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Core samples from five sites in the Yaquina and Coos Estuary

were assayed for vertical distribution of total sulfides, percent

volatile solids, redox potential, particle size, total aerobic and

sulfate reducing bacteria. Higher total sulfide levels were found at

sites having more than four percent volatile solids, redox potential

below -100 millivolt, and with more than 80 percent fine particles.

Free sulfides and dissolved oxygen were found simultaneously

in the water one cm. above the sediment at site 5 during monitoring.

One mg. /1 or higher levels of free sulfides were found sometimes

even at supersaturated levels of dissolved oxygen. Free sulfides

were found at site 3 only when the surface was disturbed and not at

all at site 1.

Extract experiments were run to determine organic carbon

utilization and sulfide production. Aerobically 61 to 73 percent of the

total carbon was utilized. Anaerobically 41 to 74 percent at 25°C and
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33 to 55 percent at 15°C was utilized. There was a higher percentage 

of utilization when sulfides were not produced. Organic carbon levels 

above 350 mg. /1 and sulfate levels above 800 mg. /1 were needed to 

produce sulfides. Only samples where the Eh dropped below 0 were 

any significant amounts of sulfides produced. High levels of sulfides 

appear to delay, but not to reduce the rate of sulfide production. 
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FACTORS THAT INFLUENCE SULFIDE PRODUCTION
 
IN AN ESTUARINE ENVIRONMENT
 

INTRODUCTION AND LITERATURE REVIEW 

Purpose and Scope
 

The purpose of this investigation was to study the bottom deposits 

of tidal flats with respect to some factors important in sulfide produc

tion. The factors that might be important in regulating sulfide produc

tion were total sulfides, volatile solids, Eh, number of sulfate reducing 

bacteria and particle size distribution. The relationship of these fac

tors with depth was studied because the depth of the aerobic zone in 

the sediment is probably important in the release of sulfides to the 

overlying water. 

In order to better understand the effect of the above on water 

quality, dissolved oxygen (DO) and sulfide content of the water were 

investigated. Water quality with respect to dissolved oxygen has 

been studied extensively (19, 26, 28, 30, 32, 33, 36, 38, 42, 49, 53, 54, 55, 

56, 70). However, the thin layer of water near the mud water interface 

has been generally ignored for lack of a sampling procedure that would 

accurately measure changes in water quality over a few millimeters. 

This research required methods that would satisfactorily 

measure changes in the water column over a few millimeters. Thus 

a procedure for monitoring changes in DO and sulfide levels over a 
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tidal cycle one cm. from the surface of the mud was developed. 

Need to Study Sulfur Cycle in Bottom Deposits 

The sulfur cycle has been described in some form or other in 

nearly every textbook on ecology and its importance in intertidal sedi

ment ecosystems has been stressed, yet it has received relatively 

superficial attention (5, 33). The toxicity of the sulfides, which are 

the most reduced form of sulfur compounds, make their study impor

tant to any ecological system. The sea water of an estuarine environ

ment has high levels of sulfate, which can diffuse down through the 

aerobic zone into the anaerobic zone, and be reduced by sulfate 

reducing bacteria (5, 33, 37, 63, 65, 85, 86). The sulfides may com

bine with metal ions, iron being the most abundant, or exist as free 

sulfides. Free sulfides are defined as the components of the pH depen

dent system: 

= 

H 2S HS + H + = S +2H (1) 

The free sulfides can diffuse upward to the aerobic zone of the 

sediment and to the overlying water. Most researchers are of the 

opinion that because of the rapid oxidation of sulfides, DO and sulfide 

cannot exist for sustained periods of time; however, investigators 

have shown that they can persist intermixed for a period of time (23, 

24). 
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Sulfate is the most stable form of sulfur in an oxidized environ

ment, while sulfide is the most stable form of sulfur in a reduced 

environment. Other forms of sulfur such as thiosulfate, sulfite, and 

elemental sulfur as well as sulfate are produced by oxidation of sulfide 

either biologically or chemically. The chemical oxidation described 

above exerts an oxygen demand upon the immediate surrounding 

environment. Various microorganisms such as the purple sulfur 

bacteria (Thiorodaceae), green sulfur bacteria (Chlorodaceae), 

Beggiatoa and other sulfur bacteria grow in the presence of hydrogen 

sulfide oxidizing it to free sulfur (72). The sulfur can be deposited 

either intracellularly or externally depending upon the bacterial 

species (72). Photosynthetic bacteria can develop if the aerobic zone 

is significantly shallow to allow light to penetrate to the anaerobic 

zone, which is about 5 mm. in sediment (33). 

The Thiobacillus can oxidize hydrogen sulfide, sulfur, thiosul

fate or sulfite to sulfate depending upon the species (72). These are 

present in the aerobic zone and probably further oxidize some of the 

more reduced sulfur compounds to sulfate. 

Presence of Various Sulfur Compounds in Sediments 

The distribution of various sulfur compounds in marine sedi

ments has been investigated by several investigators (10, 44, 67). 

The sulfate content of reducing sediment decreases with depth of 
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burial (10, 44, 67). The other sulfur compounds investigated at 

various depths were sulfides, free sulfur, organic sulfur and pyrite 

(10, 44). The sulfate and acid volatile sulfide content of sediment tend 

to vary inversely with depth. Sulfate decreases and acid volatile sul

fide increases with depth until the sulfate content reaches zero. The 

high levels of total sulfur compounds especially pyrite found in sedi

ments off the Gulf of California tend to indicate that marine sediment 

act as a trap for sulfur compounds. As the sulfate diffuses down into 

the sediment it is reduced to hydrogen sulfide biologically. The sul

fide combines with iron to form ferrous sulfide, which is converted 

to pyrite in the presence of free sulfur (10). 

Measurement of sulfides with silver-silver sulfide probes 

showed that the free sulfide content of sediments was related to the 

redox potential of the sediment (9). The distance of the aerobic zone 

varies with the location from which the sample was taken (9, 29, 33). 

The relationship between the aerobic layer, sulfide content and Eh 

are very important factors in controlling the release of sulfides to 

overlying water. 

Toxicity Studies on Hydrogen Sulfide 

Early studies investigating material present in pulp mill waste 

which were toxic to fish showed that hydrogen sulfide and methyl mer

captan were two of the most toxic compounds. Tests were set up 



5 

to check the level at which these compounds were toxic to various 

species of fish (13, 38, 43, 77, 78). These early studies on hydrogen 

sulfide toxicity can be criticized, because various amounts of sulfide 

were added and the levels were not monitored throughout the experi

ments. No consideration was given to the rapid oxidation rate of sul

fide in aqueous solution. The first study to take into consideration 

the oxidation rate was done in 1948. The problem of sulfide oxidation 

was solved by adding a constant amount of sulfide to flowing water (43). 

The level at which sulfides were toxic varied with the species of fish 

and different researchers on the same species. Most experiments 

showed that initial levels of 1 mg. to 10 mg. of sulfide per liter were 

toxic to most species. Recent experiments showed that levels as low 

as 0.1 mg. hydrogen sulfide per liter over extended periods of time 

did not allow fish eggs to mature. Trays of eggs placed on fiber 

deposits on the surface of bottom deposits did not mature, whereas 

eggs placed on racks six inches from the surface matured normally 

(23). Sulfides have also been shown to be quite toxic at low concen

tration to crustaceans, polychetes, and a variety of benthic micro 

invertebrates (5, 33, 75). 

Hydrogen sulfide causes respiratory failure in higher forms of 

life including man. Several cases of hospitalization and death from 

hydrogen sulfide have been reported (45, 76, 82). 
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Oxidation of Sulfides 

The half-life of hydrogen sulfide in the presence of excess 

oxygen ranges from 15 minutes to 70 hours (4, 20, 22, 25, 59, 71). 

Several studies have described the oxidation of free sulfides to occur 

by a second order reaction (20, 22, 59). However, such a description 

is a simplification of an extremely complex system (20). The exact 

steps in the chemical oxidation of sulfides are not fully understood. 

With the use of radioisotopes it was shown that at least in the early 

stages of the oxidation process a 1:1 ratio of sulfate to thiosulfate was 

formed from sulfide (73, 74). 

Many factors influence the rate of sulfide oxidation; among the 

more important are pH, temperature, and initial oxygen and sulfide 

concentration. The presence of metallic ions such as Ni, Mn, Fe, Ca 

and Mg have been shown to catalyze the reaction of sulfides with oxy

gen, as well as some organic substances such as formaldehyde, phenol 

and urea. It was also suggested that the use of a sulfide probe in 

contact with the system may also catalyze the reaction (20). Some 

evidence tend to show that the system is self catalized, that is, the 

intermediary products tend to catalyze the first step in the reaction. 

Redox Measurements 

The Eh of the sediment has been investigated by many researchers 
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(5, 9, 11, 22, 33, 84, 85). Its value is questioned by chemists; 

because of the diversity of the sediment and the fact that many differ

ent ions are present; one has no idea what one is measuring. Even 

though it is not understood how all the various components affect the 

Eh, it is felt by most investigators who work with sediment, that the 

Eh value measured has a strong resemblance to the actual redox 

potential of the sediment. 

The size and surface area of the platinum electrode used in 

taking Eh measurements can influence the reading. Probes of differ

ent size or surface area can vary by 50 MV (33). Most investigators 

feel that the larger the surface area in relationship to size the more 

accurate and reproducible are the readings. 

The Eh in sediment have been measured to values as low as 

-500 MV. Such a low value is probably due to hydrogen (85) and has 

been questioned by some investigators who wonder if these are uncor

rected values. When making Eh readings, a correction factor deter

mined by standardization with a known Eh solution must be added to 

the reading that one observes on the instrument. The Eh values 

measured in the anaerobic zone of most sediment are between -100 MV 

to -250 MV. It is felt that free sulfides are the controlling factor in 

determining the Eh in this range in sediment (5, 9, 33). 
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Bacterial Distribution and Activity in Marine Sediments 

It has been shown that the highest number of bacteria and the 

highest level of bacterial activity is generally in the upper 1 cm. 

Numbers and activity tend to decrease as one goes deeper. Although 

bacteria have been found at depths of 350 cm. it is questionable whether 

they metabolize to any appreciable extent (69). 

Organic material tends to accumulate upon the surface of the 

sediment. This material can come from dead plants and animals that 

fall to the bottom. If the water is shallow enough for light to penetrate, 

algae can grow upon the surface of the sediment, and in this way in

crease its organic content. The organic compounds are broken down 

by the bacteria. The rate of breakdown depends upon the type of com

pounds that are present. Such compounds as lignins are very slowly 

decomposed by bacteria (16). Most compounds that are secreted by 

algae are readily used by bacteria. It has been shown that the organics 

present in some Texas bay sediments are all utilized by microbial 

action in 40 days even at 4°C. It is theorized that the organics come 

from algal growth because the high levels of organics occur during 

the summer and decrease to very low levels during the winter. The 

winter levels and that observed after 40 days are almost identical (79). 

Respiring bacteria can deplete oxygen in the sediment and re

lease reduced compounds. After the oxygen is depleted, the anaerobic 



9 

bacteria take over and utilize the simple organic compounds. The 

anaerobes can further reduce the sediment by the release of hydrogen, 

methane, hydrogen sulfide and other reduced compounds. The sulfate 

reducing bacteria are very important in an estuarine environment. 

They are obligate anaerobes that do not grow above +27 MV (51), and 

have an optimum redox range between -100 MV and -250 MV (33, 51). 

Their energy comes from simple organic compounds such as lactate, 

succinate, propionate, malate and acetate. Sulfate serves as the hy

drogen acceptor The sulfate reducing bacteria are classified in two 

genera. The non- sporulating members are placed in the genus Desul

fovibrio (17, 66). The sporulating members are placed in the genus 

Desulfotomaculum (18). 

Some heterotrophic faculitative anaerobes can produce hydrogen 

sulfide by anaerobic putrefaction of sulfur containing amino acids. 

Most investigators feel that these putrefying bacteria do not contribute 

significantly to the production of hydrogen sulfide. 

Oxygen Demand 

The oxygen demand of bottom deposits has been studied by many 

investigators both in the laboratory (6, 19, 29, 30, 32, 36, 48, 50, 55, 

56, 70) and in the field (42, 49, 52, 53, 54, 60, 70). The oxygen de

mand of bottom deposits is composed of two components: the diffu

sion of oxygen into the sediment to meet the oxygen requirement for 
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respiration and chemical oxidation of reduced compounds in the sedi

ment and also the oxidation of diffusing reduced compounds. 

From previous research it was suspected that possibly sulfides 

play a role in the oxygen demand of the sediments (26). 

Because hydrogen sulfide was suspected to play a role in the 

oxygen demand a decision was made to investigate factors that influ

ence high sulfide levels in the sediment and the relationship of these 

to the oxygen demand of the bottom deposits. It was also decided that 

a method of measuring changes in DO and sulfide levels over a small 

distance above the mud-water interface was needed. Such a method 

was developed and will be described in this thesis. 
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MATERIAL AND METHODS 

Collection of Cores for Assay 

Duplicate core samples were taken with plexiglas tubes with 

two inch diameters. The tubes were sharpened on one end so that they 

could be pushed into the sediment easier, and also cause less dis

turbance of the sediment sample. A picture of the loaded coring 

device also showing Eh measurement is shown in Figure 1. The tubes 

were pushed into the sediment and then completely filled with water. 

A rubber stopper with a glass tube in the center, and a rubber tube 

attached, was then inserted into the plexiglas tube. The rubber tubing 

was clamped and the coring device removed slowly from the sediment. 

Another rubber stopper was then placed on the bottom of the tube. 

After the coring devices were loaded they were refrigerated for trans

port back to the laboratory. Upon arrival the cores were either 

assayed immediately or stored no more than a few hours at 4o 
C. For 

assay they were removed from the tubes surface first into a trough 

constructed to the dimensions of the sample by pushing with a rubber 

stopper ground to fit snuggly inside the plexiglas tube. Slits were cut 

every cm. over the trough length so that one cm. slices from different 

depths could be obtained. The slices were divided into sections for 

various analysis. 
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Figure 1. A Loaded Coring Device Showing Eh 
Measurement Being Taken. 
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Most values reported are the average of the duplicate samples, 

except where a sample was lost. With a few exceptions most cores 

were collected while the tide was out. 

Total Sulfides 

Samples for sulfides were generally taken from the center of 

the core to reduce the chance of loss of sulfides due to diffusion and 

oxidation. 

Total sulfides were determined by the titrimetric method using 

iodine (3) with the following modifications. About 200 ml. of distilled 

water was added to a 500 ml. flask. Five ml. of 2N zinc acetate was 

added to each of two 125 ml. flasks, and then diluted to about 75 ml. 

with distilled water. The apparatus (shown in Figure 2) was flushed 

with carbon dioxide or nitrogen before the addition of the sediment 

sample. Sediment samples weighed to the nearest hundredth of a gram 

were added to the 500 ml. flask. About eight ml. of concentrated 

sulfuric acid was then added to each flask. Carbon dioxide or nitrogen 

was then passed through the sample for at least an hour to flush out 

the acid volatile sulfides. The sulfides were precipitate with the zinc. 

Excess 0. 025N iodine was added to the flasks containing zinc sulfide. 

The samples were acidified with five ml. of concentrated hydrochloric 

acid and then back titrated with 0. 025N sodium thiosulfate. The 

amount of sulfide was calculated as shown in equation 2. 
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Figure 2. The Apparatus Used for Total Sulfide Determinations.
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(ml. 12-ml. Na2S2O3) 400 
mg. sulfide /kg wet sediment (2)grams sediment 

Free Sulfides 

Free sulfides were measured with an ion selective membrane 

probe (Orion, Cambridge, Mass.) and a Beckman Expandomatic pH 

meter. The meter was standardized so that 100 ppm or 1000 ppm 

read 800 MV. A. solution of sodium sulfide of approximately 1000 ppm 

sulfide was made in a sulfide antioxidant buffer (SAOB). This was then 

titrated with 0.100 N lead perchlorate to determine the exact concen

tration. A standard curve was then made using 10 fold dilutions of the 

above standard (57, 58). 

The SAOB was prepared as follows: 320 grams sodium saIcilate, 

72 grams ascorbic acid and 80 grams NaOH brought to one liter with dis

tilled water. This solution was diluted 1:1 with distilled water before 

use. At the high pH of 14 all the free sulfide is in the form of the 

sulfide ion. The sulfide probe measures the activity of the sulfide 

ion. The ascorbic acid contains SH groups which ties up the oxygen 

preventing oxidation of the sulfide ions present. 

Samples of sediment weighted to the nearest hundredth of a gram 

were added to 25 ml. of SAOB. The sediment and buffer were shaken 

together, and the amount of free sulfide present determined from the 

MV reading. The mg. free sulfide per ml. solution was determined 
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from the standard curve. From the value determined on the standard 

curve equation 3 was used to calculate the mg. free sulfide per kg. 

wet sediment. 

mg./1 free S(ml. SAOB +. 67 g. sediment)mg. free S/kg. sediment g. wet sediment 
(3) 

A few sediment samples were assayed for free sulfides by 

placing weighted samples into a solution of A1C1 and NaOH freed of 
3 

oxygen by sparging with CO2 or N2. The samples were shaken, then 

the sediment allowed to settle, and the supernate assayed for sulfide 

either colorimetrically using N-N dimethyl-p-phenylenediomine sul

fate (21) or titrimetrically with iodine (3). 

Redox 

The platinum wire and reference probe used for making Eh 

measurements was standardized with a solution of 0.03 M potassium 

ferricyanide and 0.03 M potassium ferrocyanide which has a known Eh 

value of +430 MV. From the value read on the pH meter a correction 

factor was determined. This factor was added to the Eh values read 

on the pH meter (Beckman Expandomatic pH meter). The correction 

factor for our instrument was between 210 and 220 MV. 

A platinum wire two inches long_ and inserted into previously 

drilled holes was used as the electrode. The reference electrode was 

a standard fiber junction electrode, modified by fasting a fine frit 
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grooch crucible filled with saturated potassium chloride about its tip. 

Water Content and Volatile Solids 

The water content of the sediment was determined by drying at 

105 °C to a constant weight. The volatile solids were determined by 

combusting the above dried samples at 600°C for 30 minutes. 

Particle Size Distribution 

The samples were placed in 3 N hydrochloric acid to remove any 

chitanous material present and held for later determination of particle 

size distribution. They were then washed in distilled water and centri

fuged to remove the acid and salts. The samples were then dispersed 

in 50 ml. of a 0.025 N calgon solution and blended in a mixer for 10 

minutes. They were then brought to 1000 ml. in a cylinder with 

0.025 N calgon, placed in a water bath, and the temperature allowed to 

equilibrate. The above slurry was then stirred for one minute and 

analyzed by pipetting 20 ml. at a depth of 10 cm. after 10 minutes and 

drying sample to determine percent particles less then 74 microns. 

The distribution was based upon an elliptical shape (80) and the 

settling velocities of quartz spheres (40, 46). After taking the sam

ples for clay and silt the samples were passed through a 74 micron 

sieve. The coarse fraction on the sieve was retained fQr tube analysis. 
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The tube used for the tube analysis was designed by Emery (31) and 

modified by Poole (62). 

Bacterial Analysis 

Aerobic and anaerobic plate counts per gram were made by the 

spread plate technique on marine agar 2216 (15). The aerobic plates 

were incubated at 25°C for at least five days and the anaerobic plates 

were incubated in an anaerobic jar at 25°C for seven days before 

counting. 

The number of hydrogen sulfide producing bacteria per gram of 

wet sediment was determined using the MPN technique (41). Three 

or five tubes at three or four 10 fold dilutions were used for each deter

minations. All dilutions were made with a two percent salt solution. 

The media used were either SIM media with two percent salt or by 

modifying the procedure for incubating a medium for halophilic sulfate 

reducing bacteria (37) by incubating in an anaerobic jar instead of 

overlaying with paraffin. All the tubes were incubated at 25 oC for at 

least 16 days before counting. The tubes showing a black coloration 

were counted as positive. 

Plate counts and MPN of hydrogen sulfide producing bacteria 

were assayed in relationship to depth at four locations in two Oregon 

estuaries. 

An inorganic salts medium with sulfur sprinkled over the surface 
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of the medium was used to demonstrate the presence of Thiobacillus. 

Winogradsky columns were used to demonstrate and enrich for 

photosynthetic bacteria. 

Two agar media were used to isolate purple sulfur bacteria, 

one an inorganic salts solution with sodium sulfide and sodium bicar

bonate (47, 72). The other media had 0.1 percent yeast extract added 

to an inorganic salts medium (64). All enrichments and isolations 

were incubated at room temperature under constant illumination. 

Profiles and Monitering of DO and Free 
Sulfides in the Overlying Water 

A microstrata water sampler was built to sample changes in 

water quality over a short distance above the sediment water interface. 

The basic design of the sampler was copied from one built by Colby 

and Smith (24). Our sampler was more portable and less costly to 

build. 

The sampling device was constructed so that six samples could 

be taken simultaneously. Stainless steel tubes with 1.5 mm. inside 

diameter were attached to a rod driven into the sediment so water 

samples were collected at zero, two, four, eight and one-half, twelve 

and one-half and twenty mm. above the sediment surface. One six

teenth inch tygon tubing ran from the stainless steel tubes to 50 ml. 

plastic syringes. The syringes were fastened into a plexiglas disk. 
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The plungers of the syringes were attached to another disk which slid 

up and down a plexiglas shaft. The disk was pulled by hand in the boat. 

Figure 3 shows a picture of the microstrata sampler used in our work. 

The syringes and tubes were flushed with water before sampling to 

remove all the air. 

The boat was so placed that the water reached the sampling site 

and apparatus (Figure 4) first and was placed while the tide was out. 

Two stainless steel tubes 1.5 mm. inside diameter were fastened 

on a steel rod one cm. above the surface of the sediment and placed 

in a tidal pool if possible. One sixteenth inch tygon tubing was 

fastened to the stainless steel tubes in such a manner that samples 

could be taken from the boat with 50 ml. syringes. 

Before each sample was taken, enough water was drawn into the 

syringes to flush the tubes. Water samples were taken for DO and 

sulfides from the tidal pool, when present, before the tide reached it. 

Another sample was taken as the tide reached the sampling site, then 

at intervals throughout the tidal cycle. The depth of the water was 

also recorded when samples were taken. 

Ten to 20 ml. of water were drawn into the syringe for sulfide 

with an equal volume of SAOB drawn immediately after taking the 

sample. In some of the microstrata samples an equal volume of 

SAOB was added in the syringes before placing the sampler on the rod. 

The samples were placed into numbered bottles and measured with a 
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Figure 3. Microstrata Sampler Used in Our Work.
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I
 

Figure 4. Apparatus Used to Monitor DO and Sulfide Near 
the Sediment. 
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Figure S. Schematic Diagram of Benthal Respirometer Layout. 
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dark and light respirometers were used to measure the rate of oxygen 

production by photosynthesis. Clear plexiglas has been shown to trans

mit around 90 percent of light in the visible range (8). The dark res

pirometers were clear plexiglas painted black to restrict the trans

mission of light. 

The Availability of Organic Material and its Utilization 

The aerobic utilization of the available organics were assayed 

by the following method: 

A slurry was made by adding 50 grams of wet sediment to 100 ml. 

of water from which samples were collected over a three month 

period. The samples were dried at 105°C, then fired at 600°C (3). 

The decrease in percent volatile solids was taken as the amount of 

organic material utilized. 

An extract was made by adding one ml. of water per gram of 

wet sediment. The above solution was autoclaved for 45 minutes at 

121°C, then centrifuged, and the extract decanted. A small amount 

of sediment was added to the extract as an inoculum. Samples of the 

extract were taken every 5 days for 30 days, centrifuged, and 

analyzed for total carbon using a Lira Infrared Analyzer Model 3000. 

The decrease in total carbon was used as an indication of the utiliza

tion of organics. 
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The above procedures were compared with depth. 

The anaerobic utilization of organic material was determined by 

measuring the decrease in soluble organic carbon and was prepared as 

follows using the top four cm. of sediment from site 3 and made as 

above. 

An extract made with a 1:1 ratio of each of the following to wet 

sediment. 

1. Distilled water. 

2. Water from Yaquina River at site 3. 

3. Sea water from Marine Science Center. 

Each sample treated as above was divided into three subsamples, 

and used undiluted, diluted 1:1 and 1:3 with untreated water from its 

original source. To extracts made with Yaquina River water were 

added 800 mg. /1 of SO4 and one percent salt. To extracts of sea 

water, organics from freeze-dried distilled water extracts were added 

to bring the levels of organics to about that of the other extracts before 

diluting. The extracts were placed in 500 ml. Erlenmeyer glass 

flasks and stoppered with a rubber stopper having an inlet glass 

sparger and an exhaust glass tube. A syringe was used to collect 

the sample through a serum cap. It was filled with the same amount 

of nitrogen as sample to be collected. A small amount of sediment 

was used as inoculum. The long tube was then sealed with a clamp 
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and the stoppers were securely sealed with clay and tape to exclude 

contamination with air. 

Temperature effect were measured by incubating one set of 

extracts at 25°C and the other set at 15°C. 

The samples used for determination of soluble organic carbon 

were centrifuged, placed in an ice bath, and pH lowered to about 3 

with three percent H3PO4. Nitrogen which had been passed through 

concentrated NaOH to remove CO2 was bubbled through the samples 

for five minutes, then neutralized with three percent NaOH. Total 

carbons were then measured on a Lira Infrared Analyzer Model 3000. 

In addition to the soluble organic carbon the following were 

measured at each time of sampling: pH, redox, dissolved sulfide, 

and sulfate. Ammonium and total sulfides were measured near the 

end of the experiment. Redox was measured with the platinum elec

trode described earlier. 

Sulfide was determined as before (Orion, Cambridge, Mass. ) 

(57, 58). Samples for sulfate determinations were passed through a 

Dowex 50W-X8 20-50 mesh H cation exchange column to remove 

interfering cations before sulfate determinations were made. Sulfate 

concentration was determined colorimetrically on a spectrum 20 

using barium chloroanilate (12). Total sulfides were determined as 

before. Ammonia was determined by the Nesslerization procedure (3). 
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Sulfide was added to sea water extracts enriched with freeze 

dried organics to determine what effect sulfide concentration had on 

the production of additional sulfides. A sea water extract was en

riched to an organic level of 700 mg. /1, which was about twice the 

level of the extract used in experiment' 10 to determine whether or

ganics were a limiting factor. 
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SITE DESCRIPTIONS 

Five sites in two estuaries along the Oregon coast were chosen 

for field studies (Figures 6 and 7). 

Site 1 was near the Marine Science Center at Newport and was 

less than one mile from the mouth of the bay. It was characterized by 

high salinities, low temperatures, and high tidal velocities. The 

appearance of the site changed in relationship with elevation. From 

about 8.4 to 6.4 ft. above mean low low water (MLLW) it was character

ized by an impermeable algal mat which appeared rubbery in texture, 

and probably contained a high level of salts. The permeability in this 

area was very low. From about 6. 4 to 4.5 feet above MLLW there 

exists a zone showing extensive burrowing by mud shrimps and other 

animals. Below 4.6 feet MLLW to the lowest level (-3.2 feet MLLW) 

from which samples were collected an algal growth consisting of 

several species were present. The permeability in the two lower zones 

was high. 

Site 2 was three miles from the mouth of the bay near the inlet 

of Parker slough. The salinities were lower, the temperature higher 

and tidal velocities slightly lower than at site 1. The site had con

siderable algal growth, mostly of Enteromorpha. A large amount of 

burrowing was present. Dye tests showed that leakage from respirom

eters during runs at this site was due to mud shrimp holes (26). 
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Site 3 was 14 miles from the mouth of the Yaquina Bay about 

300 feet above the Yaquina River bridge in an industrial area at 

Toledo. Several sawmills, pulp mills and log storage areas were 

located near the site. An effluent outfall was noticed across the 

river from the test site. Lower salinities, higher temperatures, 

and lower tidal velocities were measured than at sites 1 and 2. A 

large amount of wood chips and logs were present near the site. 

Wood chips were present to 30 cm., which was the deepest analyzed. 

There was some algal growth present during June, July and early 

August, but none was noticed at other times during our sampling 

period. No burrowing was noticed in the area. 

Site 4 was located two miles from the mouth of Coos Bay in an 

industrial area near a sulfite pulp mill which dumped its raw untreated 

effluent into the bay. There were a number of dead crabs and marine 

organisms along the shore. The water had a reddish color and prob

ably contained a high level of lignin. Fibrous material, probably 

cellulose, and wood chips were also present in the water and along 

the shoreline. No algal growth or burrowing was present. No data 

on salinities, temperatures or tidal velocities were measured, but 

the relationship of the site to the ocean would indicate that the salini

ties and temperatures would probably be about the same as site 1. 

The tidal velocities were probably low due to the fact that the area 

was blocked off the main channel by land areas. 
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Site 5 was 12 miles from the mouth of Coos Bay in Isthmus 

Slough in an industrial area near several sawmills, pulp mills and 

log storage areas. An embankment had been built which cut the area 

off the main channel. Sometimes during a low-high tide cycle the area 

was not covered with water; however, tidal pools were always present, 

which would indicate poor drainage and/or low permeability of the 

sediment. The elevation though not measured was probably between 

5.5 and 6. 0 feet above MLLW. A large amount of blue-green algae 

with lesser amounts of other algal growth was present. Some purple 

sulfur bacteria were observed growing near the surface of the sedi

ment. The purple growth was also observed under or among the mats 

of blue-green algae. Some white material, probably elemental sulfur, 

was present on the surface of the sediment. The concentration of 

wood chips present in the sediment was equivalent to that observed 

between site 3 and 4. The salinities were equivalent to that observed 

between site 1 and 2. The temperatures were about equivalent to 

that observed at site 3. The tidal velocities were low due to the 

embankment. 
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RESULTS AND DISCUSSION 

Field Studies on Cores 

The sites described in the preceding section were chosen for 

comparison because they offered considerable variability in the type 

of sediment and extent of pollution. By observing the variation which 

occurs in these sites, one could predict the effect of certain factors 

which control sulfide production in an estuary. The factors studied 

were total sulfide, percent volatile solids, redox potential, and par

ticle size distribution. An unsuccessful attempt was made to measure 

the free sulfides present. The above factors were believed to influ

ence the rate of sulfide production in an estuary. 

The variations in total sulfide, percent volatile solids and redox 

potential with tidal exposure and depth at site 1 are shown in Figure 8. 

A good correlation between total sulfide, percent volatile solids and 

redox potential was shown. The high level of total sulfides and low 

redox potential at 7.2 feet above MLLW can be partly explained by 

the impermeability of the algal mat, which also can contribute organic 

compounds for the sulfate reducing bacteria. With a supply of readily 

available organic material the sulfate reducing bacteria can produce 

higher levels of sulfide. The permeability in this area was 0.0008 cm. 

per minute. A respirometer left in place after a run being still full 
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Figure 8. Measurements of Total Sulfides, Redox Potential and 
Volatile Solids in the Site 1 Deposits in July, 1970 (7). 
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of water after six hours, also indicated low permeability. Consider

able burrowing, causing aeration of the sediment, can explain in part 

the low total sulfide and high redox potential measured at 5. 6 feet 

above MLLW. The intermediate value for total sulfide and redox 

potential of the other tidal elevations can be explained by the lack of 

burrowing animals present at 5. 6 feet above MLLW and higher per

meability (between 0.04 and 0.03 cm. per minute) in the sediment at 

the surface than at 7.2 feet above MLLW. A mathematical model, 

using the permeability and total sulfide levels measured, showed that 

the aerobic layer of the sediment would be between two and four cm. 

(7, 68). The rate of diffusion of oxygen, the mixing, the presence and 

rate of diffusion from the anaerobic zone of reduced compounds control 

the depth of the aerobic zone. The more oxygen that diffuses into the 

sediment, and the more mixing present, the deeper the aerobic zone. 

The more reduced compounds that diffuse from the anaerobic zone, 

the shallower the aerobic zone. 

From Figure 8 it appears that between four to eight cm. the 

level of total sulfide was highest and the redox potential was lowest. 

Below about eight cm. the above characteristics show a tendency to 

reverse themselves. The observations cannot be explained with 

certainty, since a possibility could be that the nutrients from the algal 

decomposition diffuses down to that level. The utilization of these 

compounds by heterotrophic bacteria would reduce the potential to 
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the level that sulfates reducing bacteria would grow. Below about 

eight cm. the levels of available organic material or sulfate concen

tration may become limiting, thus causing a lower sulfide level and 

higher redox potential. At greater depths organic material or sulfate 

concentration may become limiting since they cannot diffuse any 

deeper, and more important they are all utilized before diffusing to 

the lower depths. 

Table 1 shows a comparison of the total sulfide and percent 

volatile solids at sites 3 and 5. The redox values at site 5 are shown 

in Table 2. The percent volatile solids at site 3 was as high or higher 

than at site 5, but the total sulfide levels at site 5 were much higher 

than at site 3. The percent volatile solids at site 3 varied up and 

down considerably and was probably influenced by quantities and size 

of the wood chips in the sample. The volatile solids at site 5, especi

ally the top few cm., was influenced by the large amount of algal 

growth, as well as to some extent by the wood chips. Algal decompo

sition releases a large amount of nutrient material in the form of 

acetate, propionate and other simple organic acids which are readily 

used by the sulfate reducing bacteria (34). Wood lignin is degraded 

very slowly contributing very little to the immediate nutrient supply 

of the sulfate reducing bacteria (2). The higher availability of the 

organic material present at site 5 compared to site 3 may account 

for the higher rate of sulfide production and accumulation in the sedi

ment. 
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Table 1.	 Total Sulfide and Percent Volatile Solids at Sites 3 and 5 
in August 1970. 

Total Sulfide	 Percent Volatile SolidsDepth mg. S/kg. sediment Wet Weight
cm. Site 3 Site 5 Site 3 Site 5 

0-1 312 1306 5.67 3.68 

2-3 689 1715 5.08 4.23 

4-5 1139 3026 5.17 4.97 

7-8 1088 2721 6.00 5.86 

11-12 1152 2923 6.56 5.98 

Table 2.	 Redox Potential at Site 5 
in August 1970 

Depth Redox Potential 
cm. MV 

0-1 -175 

2-3 -215 

4-5 -220 

7-8 -210 

11-12 -200 
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The sulfide content at site 1 was much lower than at either site 

3 or 5 and the percent volatile solids was much lower. The presence 

of a lower level of total available nutrients for the sulfate reducing 

bacteria may have influenced the sulfide content, even though the 

volatile solids at site 1 were probably largely of algal origin. In 

addition to supplying the nutrients for the sulfate reducing bacteria, 

the available organics may also supply nutrients for other hetero

trophic bacteria, which lower the redox potentials making it possible 

for sulfate reducing bacteria to grow and produce sulfides. The 

lower redox potentials at site 5 may be influenced by more available 

organics, which may in turn influence higher rates of sulfide produc

tion. The above reasons may help explain the sulfide content of the 

sediment. 

The top layer of sediment at site 3 was periodically scoured by 

wave action produced by boats and wind disturbing the surface layer. 

This scouring action may cause a decrease in the sulfide content of 

the sediment. The above disturbance was not noticed at site 5. 

The sediment at site 3 appeared much softer and foot steps 

sank deeper than at site 5. Such softer or more porous sediment 

would allow sulfides to diffuse from a greater depth and at a faster 

rate than from site 5. 

The availability of iron or other metal ions that can react with 

the sulfide ions to form metalic sulfides can also influence the quantity 
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of sulfide present in the sediment. Ferrous sulfide is not as readily 

oxidized as free sulfides, does not diffuse from the sediment, and its 

solubility is much less than hydrogen sulfide (81). 

Table 3 shows up to 50 percent variability in total sulfide levels 

in the same core between similar samples. Values reported are an 

average of two separate cores and are probably not off more than 

50 percent from the average value present in the sediment. 

Total 3. Variability in Total Sulfide Content at Site 3 in July 1970. 

Depth Section A Section B 
cm. mg. S- /kg. sediment mg. S- /kg. sediment 

0-1 539 369 

0-1 440 393 

2-3 1317 986 

2-3 819 466 

4-5 1451 1336 

7-8 1320 1463 

Extremely low redox values (-250 to -300 MV) were measured 

at site 4 even though the total sulfide content of the sediment was low. 

The total sulfide, redox potential and percent volatile solids are shown 

in Table 4. A higher level of sulfide was measured at times in the 

overlying water than measured in the sediment. The source of the 

sulfides in the water was probably the effluent from the nearby pulp 
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mill rather than the sediment. At certain times there was no DO 

present in the water. The presence of sulfides and lack of DO may 

also account for the large number of dead crabs and marine organisms 

observed in the area. 

Table 4.	 Total Sulfide, Redox Potential and Percent Volatile Solids 
at Site 4 in August 1970. 

Percent Volatile 
Depth 
cm. 

Total Sulfide 
mg. S/kg. sediment 

Redox Potential 
MV 

Solids 
Wet Weight 

0-1 142 -245 2.88 

2-3 109 -230 1.78 

4-5 70 -250 1.41 

7-8 64 -250 1.60 

11-12 95 -245 1.91 

16-17 57 -255 1.63 

22-23 43 -255 2.15 

29-30 44 -240 2.11 

This area was chosen because it represented the most exten

sively polluted area and shows that untreated effluent is harmful to 

aquatic life, and it should not be dumped directly into a bay or other 

water source without some type of treatment. 

Table 5 shows that each site has a different type of sediment. 

The higher the percent of fine particles, the more sulfide present. 



Table 5. Variations in Particle Size Distribution at Sites 1,3,4, and 5 in July and August 1970. 

Site la Site 3 Site 4 Site 5Depth 
b b bcm. Sand Fines c Sand Fines c 

Sand Fines c Sand b Fines c 

Percent Percent Percent Percent Percent Percent Percent Percent 

0-1 84.3 15.7 15.8 84.2 67.0 33.0 6. 7 93.3 

2-3 89.4 10.6 14.0 86.0 84.9 15.1 5.8 94.2 

4-5 89.3 14.7 8.0 92.0 85.5 14.5 2.9 97.1 

7-8 90.1 9.9 9.7 90.3 88.8 11.2 2.1 97.9 

11-12 90.4 9.6 11.9 88.1 86.8 13.2 4.5 95.5 

aAverage of 9 stations 
bParticles larger than 74 microns 

cParticles smaller than 74 microns 
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It would appear that finer particles allow less diffusion preventing 

escape of sulfide from the sediment. The smaller sediment particles 

also have more surface area and may allow more bacterial activity. 

The difference in particle size distribution at different tidal 

elevations at site 1 is shown in Table 6. Only a small variation in 

particle size distribution was noticed at the different tidal elevations. 

The uptake rates at site 1 varied with tidal elevation. The vari

ation was due largely to respiration of benthal plants. In areas of high 

benthal photosynthetic oxygen uptake rates of 3 to 6 gm. /m.2 /day were 

measured, whereas uptake rates of approximately 1.4 gm. /m.2 /day 

were measured in regions of low benthal photosynthesis. Site 2, which 

had high benthal photosynthesis, had uptake rates of 4.8 to 8.5 gm. / 

m.2 /day (26). Site 3, which had low benthal photosynthesis, had up

take rates of 1.4-3.8 gm. /m.2 /day. A single respirometer run at 

site 5 measured an uptake rate of approximately 4 gm. In-1.2/day; 

however, oxygen variation within the overlying water indicated that 

rates as high as 12 gm. /m.2 /day could be expected (7, 26). 

The free sulfide levels present in the sediment was measured 

using several methods, none of which proved satisfactory. One of 

the main problems was that after the sediment had been added to 

either SAOB or a NaOH and A1C1 solution, the amount of free sulfides
3 

measured continued to increase for about an hour. Figure 9 shows the 

increase in free sulfide content with relationship to time after 



Table 6, Percent Sanda in the Sediment at Site 1 at Different Tidal Elevations with Respect to Depth in the Sediment in July 1970, 

Depth Percent Percent Percent Percent Percent Percent Percent Percent Percent 
Cm Sand Sand Sand Sand Sand Sand Sand 

at 7, 2b at 6. 4b at 5. 6b at 4, 0b at 3. lb at 1, at 0. 8 at -2. 3b at -3, 

0-1 81, 1 92, 7 78, 1 92, 2 75, 6 88, 3 80, 6 85, 6 

2-3 93, 6 96, 2 90, 2 88, 1 99, 3 84, 7 74, 0 89, 7 89, 2 

4-5 82, 8 96, 8 87, 6 87, 0 87, 6 87, 3 73, 5 89, 5 75, 3 

7-8 98, 9 98, 3 90, 3 92, 4 93, 1 86, 9 76, 1 95, 5 79, 8 

11-12 99, 2 97, 3 89, 1 93, 5 95, 3 34, 0 79, 4 82, 2 93, 5 

16-17 90, 2 96, 2 87, 2 95, 5 84, 3 77, 2 79, 6 68, 4 

aParticles larger than 74 microns 

b
Feet above MLLW 
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sediment was added to SAOB. As can be seen from Figure 9 it made 

no difference whether the sediment and SAOB was shaken continuously 

or allowed to sit stationary. If the solution was filtered, there was 

no increase in the sulfide concentration. 

The reasons for the increase in the free sulfide with time is 

not understood. Some possibilities are listed below. 

1. Somehow the SAOB might affect the equilibrium of the sul

fides present in the sediment. 

2. The free sulfides could be bound to the sediment particles, 

taking about an hour for all the free sulfides to be released. The high 

pH may cause the free sulfides to be slowly released from the sedi

ment particles with the resulting increase in sulfide concentration. 

After about an hour the maximum amount of free sulfides that could 

be released from the sediment were in solution, and the equilibrium 

between free sulfides released and binding to sediment particles was 

established. 

3. The metal sulfides could dissolve to become free sulfides. 

This is highly unlikely because metal sulfides are only slightly 

soluble at high pH values. 

4. It may take the free sulfides about an hour to reach equilib

rium in the solution used for measuring sulfide concentration. This 

is not likely since Na 2S reached equilibrium rapidly in these solutions. 
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The above possibilities have no experimental backing. An under

standing of why this increase in sulfide concentration takes place must 

first be determined, before free sulfides can be determined accurately. 

More research is needed on the physical chemistry that controls the 

release of sulfides, how the sulfides may be bound, and the diffusion 

of the sulfide in the sediment. Subsequent research showed that by 

using a press to get out the interstitial water one could measure the 

free sulfides (7, 68). 

Bacterial Analysis 

Plate counts on marine agar 2216 and MPN determinations for 

hydrogen sulfide producers on SIM media with two percent salt or a 

media for halophilic sulfate reducing bacteria (37) were made at sites 

1, 2, 3, and 5. The distribution of bacterial types and numbers with 

depth are important to the reduced conditions in the sediment and 

sulfide content of the sediment. Most of the bacteria that produce 

hydrogen sulfide in a marine environment are considered to be sulfate 

reducing bacteria (5, 63, 85) and no attempt was made to identify the 

putrifying bacteria. 

Plate counts and MPN determinations for hydrogen sulfide 

producers were made on several dates at sites 2 and 3. As can be 

seen from Table 7 the numbers observed on the different dates 

varied. 
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Table 7. Comparison of Plate Counts and MPN per gram wet sediment of Hydrogen Sulfide Producers 
on Several Dates at Sites 2 and 3. 

Depth Site Type of Date 
Cm Number Determination 9-19-69 10-18-69 10-25-69 6-9-70 

0-1 2 plate count 
1 

1.9x10 
5 

1, Ox10 
7 

7.6x10
6 

10-11 2 plate count 
1 

4, 8x105 2. 2x105 

20-21 2 plate count 
1 

1. 1x105 4. 5x105 3. 5x105 

30-31 2 plate countl 4.4x10 
4 

1. 2x105 1. 1x105 

0-1 2 MPN 
2 

1.4x10
4 

1.7x10
4 

1.1x10 
5 

10-11 2 MPN 
2 

7.9x10 
3 

2.4x10
4 

20-21 2 Noy 
2 

1.3x10
3 

1.1x10 
3 

2.1x10
3 

30-31 2 MPN2 7.8x10
2 

3.3x10
3 

3.6x10
2 

0-1 3 plate count 
1 

1. 8x106 7. 9x105 9. 4x106 2, 7x106 

10-11 3 plate countl 2.5x105 
1,6x10 

5 
5.4x10

5 
2, 0x10

5 

20-21 3 plate count1 
5.3x10

4 
1.0)(105 5. lx10

5 
1. lx10

5 

30-31 3 plate countl 1.0x105 4. lx10
5 

2.6x10
5 

0-1 3 MPN 
2 

2,4x105 
1.3x10

4 
1.6x10 

5 
7.8x10

4 

10-11 3 MPN2 6,8x10
2 

5.5x10
2 

1.3x10
4 

7.5x10
3 

20-21 3 MPN 
2 

4.9x103 6.0x103 3.3x10
3 

2.6x103 

30-31 3 MPN 
2 

5.3x10
3 

1.3x10
4 

8.2x10
3 

1
As determined on Marine agar 2216 

2 
1969 determinations used SIM medium with two percent salt 

1970 determinations used a modified halophilic medium for sulfate reducing bacteria (37). 
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These samples were all collected during the summer and early 

fall, and thus did not indicate what happens during the winter or 

spring. To get the complete picture of the yearly bacterial cycle, 

samples would have to be collected throughout the year, and a more 

complete bacterial analysis made. The yearly bacterial cycle was 

not determined because the main interest was not in the bacteria as 

such, but only their relationship to sulfide production at the specific 

sites chosen. 

The distribution of bacteria by plate counts and MPN determina

tions of sulfide reducing bacteria at site 5 are shown in Table 8. The 

plate counts show about the same number of bacteria as at sites 2 and 

3. The MPN of hydrogen sulfide producers were higher at site 5. 

The higher number of hydrogen sulfide producing bacteria may be 

responsible for the higher total sulfide content in the sediment. 

Table 8.	 Plate Counts and MPN per gram of wet sediment of Hydrogen 
Sulfide Producers at site 5 on September 3, 1970. 

Depth 
cm. Plate Count 1 Hydrogen Sulfide Producers 

(MPN)2 

0-1 1.4 x 107 2.5 x 105 

2-3 2.5 x 106 3.4 x 104 

4-5 1.4 x 106 4.6 x 104 

7-8 7.9 x 105 8.4 x 103 

11-12 7.7 x 10
5 

6.8 x 103 

2Determined on Marine agar 2216. 
Determined on modified medium for halophilic sulfate reducing 
bacteria (37). 

1 
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The distribution of bacteria by plate counts and MPN sulfide 

producing bacteria at different tidal elevations are shown in Table 9. 

There was a higher plate count at the surface at 7.6 feet above MLLW 

than any other place assayed. The MPN of sulfate reducing bacteria 

at the surface was much higher than the other elevations tested at 

site 1 and compared to the numbers at site 5. This was the area 

where the algal mat was observed and the organics produced may 

explain the higher concentration of bacteria. The plate counts at 3.1 

and -2. 3 feet MLLW (Table 9) were about the same as at the other 

sites. The MPN of sulfide producing bacteria was much lower than at 

the other sites; however, the numbers did not change appreciably with 

depth. The high redox potentials and deeper aerobic zone in relation

ship to the other locations might account for the low number of sulfide 

producing bacteria. The reason for little variation with respect to 

depth may possibly account for the fact that the high redox potential 

would not allow their growth at the surface and the lack of available 

nutrient at the lower depth would prevent their growth. 

All the sites showed a decrease in plate count and MPN of hydro

gen sulfide producing bacteria with depth except for the MPN deter

minations at 3.1 and -2.3 feet MLLW at site 1. Most researchers 

agree with the results obtained (5, 69, 84, 86). 

The presence of Thiobacillus at the surface of the sediment was 

shown at sites 3 and 5. No attempt was made to show the presence 
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Table 9. Comparison of Plate Counts and MPN of Hydrogen Sulfide
'Producers at Different Tidal Elevations at Site 1 in July 
1970. 

Plate Count MPN of Hydrogen 
Tidal Elevation 

feet 
Depth 

cm 
per mg. 

wet sediment 
sulfide producers 
per mg. sediment 

0-1 4.5x10 7 2. 4x10 5 

2-3 8.1x105 6.7x104 

7.6 above MLLW 4-5 2. 6x105 4. 6x10 3 

7-8 2. 9x105 2.5x10 3 

11-12 3.5x104 1.5x10 3 

0-1 6.3x10 6 3.6x102 

2-3 4. 7x105 7. 3x102 
1.6 above MLLW 

4-5 1.5x105 3.6x102 

11-12 4.5x104 
3. 0x102 

0-1 5.5x106 4. 8x10 3 

-2.0 MLLW 2-3 1.2x106 4.2x103 

4-5 1.2x106 5. 7x10 3 
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of Thiobacillus at sites 1, 2 and 4. The pH dropped with time when 

sediment from sites 3 and 5 was added to an inorganic salts solution 

with elemental sulfur sprinkled on the surface of the medium. The 

pH dropped as low as 2.0 in some samples in a period of six weeks. 

No attempt was made to determine the concentrations of the Thio

bacillus. 

The presence of purple sulfur bacteria was shown at sites 1, ; 

3 and 5 with the use of Winogradsky columns, which showed a growth 

under constant illumination in three to seven days. 

A closer look was taken at the purple sulfur bacteria from site 

5 because of the presence of the purple growth on the surface of the 

sediment, and under and among the patches of blue-green algae 

present. No purple growth was noticed at the other sites. Purple 

sulfur bacteria from site 5 were isolated on an inorganic salts agar 

with sodium bicarbonate and sodium sulfide added (47, 72); however 

growth was very limited. Better results were obtained on an inor

ganic salts medium to which 0.1 percent yeast extract, sodium thio

sulfate and sodium bicarbonate were added (64). This would indicate 

that the purple sulfur bacteria required some nutrients present in the 

yeast extract probably vitamin B12, as many purple sulfur bacteria 

have been shown to require vitamin B12 (61). 

Wet mounts and simple methylene blue stains of the purple 

growth at site 5 and the purple growth in the above media resembled 
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purple sulfur bacteria (72). The microscope observations and anaero

bic growth under constant illumination was supporting evidence as no 

attempt was made to identify the organism. 

The growth of purple sulfur bacteria at site 5 and not at the 

other sites may be due to the availability of sulfide at the surface and 

the availability of sunlight. Also being farther from the ocean, site 5 

was warmer allowing for faster growth. 

The above data indicates only that bacteria were present and in 

some cases their numbers, however nothing was revealed concerning 

their metabolic state although a potential for sulfide production was 

present. Additional experiments are required to reveal the rates of 

sulfide production and its effect upon the sediment. 

Dissolved Oxygen and Sulfide in the Overlying Water 

The presence of DO and sulfide simultaneously in natural water 

for any length of time is thought to be unlikely by most researchers 

(4, 59); nevertheless some researchers have recently shown DO and 

sulfide simultaneously in natural water (23). To show the presence of 

DO and sulfide simultaneously in overlying water at site 5, the DO 

and sulfide levels were monitored over several tidal cycles. Figures 

10a and 10d show tidal cycles where the DO remained fairly constant. 

The tidal water shown in Figure 10 a had a low DO level, whereas 

Figure 10d shows a tidal water with DO levels near or above saturation. 



54 

(ki t 
60 

40 

_ (a) 8-20-70 

20 

0 

8 

;:,, 

O 4 

O,,(f) 

J) 
r(y 

0 

(1) 

8 

4 

0 

(LI -N 

0 
0200 

60 
1 1 

4 0 
: (c) 8-26-70 

0400 0600 1800 2000 

(d) 9-3-70 

2200 24 00 

LL11, 20

0 
16 

12 

8 

1 

14 00 1600 1800 

TIME (hours) 

Figure 10. Variation of DO and Free Sulfides in the Overlying 
Water at Site 5 (7). 



55 

Sulfides were present at times during all the cycles monitored at 

site 5. As can be seen in Figures 10a and 10b there was a rise in 

the sulfide concentration in the water near the end of the cycle. Fig

ure 10b shows a water cycle which started during the daylight and ran 

into the night. The DO before the tide came in was 11.6 mg./1., which 

is above saturation, but dropped as soon as the tide came in. The DO 

during one cycle (Figure 10c) dropped to zero. The sulfide level in 

the tidal pool before the first night run was 11 mg. /1. (Figure 10d). 

Sulfide was present even at DO values of supersaturation (Figure 10d). 

The sulfide concentration sometimes increased rapidly. Patches of 

blue-green algae were noticed turning over during the tidal cycles. 

When this happened black material possibly containing high levels of 

sulfides diffused into the overlying water. 

There was always at least 4 mg. /1. of DO but no sulfides at the 

water surface during the monitoring. 

The sulfide levels were higher and DO values were lower during 

the night than during the day, probably due to the fact that during the 

day photosynthesis was taking place. The presence of abundant oxy

gen could oxidize the sulfide; however, the oxidation took place at a 

slower rate than the release of sulfides from the sediment. At night 

respiration and sulfides are both in competition for the DO resulting 

in a higher level of sulfide during darkness. The depletion of DO in 

the water takes place for a certain distance above the sediment. 
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Consequently the measuring of DO and sulfide levels during the day 

and at the water surface results in erroneous results about the effect 

of bottom deposits or sulfide production upon the water quality of an 

area. 

Figure 11 shows DO and sulfide levels during a tidal cycle at 

site 3. As can be seen from these figures sulfide was present only 

infrequently at site 3. The only time sulfide was measured was when 

the sediment was disturbed by wave action. The DO levels in the 

overlying water dropped when the sediment was disturbed, even though 

sulfides were not always measured. 

No sulfide was measured at site 1 during a tidal cycle. 

The levels of free sulfide in the overlying water was related to 

the levels of total sulfide in the sediment. The redox values at site 

5 were negative at the surface of the sediment which may explain why 

sulfide was present in the overlying water. Sites 1 and 3 had an 

aerobic zone where the sulfides may have been oxidized before they 

had a chance to diffuse into the overlying water. 

The higher levels of available organics at site 5 could result in 

such a high rate of sulfide production that oxygen became limited 

resulting in diffusion of sulfides into the overlying water. 

The hydrologics of the area are important in regulating the dif

fusion of both oxygen into the sediment and sulfides from the sediment. 

Hydrologic measurements were made only at site 1. The particle size 
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distribution probably influenced the diffusion rates of both oxygen and 

sulfide. The smaller average particle size at site 5 probably 

restricted the diffusion of oxygen into the sediment so the free sulfide 

would not be oxidized in the sediment. 

All of the above conditions contribute to the presence of free 

sulfide in the overlying water at site 5 and not at the other sites. 

Which of them contributes the most was not determined. Enough infor

mation is not available at this time to show how all these factors are 

interrelated; however, it is anticipated that this information may 

shed some light upon the cause of toxic levels of sulfide in water. 

There are other factors, such as the iron content, which were not 

measured and may contribute to the presence of free sulfide. 

Profiles of DO and sulfides in the overlying water were meas

ured at sites 1, 3 and 5. No sulfide was detected in any of the pro

files even at the mud-water interface at sites 1 and 3. The DO pro

files at sites 1 and 3 (Figure 12) show that there was no difference 

in the mud-water interface to 20 mm. above the sediment surface. 

The DO and free sulfide profiles at site 5 (Figure 13) showed varia

tion between the mud-water interface and 16 cm. above the sediment 

surface. There was 1.2 mg. /1. of free sulfide at the mud-water 

interface and about 0.1 mg. /L at 2 to 16 cm. above the sediment. 

The DO profile also showed higher values at the sediment surface. 

The higher DO values at the mud-water interface were due to the 
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production of oxygen by the algae as the profile samples were col

lected during the daylight. If profile samples had been collected 

during the night when no photosynthesis was occurring the DO values 

probably would have been much lower. No sulfide was measured 

about 16 cm. above the sediment during the monitoring at night. DO 

of 4 to 6 mg. /1. was measured about 16 cm. above the sediment during 

the monitoring at night. This showed that there was a profile of DO 

and sulfide present at night at the time DO and sulfide levels were 

monitored at site 5. The presence of a gradient of sulfide levels 

above the sediment indicated that the sulfide was diffusing from the 

sediment. The sulfide would be oxidized as it diffuses up in the water 

column. DO profiles with low values at the mud-water interface indi

cates that the oxygen was being depleted by the bottom deposits or 

material diffusing from the sediment. The presence of sulfides and 

low DO values would indicate that at least part of the material re

ducing oxygen levels at site 5 was sulfide, also algal respiration 

probably contributed to the oxygen demand of the bottom deposits. 

Utilization of Organic Material 

There was no appreciable change in the percent volatile solids 

on a dry weight basis in the slurries, even after three months of 

incubation under aerobic conditions. There was a large variation in 

the percent of volatile solids in some of the slurries during the three 
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month sampling period, but no set pattern was noticed in these varia

tions. There were wood chips of various sizes and quantities present 

in all the slurries. These probably explain why there was so much 

variation in the percent volatile solids in the samples. 

Wood chips contain .lignin which is not easily attacked by bac

teria. The chips, especially the ones below 4 cm., probably have 

been present in the sediment for a year or more resulting in the dif

fusion from the wood chips of nutrient leaving only the materials that 

are degraded very slowly. Because of the variation due to the pres

ence of wood chips it was impossible to determine the extent of utiliza

tion of the organic material present. 

The utilization of organic material by following the amount of 

total carbon in sediment extracts showed a decrease in total carbon 

with time (Figure 14). The total carbon levels shown in Figure 14 

are the average of three samples. The carbon converted into bac

terial cells and given off as CO2 were both measured as utilized car

bon. The level of total carbon decreased fairly rapidly during the 

first few days of the experiment, then the rate of decrease became 

slower, and in some cases after 10 to 15 days the level of total carbon 

became stable. The above data showed that some of the material 

extracted from the sediment was readily utilizable by the bacteria. 

No attempt was made to identify any of the organic compounds in the 

extracts, although it is assumed that sugars, organic acids, 
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Figure 14. Total Carbon in Relationship to Days Incubated. 
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polysaccharides, lignins and lignin breakdown products, proteins, 

and hydrocarbons were present. These compounds would be utilized 

at different rates and could explain why the rates decreased during the 

experiment. 

From Figure 14 it was calculated that between 61 and 73 per

cent of the total carbon was utilized. There was no trend with depth 

as to the percent of extractable carbon that was utilized. The highest 

percentages of utilization was in the extracts made with sediment from 

0-1 cm. and extracts made with sediment from 11-12 cm. As a 

whole the higher the starting level of carbon the less percentage of 

carbon that was utilized with the exception of the extracts from 2-3 

cm. which started at a value close to the extracts from 0-1 cm. and 

11-12 cm., but had a utilization percentage near the extracts from 

4-5 cm. and 7-8 cm. All starting values were within 45 ppm so one 

cannot say for sure that the starting level influenced the percent of 

carbon utilized, even though results indicate that this may be the 

case. 

The type of organic material present would definitely affect the 

type and amount of material extracted. The high temperature (121 oC) 

at which these organic materials were extracted would tend to con

vert or increase solubility of organic material. If the starting organic 

matter had a higher lignin content that could explain in part why a 

lower percentage of the initial material was utilized. 
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These experiments showed that at least one half of the extrac

tible organic material was readily utilizable by the bacteria under 

aerobic conditions even though this material was in part degraded by 

the extraction procedure, making it more available to the bacteria. 

The extractible fraction was approximatly one percent of the total 

organic material in the sediment. 

The extracts were probably a better and more reliable indicator 

of utilizable organic material than were the slurry experiments. In 

addition it was much easier to detect small changes in the organic 

levels. The following may explain the material left: 

1.	 The low utilizability of material left. 

2.	 Buildup of toxic or inhibitory material. 

3.	 Limiting organic levels, although the final levels (50-75 

PPM) are higher than the interstitial water levels (5-20 

PPM). 

Experiments were set up to determine the effect of sulfate con

centration, organic content and temperature on the rate of organic 

utilization and sulfide production. Table 10 shows the sample levels 

and the number assigned. Figures 15-20 show the relationship be

tween the increase in free sulfide, decrease in sulfate concentration, 

decrease in soluble organic carbon, the Eh and pH of the extracts 

with enough organics and sulfate for high levels of sulfide production. 

From these figures a direct relationship between the increase in sulfide 
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Table 10, Levels Used in Making Extract Samples and Temperature of Incubation 

Relationship
Sample Water Used to Temperature Sandof organics
Number a Make Extracts of Incubation Present

Concentration in Extract 

1 high° distilled 25°C no 

2 
c

medium distilled 25°C no 

3 low 
c 

distilled 25 C no 

4 high Yaquina TRiver water 
at Toledo bb 

25oC no 

medium Yaquina River water 
at Toledob 

25 C no 

6 low Yaquina River water 
at Toledob 

25o C no 

7 high Yaquina River water 
at Toledob 

25 C yes 

9 low Yaquina River water 
at Toledob 

25
o 

C yes 

10 high Sea water from 
Marine Science Center 

25 C no 

11 medium Sea water from 
Marine Science Center 

25 C no 

12 low Sea water from 
Marine Science Center 

25 C no 

13 high distilled 15°C no 

14 medium distilled 15 C no 

15 low distilled 15 C no 

16 high Yaquina liver water 
at Toledo 

15 C no 

17 medium Yaquina River water 
at Toledob 

15 C no 

18 low Yaquina River water 15 C no 
at Toledob 
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Table 10. Continued 

Sample 
Number 

Relationship 
of Organics 

Concentration in Extracts 

Water Used to 
Make Extracts 

Temperature 
of Incubation 

Sand 
Present 

19 high Yaquina River water 
at Toledob 

15 C yes 

20 medium Yaquina River water 
at Toledob 

15 C yes 

21 low Yaquina River water 
at Toledob 

15 C yes 

22 high Sea water at Marine 
Science Center 

15 C no 

23 medium Sea water at Marine 
Science Center 

15 C no 

24 low Sea water at Marine 
Science Center 

15 C no 

a 
Some organic material from freeze-dried distilled water extract was added to the extracts made with 
sea water from the Marine Science Center to bring their organic levels up to the levels of the other 
extracts. 

b 
800 mg. /1 of SO4 and 1% NaCl were added to the extracts made with Yaquina River water at 
Toledo to bring the sulfate and chlorine concentration to about half that of the extracts made from 
sea water from the Marine Science Center. 

c
The high levels were between 500-600 ppm, The medium levels were approximately 1/2 the
 
high levels, and the low levels 1.2 the medium levels.
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and the decrease in sulfate concentration can be observed. It is 

easily observed that the ratio of sulfate decrease to free sulfide in

crease was greater than the theoretical ratio of 3:1. Total sulfide 

content of the extracts were taken twice near the end of the experiment. 

From these values (Table 11) and the total decrease in sulfate during 

the experiment, the ratios approached the theoretical ratio. This 

can be explained on the basis of the sulfide combining with iron as 

well as other metals to form metalic sulfide. Some metallic sulfides 

are not measured and may account for some discrepancy. The pro

cedure used for sulfate determination was not sensitive at these high 

sulfate levels so the exact decrease may be in error thus contributing 

to the discrepancy. 

The rates of sulfate reduction varied with concentration and 

temperature at the high organic levels. Maximum sulfide production 

occurred between 5 and 12 days in Sample 10, whereas maximum sul

fide production occurred between 12 and 19 days for Sample 4, the only 

difference being that sample 4 had a lower sulfate concentration re

sulting in a weeks delay of sulfide production. Samples 16 and 22, 

which corresponded to 4 and 10, but incubated at 15°C instead of 25°C, 

had their maximum sulfide production between 20 and 27 days. Sam

ples 16 and 22 rates and total production were less than the corres

ponding samples at 25°C. The lower rates of sulfide production at 
oC

15 than at 25 oC were expected. Why the medium sulfate 
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Table 11. Total Sulfide Concentrations of the Extracts.
 

Sample # 26 days after incubation
mg S/ml 

1 52 

2 44 

3 64 

4 248 

5 100 

6 96 

7 180 

9 64 

10 220 

11 156 

12 128 

13 48 

14 28 

15 24 

16 176 

17 88 

18 76 

19 120 

21 76 

22 172 

23 116 

24 68 

33 days after incubation 
mg S-/ml. 

44 

32 

28 

236 

128 

132 

104 

72 

228 

128 

80 

40 

24 

32 

172 

88 

84 

92 

88 

180 

100 

64 
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concentration had a longer lag period than the high sulfate is not 

known for sure. One possible explanation was that the drop to a 

negative Eh in sample 4 lagged behind the drop to a negative Eh in 

sample 10. Whether the drop to a negative Eh was responsible for 

sulfide production or the results of sulfide production cannot be said 

for sure. There was an initial drop in Eh in all the samples to Eh 

values between 0 and +100, but only the samples which produced high 

levels of sulfide showed a negative Eh reading. The initial drop in 

Eh would probably be due to anaerobic decomposition of organic 

material. The sulfide system is known to control Eh values in solu

tions where they are present (5, 33, 84). Samples 1 and 13 never 

approached a negative Eh value even though they contained as much 

organic material as other samples which had a negative Eh. The 

sulfate reducing bacteria will not grow at Eh values which are much 

above 0 (51). There was some sulfate reduction in the samples that 

had Eh values near +100 which would indicate that there were loca

tions in the samples which had lower Eh values than the measured Eh. 

The increase in sulfate concentration was accompanied with an in

crease in NaCI concentration, which has been shown to be stimulatory 

to sulfate reduction (1, 85). The higher NaC1 concentration of sample 

10 may explain why its lag period was shorter than in sample 4. 

At lower free sulfide levels the sulfide increased for a time 

then tended to decrease, whereas at higher concentrations the free 
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sulfide level either increased slightly after this time or remained the 

same. This can be explained partly by the fact that during sulfate 

reduction free sulfides ions are formed (1, 33, 51, 63, 85). The 

ions are produced initially at a higher rate than they can combine with 

iron. As the rate of sulfide production decreases, the sulfide ions 

bind with iron faster than formed decreasing the ion concentration. 

At pH 6. 4 to 7.0, which was the final pH of the samples with low ion 

concentrations, most of the free sulfides would be in the form of 

either HS or H2S and very little as S . The iron may be combined 

in some other form and not readily available to combine with the S . 

At the higher pH values there is an increase in sulfide ion concentra

tion (10 fold from pH 7 to pH 8). This increase in sulfide ion will 

cause a more rapid combination with iron. The combination of the 

above facts might tie up all the iron by the time sulfide production 

dropped to a low level; therefore, the free sulfide concentration in 

the sample would increase slightly or remain the same throughout 

the rest of the experiment. 

The amount of organic material present influenced both the rate 

and total sulfide production. At all sulfate levels the medium or low 

organic levels produced less sulfide than at the high organic level. 

The low sulfate level restricted sulfide production even more than the 

low organic levels as can be seen from Table 11 when one compares 

samples 1 and 13 with samples 6, 12, 18 and 24. 
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From this experiment it was shown that the levels of sulfate, 

organic material and temperature all influenced the rate and amount 

of sulfide production in sediment extracts. The fact that sulfate must 

be present in significant concentrations shows that most sulfide in a 

marine environment is derived from sulfate reduction. This comple

ments what other investigators have said about the importance of sul

fate reduction in sulfide production in marine environments (5, 33, 85). 

The bacteria must have available organic material in order to pro

duce sulfides as shown by the influence of the organic levels on sul

fide production. 

The increase in pH in relationship to sulfide production at first 

appeared to be baffling. An explanation of this rise in pH was looked 

for in the literature. An article by Abd-el-Malek and S. K. Rizk 

using pure cultures of Desulphovibrio desulphuricans showed a relation

ship between sulfide produced and the titratable alkalinity formed (1). 

The production of bicarbonate as the reason for the rise in pH in our 

samples did not seem a likely explanation so we looked at other possi

bilities. The amount of ammonium present in the samples was meas

ured to see if there was any correlation between pH and ammonium 

concentration. The only relationship found in the samples with 

respect to ammonium concentration was in relation to the organic 

content of the samples. For this reason the production of ammonium 

was ruled out. The addition of sodium sulfide to sediment extracts 
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resulted in a rise in pH similar to the rise observed in the extracts 

which produced sulfide during the experiment. From this observation 

the conclusion was drawn that it was the effect of the sulfide ions pro

duced by the sulfate reducing bacteria that was causing the rise in pH. 

It has been shown that the sulfide ion is the form in which free sulfide 

is produced by sulfate reducing bacteria (1, 33, 51, 63, 85). The 

question now asked was how can sulfide ions cause a rise in the pH 

of the extracts? The extracts start at a pH between 6 and 7 whether 

innoculated with a mixed bacterial population containing sulfate 

reducing bacteria or if sodium sulfide was added to the extract. When 

sulfide ions are added to a solution of this pH it will come to equilib

rium with H S and HS, which are the predominant forms of free 

sulfide at pH 6 to 7. By the time the pH value rises to 8-8.5 most 

of the free sulfide will be present as HS. The combination of the 
_S with H to form HS will remove the H from solution, therefore 

causing a rise in the pH. The S can react with water to form HS 

and OH. This reaction will cause a rise in the pH of the sample. 

The final pH of Abd-el-Malek and S. G. Rizk pure culture studies 

with Desulphovibrio desulphuricans was between 8.6 and 8.8, which 

was close to the final pH values in the samples showing high levels of 

sulfide production. It can be postulated that it was the removal of H 

or addition of OH by S= that caused their rise in pH instead of bicar

bonate production. The removal of H+ from solution or addition of 
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OH would cause an increase in titratable alkalinity the same as 

bicarbonate production. They could not explain their higher than 

theoretical levels of titratable alkalinity. One possible explanation 

could be that both the removal of H or addition of OH by S and bicar

bonate production contributed to the titratable alkalinity. 

The samples containing sand had less free and total sulfides 

present, even though the sulfate concentration decreased at about the 

same rates as the samples without sand. Ferrous sulfide or free 

sulfides may become adsorbed or complex with the sand particles, 

thus they would not be measured by either method. The pH and Eh 

of the samples with and without sand followed about the same pattern. 

From the above data it can be said that the presence of sand in the 

samples had very little effect upon the bacterial activity in the samples. 

Anaerobic plate counts and MPN determinations of sulfate 

reducing bacteria were made on the extracts during the experiment 

(Table 12). The anaerobic plate counts were around 107 per ml. for 

all the samples at 4 or 11 days. There was some variation in the 

counts, but no trend was shown for organic or sulfate levels. The 

plate counts on samples 13-24 after 28 days showed a decrease of 50 

percent to 10 fold from earlier readings. The MPN determinations 

showed an upward trend with increasing sulfate and organic levels. 

At 15 oC the number of sulfate reducing bacteria were slightly higher 

at the medium and high sulfate levels whereas at the low sulfate level 
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Table 12. Anaerobic Plate Count and MPN of Sulfate Reducing
 

Bacteria in Sediment Extract Samples.
 

Plate Count/ Plate Count/ Plate Count/ MPN/
 
Sample # ml. ml. ml. ml.
 

4 days 11 days 28 days 20 days
 

6 6 4
 
1 4.1x10 lx10 4.3x10


6 5
 
2 3.9x10 s.4x10
 

6 4
 
3 1.2x10 1x107 4.6x10
 

6 7 6
 
4 6.0x10 1.6x10 2.3x10
 

6 6 5
 
5 7.2x10 4.6x10 7.5x10
 

6 7 5
 
6 3.4x10 1.8x10 4.6x10


6 7 6
 
7 0.3x10 2.0x10 2.4x10
 

6 6 5
 
9 4.1x10 7.5x10 2.4x10


7 6
 
10 3.0x10 4.3x10


6 6
 
11 9.5x10 2.3x10
 

6 5
 
12 7.5x10 4.3x10


7 6 3
 
13 2.2x10 3.3x10 9.1x10
 

6 6 4
 
14 4.0x10 2.7x10 1.5x10
 

7 6 2
 
15 1.6x10 2.3x10 9.1x10
 

7 6 6
 
16 2.3x10 6.6x10 2.3x10
 

6 6 6
 
17 7.8x10 3.1x10 4.6x10


6 6 6
 
18 8.7x10 2.6x10 2.4x10
 

7 6 6
 
19 2.1x10 5.4x10 4.6x10


7 6 6
 
20 1.4x10 7.5x10 2.4x10
 

7 6 6
 
21 1.3x10 2.3x10 1.1x10


7 6
 
22 1.2x10 2.3x10


6 7
 
23 6.6x10 2.4x10


6 6
 
24 4.1x10 2.4x10
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they were lower than the comparable samples at 25 o 
C. These results 

indicate that more sulfate or a lower Eh than was present in the low 

sulfate extracts was needed to get maximum growth of the sulfate 

reducing bacteria. There are several possibilities as to why there 

were more sulfate reducing bacteria in the extracts from the medium 

and high sulfate levels. (1) The sulfide produced may have been toxic 

to some of the other bacteria; therefore, because of less competition 

for nutrients, there would be more growth by the sulfate reducing type. 

(2) Sulfide may be stimulatory to the growth of sulfate reducing bac

teria. (3) Low sulfate extracts were also low in salinity. Low salinity 

has been shown to restrict the growth of the sulfate reducing bacteria. 

(4) The sulfate concentration in the low sulfate extract may have been 

too low for optimum growth of the sulfate reducing bacteria present. 

The lower numbers at 15oC would indicate that in addition to low 

sulfate concentration low temperature also has a pronounced effect. 

Several samples (Table 13) were run to see what effect the sul

fide levels had on the rate of sulfide production. Sample E was run 

to see if organics were limiting at the high organic levels in the first 

experiment. From Figures 21-23 it can be seen that only when the 

starting level of sulfide was above 150 PPM was there any effect 

upon sulfide production. From Figure 23 it can be seen that the in

crease in organics had very little if any effect. 
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Table 13. Starting Levels of Sulfide in Extractsa 

Sample Sulfide (mg. IL) 

A 28 

B 20 

C 60 

D 172 

Eb 8 

aAll samples made with sea water extracts with
added organics to about full level in first experi
ment. 

b Twice the amount of organics added to extract. 

A starting sulfide concentration of 60 PPM had no effect upon 

the rate or amount of total sulfide produced (Figure 21). A starting 

sulfide concentration of 172 PPM delayed the production of sulfide in 

the extract about two weeks. Once sulfide production began there 

was little effect upon the rate or amount of total sulfide produced 

(Figure 23). 

The decrease in sulfate concentrations continued after the 

sulfide concentration became constant. One possible explanation 

could be that somehow it was being lost from the bottles. When one 

compares the increase in total sulfide to the decrease in sulfate the 

ratio was close to the theoretical 3:1 while the concentration of sul

fide was increasing. The sulfate concentration of sample D was fairly 

constant until the total sulfide level increased, then there was a 
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decrease in sulfate concentration. For this lag the reason could be 

as follows: (1) The increase in pH could restrict sulfide producing 

bacteria until they adjusted to the higher pH. (2) The sulfide concen

tration could restrict sulfide production until the bacteria adjusted to 

the sulfide concentration. (3) The formation of ferrous sulfide could 

be slow enough to take about two weeks to remove enough free sulfide 

and lower the pH enough for sulfide production to take place. 

The mechanism of inhibition has not been explored. Whether 

the conditions are inhibitory for the enzymes or the bacteria was not 

determined. Some possible reasons for the inhibition and lag noticed 

have been discussed. 

The possibility of sulfate reducing bacteria becoming more and 

more tolerant to sulfide concentrations in the sediment present some 

interesting problems. Site 5 in the field studies could be such an 

area. The conditions of the area were such that they favored reduced 

conditions and sulfide production in the sediment. As the bacteria 

became more and more tolerant to higher and higher sulfide concen

trations, fewer and fewer species would be present to compete for 

the available nutrients. Finally the sediment would become saturated 

with sulfide and the aerobic zone of the sediment would become almost 

nonexistent. After these conditions had developed the sulfide produced 

would be released to be diluted or oxidized in the overlying water or 

atmosphere, thus enabling the conditioned bacteria to continue to 
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produce sulfides at rapid rates. 

The percentage of carbon utilized under anaerobic conditions 

varied from 41 to 74 percent at 25°C and 33 to 55 percent at 15°C. 

When comparing the percent utilization under anaerobic and aerobic 

conditions there was more variation under anaerobic conditions, 

although the higher anaerobic levels compared to the aerobic levels. 

The maximum rates were higher under aerobic conditions. These 

results would indicate that the materials present in the extracts are 

as readily attacked anaerobically as aerobically only at a slower rate. 

These results showed that the higher temperature favored more 

utilization than the lower temperature. This could be due to the 

fact that the higher temperature favored the bacteria that degrades 

the more complex compounds. The lower percentage of carbon 

utilization at 15°C might explain the lower total sulfide production. 

The high sulfate samples tended to have a lower percentage of 

carbon utilization than the other samples. If sulfides are toxic to 

other bacteria, their decomposition of complex organic compounds 

would stop or be slowed. This might explain the lower organic 

utilization in the high sulfate samples. It has been stated by some 

researchers that sulfides are toxic to methane bacteria. Foree and 

McCarty's (35) work on anaerobic algal decomposition showed that 75 

percent of the organic matter was utilized when low sulfate concen

trations were present and methane was produced in the cultures. 
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Only 57 percent of the organic matter was utilized when high sulfate 

levels and sulfide production was present in the cultures. No methane 

production was present in the cultures with sulfide production. Foree 

and McCarty's (35) results showed the same trend as ours in relation

ship to sulfate concentration, even though their results showed a 

slightly higher percent of utilization. This might be expected due to 

the fact that their organic matter did not come from as varied an 

environment. 

The starting levels of organic material did not influence the 

percent utilization to any great extent. This would indicate that the 

material not utilized was not readily utilizable by the bacteria. It 

would tend to rule out the possibility that the various types of organic 

compounds become limiting because of their low levels in the extracts. 

The variability in the percent utilization of the organic carbon 

was indicative of the variation present at site 3, where the sediment 

was collected for the extracts. The variation in utilization was 

probably due to the variation in the types of organic compounds 

present in the extracts. 
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