

The rates of ammonia, total carbon dioxide, and reactive phos -

phate (extr.) production were then determined from the following
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Table IX. Regeneration rate constants for CO2, NH3, and
P0 in Yaquina Bay sedimerts incubated at 5°C,

15°C, and 30°C.

Sample CO2 NH3 PO

xlO2d1 ------------

5°C 2.5 1.9 1.6

15°C 3.5 2.4 2.3

30°C 5.7 3.3 3.1

N-I 3.3 2.2
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equation:

dY -kt= Y1ke

The initial production rates (t = 0), representing maximum rates, were

determined and are listed in Table X. For purposes of comparison,

the regenerated rates of NH3, CO, arid PO (extr. ) are reported in

terms of unit volume. Rates are often reported on an area basis, but in

this study, the conversion to this unit of expression is difficult as it

requires too many assumptions. Therefore, comparisons are made

only with those rates reported in similar units.

The regeneration rates of all three chemical species were greater

at the higher temperatures of incubation. The rates of Ca2, NH3,

and PO production were 78 mm/L/yr, 6.3 thth/L/yr, and 1.4

mm/L/yr, respectively at 5°C. These increased by 3.7, 3.8, and 3.2

times, respectively, in the 30°C samples. However, the natural sedi-

ments which were incubated at 30°C had nutrient regeneration rates

similar to the 5°C samples. This is partially attributed to the absence

of dissolved organic constituents which were available to the bacteria in

the autoclaved samples.

Stoichiornetry

The linear plots of NH3, CO2 and PO versus SO were

used to deduce the stoichionietric relationships between remineralized



Table X. Experimentally determined nutrient regeneration rates of CO2. NH3, and PO in
Yaquina Bay sediments incubated at 5°C, 15°C, and 30° C.

CO2

Sample mm/L/yr m/cm3/yr

5°C 78 70

15°C 126 113

30°C 290 260

N-i 78 70

NH3

rnm/L/yr m/cm3/yr

6.3 5.6

13 12

24 2.1

8.8 7.8

PO4

mm/L/yr m/cm3/yr

1.4 1.3

3.1 2.8

4.5 4.0
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organic carbon, nitrogen, and phosphorus during sulfate reduction for

each set of samples (Figs. 33-38). These were normalized to -53

moles of sulfate for comparison with RedfielcVs ratios and are listed in

Table Xl.

Since dissolved reactiv.e phosphate was removed from the pore

water by the wall precipitate, only the P0 concentrations prior to

precipitate formation were used in the stoichiometric determinations.

Additionally, the 5°C series has been excluded from the comparisons of

the stoichiornetric relationships between sulfate and the regenerated

nutrients. This is because during the time period of the experiment

sulfate reduction was not the major form of microbial metabolism at this

temperature and that other metabolically active heterotrophic bacteria

were responsible for the remineralization of the organic matter.

It is evident that Redfield's ratios were not representative of

nutrient regeneration in any of the samples. The CO2/PO

ratios were 12 and 19 in the 15°C and 30°C samples,

respectively. These are significantly lower than Redfield1s ratio of

106 CO2/PO) and that of the starting estuarine particulate organic

matter (152).

The NH3/PO ratios were 1.2 and 3.3 in the 15°C

and 30°C samples, respectively. Similar to the CO2/PO ratios,

these are substantially lower than both Redfield's ratio (16) and the

estuarine organic matter ratio (28).
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Table XI. Stoichiornetry of interstitial water nutrients during sulfate reduction,

SO ACO2 NH3

5°C

15°C -53 271 2.7

30°C -53 64 11

N-i -53 134 20

Redfield's
ratios -53 106 16

15°C

30°C

N-i
Redfieldt
ratios

10

5. 8

6. 7

6. 6

Co2//po-

12

19

106

23

3. 3

NH3/PO

1_a

3.3

16 2

1

t CO2/SO

5. 1

1.2

2.5

2. 0

LSO/PO

2.3
16. 1

53

0
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The low ACO2/PO and NH3/PO ratios indicate that dis-

solved CO2 and NH3 did not represent the remineralized organic carbon

and nitrogen. It is also apparent that an inorganic phosphorus source

contributed to the dissolved reactive phosphate pool. This is further

supported by low ASO/PO ratios which are independent of the CO2

and NH3 recoveries. Thesewere23 and 16. un the 15°C and 30CC

samples, respectively, in contrast to Redfield's ratio (53) and the

estuarine organic's ratio (77).

The .CO2/NH3 ratios for the 1YC, 30CC, and natural sedi-

ment samples were 10, 5. 8, and 6.7, respectively. These are similar

to Redfield's ratio for organic matter of 6.6 (E ]CO2/iNH3). However,

these do not necessarily represent the C/N ratios of the decomposing

organics because secondary reactions involving CO2 and NH3 were not

taken into account.

The XCO2/LSO ratios suggest that sulfate reduction was the

dominant form of microbial metabolism at the higher temperatures of

incubation. The i CO2/SO ratio (1.2: 1) in the 30°C samples was

lower than the theoretical ratio of 2: 1. This implies that dissolved car-

bon dioxide did not represent all of the remineralized carbon and that

carbonate precipitation and methane formation may have occurred.
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Sediment Chemistry

The changes in the concentrations of particulate organic carbon,

nitrogen, and phosphorus in all of the samples after 68 days of incuba-

tion are summarized in Table XII. The depletion of organics was

greatest in the 30°C and N-I (30°C) samples. Organic carbon, nitrogen,

and phosphorus decreased by 24. 8%, 27. 5%, and 24. 6%, respectively,

in the 30°C sample. The 5°C sample had the least organic material

metabolized, as carbon only decreased by 12. 4%, nitrogen by 13. 7%, and

phosphorus by 8%. Unexpectedly, less organic matter was decomposed

at 15°C than at 5°C.

It is likely that the 15°C sample that was analyzed after 68 days of

incubation initially contained more organic material than all of the

other samples. Thus, although more organic matter had actually been

decomposed than in the 5°C sample, as revealed from the interstitial

water chemistry, it was not evident from the remaining particulate

organic matter concentration since the numerical difference between

sample 1 and sample 68 was too small. Therefore, the 15°C series has

been omitted from the following results.

The following sediment chemistry results are divided into three

major sections: (1) Decomposition rates and rate constants, (2) Frac-

tionation, and (3) Recovery of the decomposed organic material. In the

first section, decomposition rates and rate constants of the major
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Table XII. Decomposition of organic carbon, nitrogen, and
phosphorus after 68 days of incubation at 5°C,
15°C, and 30°C.

Sample Carbon Nitrogen Phosphorus

5°C

Decomposed (PPM> 2600 240 11

% of Total 12.4 13.7 8.0

15°C

Decomposed (PPM) 2200 205 15

To of Total 10.5 11.7 10.1

30°C

Decomposed (PPM) 5200 482 34

% of Total 24.8 27.5 24. 6

N-i

Decomposed (PPM) 5200 473 37

To of Total 23.7 26.2 23.4
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organic elements are calculated. The rates are then compared to the

nutrient regeneration rates in the Discussion, in addition to contrasting

the rate constants for sulfate reduction and organic carbon, nitrogen,

and phosphorus decomposition to rate constants from other organic-rich

environments. In the second section, the elemental compositions of the

different organic fractions (starting, remaining, and labile) are corn-

pared to one another to show that fractionation of the major organic

elements occurred during decomposition. In the third section, an in-

ventory is made of the metabolized organic carbon, nitrogen, and phos-

phorus, in order to assess the recoveries of each element.

Particulate Organic Matter Decomposition Rates and Rate

Constants. Decomposition rate constants for particulate organic car-

bon, nitrogen, and phosphorus in all of the samples were determined

from the empirical equation,

c = c e
-kt where C = concentration of carbon,

x 0 x nitrogen or phosphorus
at t

x

C0 = concentration of. carbon,
nitrogen or phosphorus
att0

t = time

k = decomposition rate constant.

Such an approach assumes that the organic material was decomposed

according to first-order kinetics. This was suggested by.the nutrient
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regeneration rates in the pore water. The rate constants, calculated

from the concentrations of particulate organics (C, N, P) measured after

68 days of incubation, are summarized in Table XIII.

The maximum decomposition rates o particulate organic carbon,

nitrogen, and phosphorus were determined for all of the samples from

the expression, -00k. These are expressed on a wet volume

basis and are listed in Table XIV. The carbon and nitrogen decomposi-

tion rates in the 30°C samples were 2.2 fold higher than the 5°C

samplest rates; however, the phosphorus decomposition rate only in-

creased by 1. 6times.

Fractionation. The major elemental composition (C: N: F) of the

decomposed organic material (labile> was determined from the difference

between the concentration of the starting organic material and that which

remained after 68 days of incubation. Table XV summarizes the corn-

position and the C/N, C/PJ and N/P ratios of all three fractions

(initial, remaining, labile) from each set of samples.

Two major trends are evident. First, and most significant, is

that the labile organic material was compositionally related to the

starting estuarine organic material (C: N: P = 106: 7. 5: 0. 27) rather than

to plankton (106: 16: 1). The C:N:P molar ratios of the labile material,

normalized to 106 moles of carbon, were 106:8.4:0,32, 106: 8.4: 0.27,

and 106:8.3:0.95 in the 5°C, 30°C and N-I samples, respectively.
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Table XIII. Decomposition rate constants for particulate organic
carbon, nitrogen, and phosphorus in Yaquina Bay
sediments incubated at 5°C and 30°C,,

Sample Carbon Nitrogen Phosphorus

5C 1.9

30°C 4.1

3 -1xlOd

z.a 1.2

4.7 2.1

N-i (30CC) 4.0 4.5 3.9



Table XIV. Decomposition rates of particulate organic carbon,
nitrogen, and phosphorus in Yaquina Bay sediments in-
cubated at 5°C and 30°C.

Carbon Nitrogen Phosphorus

pm/cm3/yr

5°C 119 9.9

30°C 262 22 .33

N-i 265 21 .73
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Table XV. C/N, N/F, and C/P molar ratios of the initial, remain-
ing, and decomposed sediment organic matter incubated
at 5°C and 30CC.

C/N N/P C/P

5°C Initial 14,1 28. 1 393

Remaining 14. 3 26. 3 377

Decomposed 12.6 48.3 610

30°C Initial 14,1 28.1 393

Remaining 14.6 30.4 395

Decomposed 12.6 31.4 395

N-i Initial 14. 1 25.3 359

Remaining 14.6 24.4 357

Decomposed 12.8 28.3 364
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Second, nitrogen was preferentially removed over carbon in all of

the samples. This is indicated by the lower C/N ratios (12. 6-12. 8) of

the labile fractions relative to the C/N ratio (14. 1) of the initial organic

material. It is difficult to determine whether or not organic phosphorus

was preferentially removed over organic carbon or organic nitrogen

since only very small changes in phosphorus concentrations occurred

(5 PPM in the 5°C sample). Therefore, interpretations ofthe C/P and

N/P ratios of the different fractions are unwarranted.

Recovery of the Decomposed Material. The chemical partitioning

of remirieralized organic carbon, nitrogen, and phosphorus in both the

dissolved and solid phaseswas assessed for the first 68 days of incuba-

tion for every sample. The results of each element are considered

separately.

Carbon. A complete budget of both the particulate and interstitial water

carbon chemistry is listed in Table XVI. These results are presented in

mg/sample for ease in interpretation and consistency.

Total dissolved carbon dioxide accounted for only 27. 5%, ZZ. 9%,

and 11.6% of the particulate organic carbon loss in the 5°C, 30°C, and

N-i samples, respectively. Since the dissolved organic carbon concen-

tration decreased with time in every sample, it was an additional

reservoir of carbon utilized by the microorganisms. However, it was

present in relatively small concentrations and when included in the
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Table XVI. The particulate and dissolved carbon budget for all
samples after 68 days of incubation.

Particulate Carbon Dissolved Carbon
(mg/sample) (mg/sample)

Sample AC 1 AC.2 AC AC.
0 J. 0 1

5C -76.3 +38. -7.9

30°C -15Z.7 +41.1 -10.4 +34.9

N-i -152.7 +52.8 +0.06 +19.2

C = Organic carbon
0

2C. Inorganic carbon
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carbon budget, it represented 9. 4% and 6. 3% of the total carbon (parti-

culate and dissolved) metabolized in the 5°C and 30°C samples,

respectively. Changes in the dissolved organic carbon concentrations

were negligible in the N-i samples.

The incomplete recovery of the remineralized carbon in the form

of CO2 was partly due to the precipitation of carbonates (possibly

siderite). Inorganic carbon represented 45. 5%, 25. 0%, and 34. 6% of

the organic carbon loss in the 5°C, 30°C, and N-i samples,

respectively. It must be emphasized that accurate direct measurements

of inorganic carbon were not possible as the concentrations in the sedi-

ments were below the sensitivity of the analytical technique. rEbus,

indirect measurements were made (see Methods, p. 27). After these

were included in the carbon budget, the total carbon recoveries were

brought up to 70.2%, 46.6%, and47.l% in the 5°C, 30°C, and N-i

samples, respectively. The carbon measured in the wall precipitates

was insignificant.

Therefore, 29. 8% of the remineralized carbon in the 5°C samples,

53.4% in the 30°C samples, and 52.9% in the N-i samples could not be

accounted for by the dissolved carbon dioxide and carbonate estimates.

The incomplete recoveries may be attributed to methane production,

CO2 escape, and possibly low carbonate estimates. Methane production

is considered in the Discussion. Fig. 39 illustrates the consumed and

recovered carbon for all of the samples.
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Nitrogen. A complete budget of both the particulate and interstitial

water nitrogen chemistry is summarized in Table XVII for all of the

samples.

Ammonia accounted for only 33. 9%, 47. 8%, and 33. 8% of the

decomposed particulate organic nitrogen in the 5°C, 30°C, and N-i

samples, respectively. The dissolved organic nitrogen concentration

did not change significantly in the 5°C samples and was negligible in the

natural sediment samples. It decreased in the 30°C samples with time

but only represented 4.3% of the total organic-nitrogen metabolized.

Exchangeable ammoniurn represented about one-third of the total

dissolved ammonium concentrations and increased the nitrogen

recovery to 45. 1%, 61.9%, and 34. 1% in the 5°C, 30° C, and N-i

samples, respectively. Although the fixed ammonium concentration in-

creased slightly in each sample, it did not increase the nitrogen

recoveries significantly as it represented less than 3% of the decom-

posed organic nitrogen.

The incomplete recoveries of remincralized organic nitrogen in

the samples could have been due to ammonia escape, ammonia oxida-

tion, and N production. These possibilities are considered in the

Discussion. Fig. 40 illustrates the complete nitrogen budget for all of

the samples.

Phosphorus. A complete budget of both the particulate and interstitial
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Table XVII. The particulate and dissolved nitrogen budget for all
of the samples alter 68 days of incubation.

Particulate Nitrogen (rng/L) Dissolved Nitrogen (mg/L)

Sample .NFixed N
o

NH N
3 ex ANo

5C

30°C

N-i

+.15

+.47

+.44

-6.9

-14.2

-13.9

+2.4 +.79

+6.8 -1-2.4

+3.2 +1.6

0

-.64

0
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water phosphorus chemistry is summarized in Table XVIII for all of the

samples.

In contrast to organic carbon and nitrogen, organic phosphorus

is remineralized almost entirely to one product, dissolved inorganic

phosphate. Small quantities of dissolved organic phosphate that may

form are usually converted quickly to the dissolved inorganic phosphate

form. In addition, gas formation never occurs. Therefore, decom-

posed phosphorus is relatively easy to recover quantitatively, as it

always remains in the +5 oxidation state.

The inorganic phosphate concentrations in the pore waters were

erratic due to the scavenging of phosphate by the wall precipitate. Yet,

as previously described, extrapolated concentrations were made (for

the autoclaved samples) from the NH versus PO plots. These values

represented about 100% of the change in the total particulate phosphorus.

Therefore, phosphorus was completely accounted for in this way.

The data in Table XVIII indicates that the inorganic phosphate con-

centrations in the interstitial waters were not due solely to the re

mineralization of organic phosphorus. In fact, the dissolution of in-

organic phosphorus represented 73. 8% and 65. 1% of the dissolved in-

organic phosphate concentrations in the 5°C and 30°C samples,

respectively. This accounts for the low ZCO2/PO, NH3/PO,
and SO /LPO ratios in the interstitial water. The phosphorus

budget is illustrated in Fig. 41.
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Table XVIII. The particulate and dissolved phosphorus budget for all
of the samples after 68 days of incubation.

Particulate Phosphorus Dissolved Phosphorus
(mg/L) (mg/L)

Sample AP. P AP AP (ex)
o T T

5°C -0.91 -0.32 -1.23 +1.26

30°C -1.91 -.1.0 -2.91 +2.93

N-i -1.97 -1.09 -3.05 --
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Figure 41. The forms of consumed and recovered phosphorus after 68 days of incubation
in the 15°, 3Q0 and natural sediment samples.
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It is necessary to clarify that the phosphorus fractions (total, in-

organic, organic) are operationally defined by the HCL-P extraction

method of Aspila et al. (1976), where P. It is possible that

some organically bound phosphorus is leached out by HC1 in the in-

organic phosphorus determinations, thereby resulting in low organic

phosphorus values. Other investigators have expressed uncertainty in.

the operationally defined phosphorus fractions (Morse and Cooke, 1978;

Mills and Quinn, 1979).

Summary of Sediment Incubation Experiments

The results of the sediment incubation experiment are sum-

marized as follows:

1) The regenerated nutrients in the interstitial water did not reflect the

composition of the decomposed particulate organic matter. In addi-

tion, Redfieid's ratios were not representative of either fraction.

2) The decomposition of the particulate organics, carbon, nitrogen, and

phosphorus, after 68 days of incubation, ranged from 8% - 28% of the

organic material that was initially present. The greatest changes

occurred in the 3QC sample.
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3) The reminera1ied organic carbon was not totally recovered from

the pore water as carbon dioxide and from the sediments as car-

bonates, suggesting that methane was produced. The solid car-

bonates represented a greater fraction of the remineralized carbon

than did the dissolved CO2.

4) The remineralized nitrogen was not totally recovered from the inter-

stitial water as ammonia and the sediments as exchangeable and

fixed ammonium, indicating that gaseous nitrogen was produced.

Adsorption in the form of exchangeable amrnonium, was substantial

as it represented about one-third of the total dissolved ammonia.

The fixed ammonium concentration increases were relatively minor.

5) Phosphorus was completely recovered as reactive phosphate in the

interstitial water and as inorganic phosphate in an iron-carbonate

precipitate. However, the dissolution of solid inorganic phosphorus

augmented the dissolved phosphate concentr ations significantly,

thereby obliterating the phosphate contributed from remineralized

organic matter.

6) Fractionation of the major organic elements occurred during the

decomposition of organic matter as nitrogen was preferentially

utilized over carbon and phosphorus.

7) Authigenic mineral precipitation occurred probably in the forms of

calcium carbonate, siderite, and possibly vivianite.
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8) Sulfate was also reduced following first-order kinetics, as indicated

by the exponential decreases in the sulfate concentrations with time.

Sulfate reduction rates and rate constants were determined. The

rates were greatest in the 30°C samples. The 5°C samples did not

exhibit sulfate reduction until after 37 days of incubation. The

sulfate: nutrient ratios indicated that sulfate reduction was not the

dominant form of microbial metabolism in the 5°C samples, in con-

trast to the other samples.

9) The nutrients were regenerated following first-order kinetics which

suggested that the particulate organic matter was decomposed in this

manner as well. By fitting the data to the appropriate empirical

equations, production rates and rate constants were determined for

the nutrients in the pore water. In a similar fashion, the decomposi-

tion rates were determined for parti.culate organic carbon, nitrogen,

and phosphorus. As expected, the rates of nutrient production and

particulate organic decomposition were higher at the elevated tern-

peratures of incubation.
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DISCUSSION

The metabolic conversion of organic molecules to their corres -

ponding inorganic forms is an integral part of the biogeochemical

cycling of nutrients. In this study, this process was examined exten-

sively in organic-rich nearshore sediments from Yaquina Bay. The

remineralization of organic carbon, nitrogen, and phosphorus was

evaluated, qualitatively and quantitatively, in sulfate reducing e stuarine

sediments under both the natural bay conditions (gravity core analyses)

and controlled laboratory conditions (sediment incubation experiment).

Estuarine sediments, frequently anoxic, were studied because

their organic content is characterized by a unique C: N: P composition,

different from that of marine authigenic matter, and they are exposed

to a large temperature variation. Furthermore, they provide informa-

tiozi on nutrient regeneration mechanisms and rates representative of

coastal regimes.

The gravity core was taken in Yaquina Bay and the interstitial

water and sediment were analyzed. In situ nutrient regeneration rates

could not be determined from a steady state diagenetic model because

sedimentation rates were not available. Yet, general trends in the pore

water and sediment chemistry were depicted.

The sediment incubation experiment was a controlled laboratory

closed-system study in which progressive sediment and interstitial water
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chemical changes through time were monitored. The evaluation of these

changes helped to elucidate sediment diagenesis in the estuarine environ-

ment.

The stoichiometry of the dissolved species, SO, NH3, COB, and

PO was compared to that of the decomposed particulate organic car-

bon, nitrogen, and phosphorus of the sediment solid phase. Also, by

following the chemical partitioning of the remineralized organics,

secondary reactions of the dissolved species were assessed. In addi-

tion, the rates of sulfate reduction, nutrient production, and particulate

organic matter decomposition were determined for sediments incubated

at three different temperatures.

The following discussion, divided into two sections, focuses on

the implications of the results obtained from the estuarine core and

sediment incubation experiment and deals with a number of additional

questions raised by this study.

Interstitial Water and Sediment Chemist

In the marine environment, changes in the particulate organic con-

centrations with depth are inadequate measurements of the quantity of

organic material that has been metabolized over time. This is because

the stratigraphic record has been complicated by a varying sedimenta-

tion rate, depositional environment, and organic material source.

Accordingly, previous investigations in which the major elemental
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composition of the decomposed organic material was determined were

hampered by the lack of solid phase constituent measurements. Sub-

sequently, the composition of the decomposed organic material was

inferred from the stoichiometry of regenerated nutrients.

In contrast, direct measurements of the particulate organic

matter changes were made in this study and revealed that the composi-

tion of the decomposing organics generally could not be predicted from

the carbon dioxide, ammonia, and phosphate concentrations in the pore

water. Secondary reactions involving CO2 (carbonate precipitation),

NH3 (sediment adsorption), and PO (phosphate precipitation and sedi-

ment adsorption) were evaluated and found to be significant. The re-

mineralized phosphorus was completely recovered in the form of dis-

solved and precipitated phosphate. However, the rernineralized nitrogen

and carbon were not completely recovered, suggesting that gaseous

forms of either element may have been produced and escaped detection.

The incomplete recovery of rernineralized carbon in the form of

dissolved carbon dioxide and carbonates, suggests that methane may

have been evolved. This gas is commonly found in anoxic estuarine,

lacustrine, and marine environments (Barnes and Goldberg, 1976;

Oremland, 1975; Martens and Berner, 1974; Claypool and Kaplan, 1974;

Reeburgh, 1969). Unfortunately, its distribution within a sedimentary

environment is greatly affected by losses due to the formation of bubbles

and their subsequent ebullition (Martens, 1976; Kiump and Martens, in
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press; Martens and Kiump, 1980). Thus, in situ methane production is

difficult to evaluate.

Methane is produced by strict anaerobic bacteria through two

major metabolic pathways (from Mechalas, 1974):

1) CO2 reduction

CO2 + 4H2 CH4 + 2HO

2) Fermentation of acetic acid

CH3COOH -+ CH4+CO2.

It is not well established how each reaction contributes quantita-

tively to the total amount of methane produced in the natural environ-

ment, as contradictory data have been reported. Claypool and Kaplan

(1974) suggested, on the basis of S 13C data of CH4 and CO2, that

most of the methane produced in deep sea sediments is from CO1

reduction. However, Koyama (1964) found that 60% of the methane pro-

duced in paddy soils originates from the methyl group of acetate.

Methane production and sulfate reduction were thought previously

to be mutually ec1usive processes as suggested by relative energy

yields of the two reactions (Claypool and Kaplan, 1974) and the relation-

ship between sulfate and methane concentrations in vertical pore water

profiles and in vitro sediment incubation studies (Martens and Berner,

1974).
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Recent investigations have proven that the two respiratory pro-

ce.sses can occur simultaneously (Kosiur and Warford, 1979; Oremland,

1975; Oremland and Taylor, 1978; Winfrey and Zeikus, 1977). During

the incubation of Santa Barbara Basin sediments, Kosiur and Warford

(1979) found that methane was produced in fairly large quantities in the

presence of high concentrations of sulfate (2.8 mM/L).

Apparently, sulfate reducers and rnethanogens compete for avail-

able acetate and molecular hydrogen (Winfrey and Zeikus, 1977; Bryant

et al. , 1977). Sulfate reducers normally dominate in the marine

environment and prevent the production of significant amounts of

methane, However, in organic-rich sediments where acetate and H2

are produced in greater quantities from anaerobic fermentations, the

competition is not as intense and relatively high concentrations of

methane are produced (Sorokin, 1966). Therefore, the metabolic

activity of the metb.anogens in sulfate reducing sediments depends on

the pool sizes and/or rates of supply of both acetate and

Kosiur and Warford (1979) also demonstrated that methane oxida-

tion by sulfate reduction (CH4 + SO HS + HCO3 + H2O) was

responsible for decreases in methane concentrations that occurred after

a certain period of time in the sediment incubation study. This mechan-

ism of methane removal (or sulfate consumption) has been suggested

previously by other investigators to explain vertical concentration pro-

files of methane and sulfate (Barnes and Goldberg, 1976; Martens and
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Berner, 1977; Murray et al., 1978; Reeburgh, 1976; Reeburgh and

Heggie, 1977).

Estimates of methane concentrations produced in the samples of

this study can be made based on a carbon budget reported by Kiump

(1980) and Kiump and Martens (in press) for organic-rich nearshore

sediments. They found that methane represented about 15% of the total

carbon (CH4 + CO2) flux out of the sediments when both diffusive and

bubble transport are considered. If this same percentage is applied to

the total carbon mineralized in the samples from this study, then the

carbon lost through methane production was 13 mg, 27 mg, and 23 mg

in the 5°C, 3ObC, and N-i samples, respectively. When these are in-

cluded in the carbon budgets, they bring the carbon recoveries up to

84%, 61%, and 62% in the 5°C, 30°C, and N-i samples, respectively,

as illustrated in Fig. 39. it is necessary to emphasize that these

methane values are only very rough estimates.

The incomplete recovery of remineralized nitrogen in the forms

of dissolved NH3, exchangeable NH, and fixed NH indicates that

gaseous forms of nitrogen, such as N20 and N2, were possibly pro-

duced. The oxidation of NH3 to NO3 (nitrification) may have occurred

in the initial stages of incubation, but the amount of nitrogen reminera-

lized by this process would have been negligible. This is because the

sea water used in the incubation experiment was steamed prior to use

and therefore contained only a very small concentration of oxygen.
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Even if it is assumed that it was fully saturated with this concentra-

tion would only account for a particulate nitrogen loss of 0. 17 mg/

sample, less than 2% of the total remineralized nitrogen.

Although nitrate and nitrite were not measured in this study, it

can be assumed that their concentrations were negligible. Several

samples from a similar sediment incubation study were analyzed for

nitrate and nitrite and the concentrations were 0 m/1 and <Z

respectively. Therefore, it is more likely that gaseous forms of

nitrogen were produced here.

Molecular nitrogen is rarely measured because of extreme difui-

culties in preenting air contamination of the samples. Due to the

scarcity of N2 data, very little is known about its production, consump-

tion, and general distribution in the natural environment. Furthermore,

molecular nitrogen, partially controlled by physical processes, is

stripped from solution by diffusion into methane bubbles. Thus, the

reported data may not be representative of the in situ N2 concentrations.

Recently, vertical concentration profiles of molecular nitrogen

in anoxic sediments have exhibited a subsurface maximum that cannot

be accounted for by the reduction of nitrate and nitrite (denitrification).

Barnes et al. (1975) found that in southern California borderland basins

the N2 flux was 4. 2 times greater than that required to balance the

nitrate flux into the sediments. They proposed that the ammonia re-

leased from the degradation of organic nitrogenous compounds was
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oxidized to Na under extremely low oxygen tension. Ammonia conver-

sion in strictly anoxic sulfate reducing sediments is thought not to

occur, even though N2 is the thermodynamically stable species.

Thorstenson and Mackenzie (1974) also postulated that an excess

of molecular nitrogen, in pore waters of carbonate sediments from

Devilts Hole, originated from organic nitrogenous compounds. They

reported N2 concentrations ranging from 1000-1400 i m/L, far in

excess of the 3-4% increase possible from denitrification.

de Angelis (1980) reported a molecular nitrogen concentration

that was 123 pm/L higher than the ambient water concentration in

anoxic sediments near the Galapagos spreading center.

An estimate of the concentration of N2 produccd in the samples

from this study was made by assuming that the ammonia concentration

is an indicator of the relative molecular nitrogen concentration. The

estimate is based on the ammonia-to-molecular nitrogen ratios from

Santa Barbara Basin sediment porewater (Sholkovitz, 1973; Barnes

et al., 1975). The depth was found in which the ammonia concentration

in the SBB porewater (from Sholkovitz, 1973) was representative of the

range of ammonia concentrations measured in the samples from this

study. The N, concentration (from Barnes et al., 1975) at the equiva-

lent depth was then used as a rough estimate for the N2 produced in the

experiment. Although the pressure and temperature regime of the SBB

sediments is quite different than that of the experiment, the interstitial
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water chemistry ti11 provides information on molecular nitrogen pro-

duc ti on *

The estimated N2 concentration, 100 m/L, corresponds to a

particulate nitrogen loss of approximately 1 mg/sample. This repre-

sents 14% of the remineralized nitrogen in the 5°C sample, but only

7% in the 30°C and N-i samples, as illustrated in Fig. 40. It is

possible that at the higher temperatures and lower pressures in which

the experiment was conducted, N2 production is greater.

Other nitrogenous gases, NO and N20, are intermediate products

in the nitrification and denitrification pathways and are generally in

very small concentrations. Therefore, they would not represent a

significant portion of the remineralized nitrogen.

In summary, the nutrient stoichiornetry obtained from the inter-

stitial water of the Yaquina Bay sediments was not representative of the

decomposing organic material. This was due to secondary adsorption

and precipitation reactions involving the dissolved nutrient species. In

addition, significant amounts of other remineralized carbon and nitrogen

products were formed, besides carbon dioxide and ammonia, even though

sulfate reduction appeared to be the dominate form of microbial meta-

bolism. The classical approach of separating the successive respiratory

processes into distinct vertical zones is an oversimplification for corn-

plex sedimentary environments such as estuaries.
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Nutrient Regeneration, Sulfate Reduction, and
Particulate Organic Matter Decomposition Rates

Rates of nutrient regeneration, sulfate reduction, and particulate

organic matter decomposition were determined directly from the closed-

system experiment. These rates, despite the treatment of the sedi-

ments prior to incubation, are fairly representative of the estuarine

environment. This is because the affects of autoclaving and sieving

tended to balance each other, as the organic-rich interstitial water that

was removed by sieving and rinsing was supplemented by autoclaving.

Nutrient Regeneration Rates

The nutrient regeneration rates (not corrected for ammonia ad-

sorption or carbonate precipitation) obtained in this study are similar to

rates measured from other incubation studies of organic-rich nearshore

sediments (Aller, 1977; Goldhaber et al.., 1977; Rosenfeld, l979a). The

nutrient regeneration rates and sulfate reduction rates from this study

and the other incubation studies are listed in Table XIX.

In this study, the regeneration rates of CO, NH3, PO at

5°C were 78 mm/L/yr, 6. 3 mm/L/yr, and 1,4 mrn/L/yr, respectively.

The rates at 30°C were 290 mm/L/yr for CO2, 24 rnrn/L/yr for NH3,

and 4, 5 mm/L/yr for P0:. Rosenfeld (1979a) reported similar ammonia

regeneration rates from Florida Bay (FB) carbonate sediments. Yet,

phosphate was regenerated there at rates ranging between only .025 -
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Table XIX. Sulfate depletion and nutrient regeneration in various
sediment incubation studies.

SO CO2 NH3 PO

mm/L/yr

Y.B. sediments
5°C ,80 78 6.3 .14

15°C 11 126 13 .31
30°C 25 190 24 .45
N-i (30°C) 13 78 0.8

Aller (1977)

US sediments
0-1 cm 22°C 105 23

2-3cm 59 --- 7

0-icm4°C ii .9

2-3cm 7 --- .2

Rosenfeld (i979a)

FB sediments

0-10 cm site 1 49 --- 7.4 .034

10-20 cm 9.5 --- 1.2 .024

0-10 cm site 2 47 --- 6.0 .025
10-20 cm 17 --- .69 .020

Goidhaber et al. (1977)

LIS sediments

0-2 cm 77
1-5 cm 13-21

5-8 cm 6-7
11-14 cm 2-8

Salt Marsh sediments

0-10 cm 22°C 5

0-10 cm 2°C 88
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035 mM/L/yr, in contrast to the rates measured in this study. The

discrepancy of almost two orders of magnitude in the regeneration of

phosphate between Yaquina Bay sediments and FB sediments can be

attributed to several factors.

One, phosphate adsorption was corrected for in this study, where-

as it was not in FB.sediments. Rosenfeld (1979a) suggested that the

phosphate regeneration rates in carbonate sediments of FB, significantly

lower than those from clastic sediments, was due to the adsorption of

phosphate by calcite and aragonite.

Two, the dissolution of phosphate -containing solid phases, such

as oxyhydroxide coatings on clays, may have been of a greater magni-

tude in Yaquina Bay sediments than in FB sediments. An excess of

phosphate relative to the other regenerated nutrients has been reported

previously (l-Iartmann et al., 1973; Froelich et al. , 1979).

Alier (l977) in a thorough examination of the Long Island Sound

region, incubated sediments from various depth intervals at two differ-

en.t temperatures. He found that the nutrient regeneration rates were

lower in the sediments from the deeper depth intervals and at the lower

incubation temperature. The reported rates are comparable to the rates

obtained in this study.
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Sulfate Reduction Rates and Rate Constants

The sulfate reduction rates in this study were 0. 8 mm/L/yr,

11 mm/L/yr, Z5 mm/L/yr, and 13 rnm/L/yr in the 5°C, 15°C, 30°C,

and N-i samples, respectively. These results illustrate the increase

of bacterial metabolic rates, with increasing temperature. Furthermore,

they suggest that sulfate reduction rates are influenced by the availa-

bility of organic substrates, as indicated by the lower rates in the

natural sediments relative to those of the autoclaved sediments incubated

at the same temperature.

Previous inve stigations of incubated ne arsho re marine sediments

have revealed similar sulfate reduction rates as shown in Table XIX

(Aller, 1977; Goidhaber et al. , 1977; Rosenfeld, 1979a; Nakai and

Jenson, 1964). Tn addition, they have demonstrated that the rate of

sulfate reduction is dependent on the depth at which the sediments were

obtained, as well as the temperature of incubation.

Aller (1977) observed that the sulfate reduction rate decreased by

over five fold between the 0-10 cm and 10-20 cm intervals on Long

Island Sound (.LIS) sediments (incubated at 20°C). Similarly, Florida

Bay sediments exhibited a three to five fold decrease in the rate of sulfate

reduction between the 0-10 cm and 10-20 cm depth intervals (Rosenfeld,

1979a).

Aller (1977) also reported that the sulfate reduction rate in the
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0-1 cm interval of US sediments increased by over an order of magni-

tude when the temperature of incubation was increased from 4°C to

22°C.

Goidhaber et al. (1977) noted the effects of temperature and depth

on sulfate reduction rates in coastal saltmarsh sediments. The top

10 cm were incubated at 20°C and a sulfate reduction rate of approxi-

mately 87 mm/L/yr was measured. However, when sediments from

the same location were incubated at 2°C, they exhibited a sulfate re-

duction rate of only 4. 9 mm/U/yr. A twenty day lag period occurred

before sulfate reduction was apparent. They postulated that the sudden

change in temperature may have shocked the bacterial population. This

may account for the 37 day lag period in the 5°C samples in this study.

Goidhaber et al. (1977) also found that at a single site in Long

Island Sound, the sulfate reduction rate varied by over an order of mag-

nitude. The surface sediments displayed rates of 77 mm/L/yr which

decreased to about 2 mm/L/yr at 10 cm. They illustrated, from plots

of rates versus depth at which the incubated sediments had been sampled,

that the sulfate reduction rate decreased exponentially with depth. This

phenomenon has been observed commonly in interstitial water concentra -

tion profiles (Berner, 1972, 1974, 1979; Sholkovitz, 1973; Goidhaber

and Kaplan, 1974; Suess, 1976) and also has been substantiated by in

situ tracer studies (Jorgensen, 1977b, 1978b; Sorokin, 1962).

The high metabolic rates in the surface sediments have been
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attributed to large numbers of bacteria present at the sediment/water

interface, which then decrease exponentially with depth in the sediment

column (ZoB cli and Feitharn, 1942; Sorokin, 1962). This decrease in

the microbial population may be due to a diminishing supply of organic

substrates with depth.

It is evident that for the equivalent amount of sulfate reduced,

varying amounts of CO2, NH3, and PO were produced. These differ-

ences are due to the effects of a multitude of processes and parameters,

such as the. quality and quantity of organic material, temperature,

secondary adsorption and precipitation reactions of the dissolved

nutrient specis, inorganic constituent make-up of the sediment solid

phase, and characteristic microbial community. All of these influence

the resulting stoicliiometry of the interstitial water nutrients.

The first-order rate constants (K ) for sulfate reduction measured
S

in this study are indicative of rapidly accumulating sediments. Numer-

ous investigators (Toth and Lerman, 1977; Goldhaber and Kaplan, 1975;

Berner, 1979) have shown that k and (sedimentation rate) are corre-

lated with one another according to the relationship, k Aw1, where A

is a constant. Berner (1979) constructed a log-log plot of K vs. w, by

using values of K and determined from a variety of anoxic depositional

environments exhibiting a wide range of sedimentation rates. The linear

plot of log k vs. log w i illustrated in Fig. 42. The plotted 1 values.

from this study yield sedimentation rates ranging from 0. 1 - 1. 6 cm/yr
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for Yaquina Bay. Although, sediment deposition is probably episodic in

the estuary, the plot does provide a likely range of sedimentation rates.

Furthermore, it supports the validity of the first-order rate constants

determined in this study.

Particulate Organic Matter DecompositIon Rates and Rate Constants

The decomposition rates of the major particulate organic elements

and the corresponding rate constants determined in this study were

higher than those previously reported for organic-rich nearshore sedi-

ments (Berner, 1974; Murray et al. , 1978). However, this does not

necessarily mean that organic material is degraded more rapidly in

Yaquina Bay than in the other environments. This is because the rate

constants reported by other investigators have been inferred from pore

water nutrient concentrations which are not always representative of the

quantity of organic material that has been remineralized.

The first-order rate constants for the decomposition of nitrogen

(k ) and phosphorus (k ) and sulfate reduction (k ) from the sediments
n p S

of Somes Sound, Long Island Sound, Saanich Inlet, Santa Barbara Basin,

and Yaquina Bay are listed in Table XX. These were determined by fit-

ting pore water data to appropriate exponential expressions (except for

those from Yaquina Bay). Itis evident that the rate constants are

variable from one location to another. Additionally, there appears to be

no relationship between the first-order rate constants of each element
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Table XX. Sulfate reduction and organic carbon, nitrogen, and
phosphorus decomposition rate constants from different
organic -rich environments.

Ic k k
S C fl p

Somes Sound 4.8 --- 1.2

Long Island Sound 1. 6 - - 8. 2

Santa Barbara Basin .065 --- .011 .008

Saanich Inlet 3. 7-5. 3 7. 3 1. 7-7. 5 - --

Yaquina Bay 0.5-13 19-40 22-45 12-39
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among these environments. For example, k (8.2 x 10 4d
1) is greater

thank (1.56 x l04d) in Long Island Sound sediments, but in Santa

Barbara Basin sediments the k value is approximately an order of

magnitude smaller than that of k
S

However, the range of decomposition rate constants for nearshore

sediments is relatively small (4. 7 x to 1.2 x l0) when compared

to those from deep sea sediments with low sedimentation rates. In

particular, the first order rate constants for the decomposition of

particulate organic carbon ranges from 87 - 10, 3 x 10 8d in oxic

siliceous clays and calcareous oozes from the Cntra1 North Pacific

(Muller and Mangini, in press).

The sinusoidal distribution of the sulfate and nutrient concentra-

tions in the Yaquina Bay core can be partially explained by the fluctua-

tions in the sediment texture and particulate organic matter concentra-

tion with depth, thus reflecting different sulfate reduction rates.

At the surface of the core the sulfate reduction rates were highest

due to the abundance of recently deposited metabolizeable organic

material and the organics associated with the clay fraction of the sedi-

mont. Hence, the sulfate concentration decreased substantially in the

first 10 cm. However, at 14 cm an abrupt transitional zone occured due

to the dominance of a highly porous sand fraction and the low concentra-

tion of organics associated with it. Sulfate reduction still occurred at

this depth, although the rate was appreciably lower than in the first
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10 cm. Due to the increase in available organics below 26 cm, the

sulfate reduction rate increased again relative to the 14-26 cm layer.

Therefore, the sinusoidal profiles of the interstitial water constituents

were produced by changing sulfate reduction rates in the sediment

column.
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CONCLUSIONS

From the foregoing discussion it is evident that the decomposition

of organic material in anoxic estuarine sediments is extremely complex

and difficult to evaluate. The results of the sediment incubation study

and the Yaquina Bay core allow for the following conclusions to be

drawn:

(1) The elemental composition (C:N:P) of the decomposed

organics was not reflected in the stoichiometry of the regenerated

nutrients (Ca2, NH3, PO). In addition, Redfieldts ratios did not hold

in the estuarine environment.

(2) The incomplete recoveries of remineralized organic carbon

and nitrogen in the sediment incubation experiment and the low CO2/

SO ratio in the interstitial water chemistry of the Yaquina Bay core

indicate tha.t gaseous forms of nitrogen and carbon were produced.

(3) Fractionation of the major organic elements occurred, as

nitrogen was preferentially metabolized over carbon and possibly

phosphorus.

(4) Experimental rates of CO2, NH3, and PO production and

SO reduction were determined and found to be similar to rates re-

ported from other organic-rich sediments.

(5) Carbonate precipitation, phosphate adsorption and precipita-

tion, and amrnonium adsorption were extensive.
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These conclusions suggest that simple stoichiornetric models may

not be applicable in organic-rich nearshore sediments. It is imperative

that in addition to the evaluation of secondary reactions involving CO2.

NH3, and PO , other forms of remineralized carbon and nitrogen

should be measured. With a complete inventory of the remineralized

forms of carbon, nitrogen, and phosphorus, a better understanding of

nutrient regeneration and chemical cycling in the oceans will be reached.
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APPENDIX A

Interstitial Water and Sediment Chemistry
Results of the Yaquina Bay Core
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Table Al, Yaquina Bay Core Description.

Depth (cm) Distinguishing Features

0-4 abundant plant remains, black clayey/silty
mud

4-8 black claycy/silty mud with sand pellets

8-12 black clayey/silty mad

12-16 sandy, brown mottling

16-20 sandy, brown mottling

24-28 brown silty sand

32-36 black silty sand with shell fragments

40-44 black silty sand

48-52 black silty sand

60-64 black silty sand with wood chips

68-72 black silty mud

76-80 black silty mud



Table All. Interstitial Water Chemistry of Yaquina Bay Sediments.

Depth

(cm)

3PO4

(pm/L)

Urea

(im/L)

Carbo-
hydrates
(mg/L)

Si02

(im/L)
NH3

(m/L)
Alkalinity

(meq/L)
CO2

(mm/L)
SO

(mm/L)

0 2.3 0.0 2.0 1. 1 1.3 2. 19 2.41 20. 1

2 123 2.3 16.3 243 1075 16.25 18.79 15.4

6 177 3.8 26.5 288 1600 19.95 22.49 12.7

10 176 3.3 22.7 308 3135 21.55 24. 15 11.7

14 76.6 0.7 13.5 209 925 13.80 15. 14 17. 7

18 94.8 0. 7 11.2 213 700 10.38 11. 16 19.9

26 83.9 0.4 10.0 175 445 8.90 9.32 20.8
34 135 2.3 10. 7 172 600 12.33 13.01 18.6

42 169 0.8 5.4 219 715 17.63 18.09 15.5

50 219 3.4 16. 6 345 790 21.44 21.66 13.3

62 248 3.0 18.8 311 840 25.49 24.57 10.5

70 238 3. 8 15.0 260 765 23. 12. 23.39 11.5

78 217 1.9 9.4 301 885 17.58 17.36 14.3

C



Table Alil. Interstitial Water Chemistry of Yaquina Bay Sediments.

Depth

(cm)

Na+

(mg/L)

Ca+

(mg/L) (mg/L)

Mg

(mg/L)

DOC

(mg/L)

Chlorinity

(%.

pH SO/Cl
wt, /wt.)

0 7923 314 309 893 4,2 13.96 7. 10 0. 136

2 8562 353 318 1108 34,6 15.09 6.92 0.096
6 8642 345 309 1082 38, 6 15.39 7.00 0.078

10 8463 237 317 1005 37.6 15.58 7.00 0,070
14 8990 336 336 1110 13.0 15. 84 7. 10 0. 105

18 8580 358 335 1076 12.8 15.77 7.20 0.119
26 9126 358 369 1100 12.3 15.40 7.36 0. 127

34 9425 364 396 1159 15,2 16.14 7.30 0.109
42 9527 367 365 1183 20,6 16.44 7.50 0,089
50 9760 370 373 1274 23,2 17.61 7.62 0,071

62 9796 369 369 1240 20.8 18.05 7.91 0.055
70 9853 370 362 1227 17.6 16. 88 7. 62 0.064
78 8967 348 346 1133 12,0 17. 16 7.84 0,078

o.



Table AIV. Sediment Chemistry of the Yaquina Bay Core.

Depth

(cm)

Bulk
Density

3(g/cm )

sand

(%)

silt
(%)

clay

(%)

+Fixed NH
4

(PPM)

Corg
.(%)

N org
()

Porg
(PPM)

C.inorg
(%)

P.inorg
(PPM)

H 0
2

1o)

2 1.205 23.7 45.3 31.0 290 5. 1 .267 195 .034 775 67.0

6 1.370 8.3 53.9 37.8 296 4.8 .313 280 .045 867 66,7
10 1.248 16.7 48.9 34.4 300 4.2 .298 204 .050 789 69. 7

14 1.453 81. 3 13.4 5,3 90 0. 92 . 068 46 .006 544 47. 3

18 1. 767 49. 6 33.2 17.2 175 1. 6 .081 84 .014 440 40. 1

26 1.657 83.1 12.2 4.7 82 1.0 .044 90 .009 52.5 35. 1

34 1.735 78.0 14.0 8.0 161 1.8 .082 89 .012 573 32.9

42 1.810 65.2 22.6 12.2 140 1.9 .064 47 .011 551 31.4

50 1.937 76.6 16.9 6.6 100 1.2 .050 93 .010 389 31.3

62 1.684 70.2 21.6 8.1 160 3.2 .102 70 .019 357 32.5

70 1.656 67.2 22.7 10.1 171 2.0 .081 71 .014 332. 41.7

78 1.618 69.2 17.9 12.9 186 3.2 .118 79 .018 386 43.1

N
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APPENDIX B

Interstitial Water Chemistry Results of the
Sediment Incubation Experiments



Table BI. Interstitial Water Chemistry of the
at 5CC.

Autoclaved Sediment Samples Incubated

Time SO NH3 Eh pH Si02 CO2 PO

(days) (rnm/L) (prn/L) (mV) (im/L) (rnm/L) (pm/L)

1 26.64 221 280 7.34 109 2.61 1.4

5 26.66 238 215 7. 12 151 2. 86 0.9

11 26. 64 317 105 6.99 233 3.24 6. 6

21 26.65 458 90 6.89 353 4.62 32.3

37 26.45 650 85 6. 63 610 7.27 93.2

68 26. 38 848 12.5 6.49 674 9. 05 92. 8

90 26.35 955 12.0 6.48 600 9. 71 64.0

141 26.30 1048 110 6.55 955 10.20 54.8



Table Bli. Interstitial Water Chemistry of the Autoclaved Sediment Samples Incubated
at 5'C.

Time
(days)

DOG1
(mg/L)

Carbo-
hydrates
(mg/L)

Urea
(i.m/L)

DON2
(pm/L)

DOP3
(m/L)

Mg
(mg/L)

Na+
(mg/L)

Ca++
(mg/L) (mg/L)

1 59.32 69.3 8.4 153 15.1 1130 10254 378 393

5 44,44 55.7 14.5 131 12.7 1141 10342 380 399

11 49.04 51.0 15.6 156 10.0 1165 10618 390 399

21 29.30 46.0 5. 6 65 14. 1 1211 10093 402 389

37 33.27 51.0 7. 6 230 18. 1 1222 10050 400 385

68 28.20 38.6 6.3 174 15. 1 1240 10240 406 379

90 -- 42.7 2. 7 150 26.5 1250 10020 401 385

141 -- 28.8 1.4 --- -- 1180 10260 401 387

1DOC = Dissolved Organic Carbon

2DON Dissolved Organic Nitrogen

3DOP = Dissolved Organic Phosphorus -a
0'
U,



Table B III. Interstitial Water Chemistry of the Autoclaved Sediment Samples Incubated
at 15°C.

Time SO NH3 Eh pH SiO2 CO2 PO
(days) (mm/L) (pm/L) (mV) (pm/L) (mm/L) (im/L)

1 26.64 2.12 200 7.19 146 2.76 3.6

5 26.50 386 125 7.01 243 3.70 13

11 16.55 445 85 6.77 453 5.62 63

21 26.29 826 95 6.61 749 8.37 154

37 25.52 1070 95 6.56 727 9.75 109

68 24.78 1367 135 6,61 704 11.53 67

90 24.40 1524 145 6.60 641 11.95 43

141 24.23 1600 143 6.61 692. 12.00 42

I-
C-'

0'



Table BIV. Interstitial Water Chemistry of the Autoclaved Sediment Samples Incubated
at l5C.

Carbo
Time hydrates Urea DOC DON DOP Mg++ Na+ Ca++
(days) (mg/L) (pm/L) (mg/L) (im/L) (m/L) (mg/L) (mg/L) (mg/L) (mg/L)

1 67.0 11 59.9 220 13.9 1094 10069 374 391

5 51.5 5.8 38.9 56 10.6 1156 10345 388 404

11 49. 7 10 37. 1 243 18.6 1165 10432 393 389

21 46.0 2.9 28. 1 0 26.3 1228 10194 405 378

37 32.9 4,4 24.4 0 12.2 1235 10119 404 377

68 25.6 2.7 22.2 0 9.9 122.7 10110 372 365

90 18.8 3.1 -- 0 8.3 1261 10200 409 379

141 11.1 1.4 -- -- 1280 10200 383 380



Table BV. Interstitial. Water Chemistry of the Autoclaved Sediment Samples Incubated
at 30°C.

Time SO NH3 Eh pH SiO, CO2

(days) (mm/L) (f.m,/L) (mV) (m/L) (mm/L) (m/L)

1 26.54 287 170 7.09 191 2. 89 4.2

5 26.33 1070 95 6.50 621 8.53 134

11 25.79 1180 105 6.46 901 10.52 200

21 24.64 1298 95 6.61 1144 12.49 230

37 23.87 1598 115 6.66 863 12. 85 97

68 22.36 2038 120 6.89 853 13.46 105

90 20. 98 2117 125 6.91 954 15. 64 185

141 20.78 2150 115 6.85 870 15.80 79



*

Table BVI. Interstitial Water
at 30CC.

Chemistry of the Autoclaved Sediment Samples Incubated

Carbo-
Time hydrates Urea DOC DON JOP Mg++ Na+ Ca++ kc+

(days) (mg/L) (im/L) (mg/L) (pm/L) (im/L) (mg/L) (rng/L) (mg/L) (mg/L)

1 52.8 14 54.8 61 11.2 1139 10227 377 401

5 74.0 12 54.8 4 11.5 1161 10490 394 399

11 79.0 10 43..? 0 12.4 1179 10521 395 383

21 45. 1 5.6 22.7 0 4.0 1238 10150 413 413

37 31.8 3,7 17.1 0 .3 1225 10186 396 373

68 10. 6 2.9 15.3 0 0 1200 10060 382 372

90 10. 1 3.2 -- 0 0 1249 10190 402 375

141 6.3 1.7 -- -- -- 1280 10300 384 378

C'
'0



Table VII. Interstitial Water Chemistry of Natural Sediments (Inoculated, N-i) Incubated
at 30CC.

Time SO NH3 Eh pH Si02 CO2 P0
(days) (mm/L) (m/L) (my) (m/L) (mm/L) (pm/L)

1 26.46 115 135 6.87 192 2.81 16

5 26.33 228 120 6.77 315 3.83 36

21 25.81 402 105 6.78 706 5.75 27

37 25. 13 621 125 6.74 709 6.73 19

68 24.27 965 145 6. 77 786 8. 38 28

I-



Table BVIII. Interstitial Water Chemistry of Natural Sediments (Inoculated, N-i)
Incubated at 30CC.

Carbo-
++ + ++ +Time DOC hydrates Urea Mg Na Ca K

(days) (mg/L) (mg/L) (im/L) (mg/L) (mg/L) (mg/L) (mg/L)

1 3.5 a. 9 0,7 1232 10100 394 385

5 4.0 2.7 0.1 1173 10297 383 380

21 3.9 2.6 0.4 1248 10070 393 380

37 2.9 1.2 0.6 1210 9945 389 365

68 3.8 Z. 1 1.0 1211 9860 340 346

I-s

-4
I-4



Table BIX. Interstitial Water Chemistry of Natural Sediments Incubated at 30CC.

Time SO NH3 Eh pH Sb2 CO2 PO

(days) (mm/L) (m/L) (mV) (i.m/L) (mm/L) (Firn/L)

1 26.26 73 135 7.00 131 2.67 20

5 25.74 22.8 125 6.84 309 3.81 46

21 25.47 444 110 6.80 740 5.89 33

37 25.11 645 125 6.80 744 6.82 18

'68 24.42 832 155 6. 76 770 8.24 29

-'3



Table IBX. Interstitial Water Chemistry of Natural Sediments Incubated at 30°C.

Time
(days)

DOC
(mg/L)

Carbo-
hydrates
(mg/L)

Urea
(f.im/L)

Mg++

(mg/L)
Na+

(mg/L)
Ca++

(mg/L) (mg/L)

1 37 2.4 1.5 1188 10578 383 382

5 4.2 3.0 0.7 1171 10491 380 384

11 4.5 3.2 0.4 1220 9939 378 373

37 3.1 3.0 1.0 1222 10029 394 366

68 2.4 2.2 1.5 1207 9860 374 352

c-J




