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(ABSTRACT) 

The biodegradation potential of two subsurface so i ls 

was characterized by monitoring the biodegradation of 

short-chain fatty acids in anaerobic soil microcosms. 

Valerate, butyrate, propionate, and acetate 

concentrations were monitored independently using 

separate microcosms. The effect of sulfate on the 

microbial communities was also investigated. 

One soil, from Newport News, Virginia, consisted of 

a sandy loam collected beneath a low lying, grassy 

field. The microcosms containing the soil were 

characterized by: a neutral pH, the utilizat i on of 

sulfate with concomitant precipitation of iron sulf i de , 

an increase in the degradation rate as a result of 

sulfate addition, and a production of bicarbonate 

directly re l ated to acid mineralization. 

Another soil, from Blacksburg, Virginia , consisted 

of a silty-clay collected beneath a wooded h illtop. 

Microcosms containing the soil were character i zed by : a 



pH between 4 and 5, little sulfate utilization with no 

visible iron sulfide precipitation, an increase in 

degradation rates upon the addition of sulfate, and 

little or no accumulation of bicarbonate. 

These results indicate that short-chain fatty acids 

are readily degraded in subsurface anaerobic soil 

systems and that these rates are dependent on the 

availability of electron acceptors and the diversity of 

the indigenious population. 
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CHAPTER I 

INTRODUCTION 

Groundwater is becoming an increasingly important 

source of freshwater for communities and industries. 

The U.S. Environmental Protection Agency estimates that 

about one-haif of the United States drinking water is 

supplied by groundwater and that withdrawal rates are 

increasing by about 25% per decade (1). In addition, 

about one-fifth of the population is served by rural 

domestic wells (1). Due to the significant increase in 

the detection of groundwater contamination, the 

importance and vulnerability of shallow aquifer systems 

has now been recognized. 

A history of improper management of waste disposal 

sites and storage facilties has led to a significant 

increase in the amount of organic contaminants entering 

groundwater systems . For example, it is estimated that 

there are 18,500 municipal landfills in the U.S. (1 ) and 

many are suspected to be leaching organic chemicals. In 

addition, it is thought that of the 3.5 million 

underground storage tanks used in the U.S., 10 to 30 

percent of them are leaking (2). 

In order to properly evaluate and manage groundwater 

pollution incidents, the subsurface environment must be 

better understood. One aspect of this environment, is 

the existence and role of microorganisms. Current 
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information, using aseptically obtained material, 

indicates that the subsurface does harbor a rich 

assemblage of single celled organisms, procaryotes 

(3-6). The possiblity that these indigenous bacteria 

can assimilate an influx of contaminants creates 

exciting possiblities for the prevention and restoration 

of many aquifer systems. 

Shallow contaminated aquifers are frequently devoid 

of oxygen because of slow air diffusion and microbial 

respiration. For this reason, organic contaminants must 

often be degraded through anoxic or anaerobic microbial 

food-chains. The anaerobic degradation of a large 

molecule usually follows a varied biochemical pathway 

which eventually leads to a few common intermediates. 

By understanding the role of these intermediates, it may 

be possible to regulate the rate of organic metabolism 

and thereby enhance aquifer restoration. 

Short-chain fatty acids are major intermediates in 

the anaerobic microbial breakdown of organic material 

and are commonly detected in anaerobic ecosystems such 

as the rumen (7), sewage digesters (8) and aquatic 

sediments (9). In aquatic sediments, the final 

mineralization of these acids has been directly tied to 

sulfate reduction and methanogenesis (10). However, the 

existence and function of these metabolic groups in 

subsurface anaerobic soils has not been determined. 
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The lack of data on the role of short-chain fatty 

acids in subsurface metabolism led to the present study. 

The purpose was to investigate the anaerobic degradation 

of valerate, butyrate, propionate and acetate in two 

soil environments . This study focused on the following 

points: the relationships between substrate degradation 

and intermediate formation, the differences in the 

degradation rates of each acid, the role of intermediate 

compounds formed from the degradation, and the effect of 

sulfate on the rate of degradation. It was thought that 

these objectives would provide insight into the t ypes of 

microbiota responsible for degradation and better define 

the role of any intermediates which form. In view of 

the importance of terminal processes (i.e. 

methanogenesis and sulfate reduction) in controlling 

carbon flow in other anaerobic ecosystems, this type of 

investigation is the first logical step to a better 
understanding of the processes controlling carbon f l ow 

in contaminated aquifers. 



CHAPTER II 

LITERATURE REVIEW 

Many contaminants in solution in groundwater as well 

as vapors in the unsaturated zone can be completely 

degraded or transformed to new compounds by naturally 

occurring indigenous microbial populations (11). 

Attempting to predict the likelihood of biodegradation 

of a particular compound in a specific environment 

requires the study of the controlling physical, chemical 

and environmental factors. Although the literature does 

not contain enormous information on fatty acid 

degradation in terrestrial subsurface soil environments, 

a wide variety of research can be used to better 

evaluate the processes responsible for the results 

obtained in this study. 

The Subsurface Soil Environment 

Subsurface soil environments can be defined as those 

which occur below the zone of root activity. They 

include unsaturated zones above the water table and 

saturated zones below the water table. Shallow water 
table aquifers are the most susceptible to contamination 

from the surface and yet they may have the best abilit y 

to degrade incoming xenobiotic compounds. 

An abundance of physical and chemical factors affect 

the capacity of an indigenous microbial population to 



5 

degrade contaminants. These factors include: dissolved 

oxygen concentration, pH, temperature, redox potential, 

availability of mineral nutrients, salinity, soil 

moisture, the contaminant concentration and the 

nutritional quality of dissolved organic carbon in the 

ground water ( 11). It should be noted, however, that 

all these factors interact in such a manner that it is 

impossible to define completely their total effect on 

subsurface microbial activity. 

The dissolved oxygen concentration in soil water can 

vary dramically. At any site in a soil, the balance 

between aerobic and anerobic conditions will be 

determined by oxygen supply and demand. The supply of 

oxygen from the surface is determined primarily by the 

soil moisture content. The diffusion coefficient of 

oxygen through air-filled pores is approximately 10,000 

times greater than through water filled pores (12). As 

a result, the major source of dissolved oxygen to the 

saturated zone is from water perculating down from the 

surface. This limited supply of oxygen is often 

insufficient to accommodate the demand from respir i ng 

organisms. Therefore, any soil region approximating a 

saturated condition can easily become anaerobic. 

There is considerable evidence that in well-drained 

aggregate soils there is always likely to be some 

anaerobic metabolism in progress. Even non-sporeforming 



6 

strict anaerobes such as sulfate reducing and methane 

producing species are regularly encountered in aerobic 

soils (13). To date, the only viable explanation for 

this phenomena is the existence of anaerobic 

micro-environments persisting in an apparently hostile 

aerobic environment. The resulting soil behavior is 

that a flooded aerobic soil may easily contain the 

microorganisms capable of quickly adapting to anaerobic 

conditions (12). 

The redox potential and the pH also play a 

significant role in determining the dominant microbial 

flora in an aquifer. The major reduction systems and 

their corresponding redox potentials in anaerobic soil 

are shown in Table 1 (12). 

As the redox potential falls, it remains poised at 

each reaction until the reaction has gone to completion. 

The theory that the succession of different microbial 

species follows this same reduction order has been 

documented. The addition of nitrate is known to inhibit 

sulfide production (14) and ferric iron has been shown 

to inhibit sulfide and methane production (15). The 

redox potential at which these reactions will procede is 

dependent on the solution pH and the concentrations of 

each chemical species. The Nernst equation describes 

this relationship (12). In addition, in some of these 

reactions, protons and electrons are not used in equal 
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Table 1. The Principal Electron Acceptors in Soils 
and the Equilibrium Potentials of these 
Half Reactions at pH 7. 

Reaction Redox Potential at 
pH 7 ( V) 

0.814 

0.741 

0.401 

CH3COCOOH + 2H+ + 2e- = CH3CHOHCOOH -0. 158 

Fe(OH)3 + 3H+ + e- = Fe++ + 3H20 -0. 185 

-0.214 

-0.244 
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numbers. This has the effect of changing the pH. For 

example, the manganese dioxide and sulfate couples use 

an excess of protons and thus would raise the pH. 

However, during organic respiration the production of 

carbon dioxide raises it's partial pressure and reduces 

the pH via the carbonate system. As a result, 

most flooded soils come to have a pH between 6.7 and 7.2 

( 1 6 ) . 

Temperature is one of the most important factors 

controlling the metabolic activity of microorganisms in 

any habitat. Fortunately, shallow groundwater 

temperatures are thought to vary only slightly with the 

seasons, and at depths of 30-60 feet they roughly 

correspond to the mean annual air temperature of the 

given region (17). 

Attempts to characterize the diversity of 

microorganisms that exist in aquifer systems has been 

extremely difficult and costly. Early investigations by 

microbiologists indicated the presence of large 

microbial populations near the surface, with numbers 

decreasing with depth, and attaining extremely low 

levels at the lower soil boundaries (18). Today , 

researchers have shown that a diverse variety of 

microorganisms does exist in the subsurface, however , 

the number, type and activity of the indigenous 

population is still extremely difficult to determine. 
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Microbial ecologists concede that it is very difficult 

to accurately enumerate the microbial population of any 

ecosystem and measure the extent of it's activity in the 

in-situ environment (18,19). 

In general, denitrifiers, methane formers and 

sulfate reducers have all been isolated from subsurface 

environments (4). In addition, many species such as 

Pseudomonas, Mycobacterium and Actinomyces which are 

common in surface soil samples, have also been found 

deep in the subsurface (4). This was best dramatized by 

a study done in the USSR in which the distribution of 

hydrocarbon-oxidizing and gas-producing microflora 

within Pliocene and Paleocene deposits was investigated 

(20). Hydrocarbon-oxidizing, sulfate reducing and 

methane-producing bacteria were found in cores of soil 

and rock to a depth of 504 meters. In addition, no 

apparent relationship between bacterial distribution and 

depth was observed. 

Basically, the subsurface environment is extremely 

stable. The absence of predation from eucaryotic 

organisms may allow subsurface bacteria to select much 

lower growth rates and much slower metabolic rates. The 

food supply is primarily dissolved organic matter in the 

soil water perculating down from the surface and 

therefore is relatively constant in supply and 

composition. It is thought that specialization exists to 
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facilitate the capture of metabolizable organic 

compounds from very dilute solutions (3). It is also 

possible that these organisms may be active against a 

more limited range of substrates. However, it is 

important to note, microbial populations will likely be 

profoundly affected by the introduction of a pollutant. 

For example, indigenous species which may be of minor 

importance to the native ecological community may become 

dominant in the environment created by the entry of a 
pollutant (4). 

Volatile Fatty Acid Degradation 

The relationships between fermentative organisms are 

such that their catabolic activities are organized to 

form an anaerobic food chain. The flow of organic 

matter dur i ng mineralization in anaerobic systems can be 

described by three major processes: hydrolysis ( the 

breakdown of polymers to monomers), fermentation ( the 

fermentation of oxidized monomers to more reduced 

products such as short chained fatty acids, alcohols, 

hydrogen and carbon dioxide), and respiration (the 

mineralization of organic material to inorganic end 

products) (21). Fairly recently, a specialized 

fermentative metabolic group has been shown to e x ist 

( 22). These are the proton-r~ducing acetogenic bacteria 

which are involved in: the beta-oxidation of fatty acids 
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with even numbered carbons to acetate and hydrogen, the 

beta-oxidation of fatty acids with odd-numbered carbons 

to acetate, propionate and hydrogen, and the 

decarboxylation of propionate to acetate, carbon dioxide 

and hydrogen (23). The idea that longer-chained fatty 

acids were catabolized through a symbiotic association 

between a proton-reducing acetogenic bacteria and a 

acetate-hydrogen utilizer was first postulated by M.P. 

Bryant in 1967 (24). This idea is now supported by a 

considerable body of evidence (22,23,25-28). Based 

on this evidence, the most common mineralization route 

for short-chained fatty acids in an environment 

containing sulfate and carbon dioxide is one in which 

acetogenic bacteria, sulfate reducers and methanogens 

are present. In this case, the acetogenic organisms 

will transfer all of the electrons liberated by 

beta-oxidation to protons, with the subsequent formation 

of hydrogen. This hydrogen is immediately used by a 

respiring organism; a methanogen or a sulfate reducer. 

The process of coupling an organism in which cofactors 

are regenerated by reducing protons with a respiring 

organism which scavenges the hydrogen produced is called 

interspecies hydrogen transfer (29). The products of 

such symbiotic associations are acetate, carbon diox ide 

and a reduced electron acceptor, usually hydrogen 

sulfide or methane. The acetate can subsequently be 
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either oxidized by sulfate reducers or decarboxylated by 

methanogens. 

The equations and free energy changes of several 

acetate producing reactions are given in Table 2. When 

the standard free energy changes are positive, the 

reactions will not proceed from left to right except 

under conditions in which a product is kept at an 

extremely low concentration. Due to the high affinity of 

methanogenic and sulfate reducing bacteria towards 

hydrogen, the partial pressure of hydrogen is kept as 

low as 0.0001 atm (30). This is low enough to make the 

formation of hydrogen from NADH and the equations listed 

in Table 2, thermodynamically feasible. Thus, the 

relationship between these two metabolic groups is 

symbiotic. 

Competition between Sulfate Reducers and Methanogens 

By 1974, researchers had shown that carbon and 

electron flow are altered when sulfate is added to 

freshwater sediments (31 ,32). Attempts to better 

e xplain the phenomena led researchers to i"nvestigate the 

relationship between methanogenic and sulfate reducing 

bacteria. The presence of sulfate was shown to 

consisently reduce the production of methane in marine 

sediments (33), estuarine sediments (34,35) and 

freshwater sediments (36,37). In addition, sulfate 
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Table 2. Degradation Reactions with their Standard 
Free Energy Changes. 

Acetate + 2 HzO -- > 2 COz + 4 Hz 
( ~G = + 106.7 kJ/reaction) 

Propionate + 3 HzO -- > Acetate + Bicarbonate + H+ + 3Hz 
(~G = + 76.1 kJ/reaction) 

Butyrate + 2 HzO -- > 2 Acetate + H+ + 2 Hz 
(~G = + 48.1 kJ / reaction) 

Valerate + 2 HzO -- > Propionate + Acetate + H+ 
(~G = + 48.1 kJ/reaction) 

COz + 4Hz - -> CH4 + 2 HzO 
(~G = - 136 kJ/reaction) 

Acetate --> CH4 + C02 
( ~G = - 37 kJ/reaction) 

4Hz + H+ + SQ4= -- > HS- + 4 HzO 
(~G = - 152 kJ/reaction) 

NADH + H+ -- > NAO+ + Hz 
(~G = 18.0 kJ / reaction) 
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reducing bacteria and methanogenic bacteria were shown 

to utilize both acetate and hydrogen as substrates (37). 

This led many researchers to conclude that sulfate 

reducing bacteria are able to outcompete methanogens for 

acetate and hydrogen and thereby limit methanogenic 

activity. 

Several explanations have been given for this 

apparent dominance of the sulfidogenic bacteria over the 

methanogens. Sulfide inhibition was first postulated by 

Cappenberg (31), however hydrogen sulfide concentrations 

were shown not to significantly affect methanogenic 

bacteria (26,38). On theoretical grounds, the higher 

free energy change associated with sulfate reduction to 

hydrogen sulfide, as compared to carbon dioxide 

reduction to methane, cannot, in principle, explain the 

inhibition (39). It is invalid to argue that a reaction 

that is more thermodynamically favorable will exclude 

another reaction that is also thermodynamically 

favorable (40). However, this does suggest that 

sulfidogens may be able to have higher cell yields and 

hence have a higher level of activity (41). It has been 

demonstrated (42) that methanogenic and sulfidogenic 

bacteria can coexist in coculture in the presence of 

excess hydrogen. This led to the prevalent conclusion 

that methanogenic bacteria are not inhibited , per se, by 

the activity of the sulfate reducing bacteria, but have 
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a lower affinity for a common substrate, hydrogen, and 

this results in their suppression. The apparent 

half-saturation constant (Ks) values for hydrogen were 

determined and found to be approximately 1 uM for the 

sulfate-reducing bacteria and 6uM for the methanogens 

(42). This enables the sulfate-reducing bacteria to 

maintain the pool of acetate and hydrogen at 

concentrations too low for methanogens to utilize 

effectively when sulfate is not limiting to the sulfate 

reducers (40). However, in the presence of excess 

hydrogen and limiting sulfate, the amount of hydrogen 

consumed by a methanogen was shown to be directly 

related to the sulfate concentration (40). 

Half-saturation constant (Ks) values of 50 to 100 uM 

sulfate for sulfate-reducing bacteria in freshwater 

sediments have been reported (43). Therefore, it is 

possible that methanogenic and sulfidogenic bacteria can 

coexist in an anaerobic sulfate containing environment 

in which the rate of sulfate supply supports a potential 

for hydrogen and acetate uptake by sufate reducers that 

is lower than the rate of hydrogen and acetate 

production. 

Microcosm Studies 

The word microcosm comes from the Greek for ''little 

world" and the word is used to denote an e x perimental 
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system which attempts to model characteristics of a 

natural system. Ideally, a natural system should be 

studied without disturbing it's ecological niche, so 

that the components, processes and interactions that 

comprise it's structure and function can be described in 

a holistic and integrated manner. Unfortunately, 

physical and human resources make this type of approach 

infeasible. Therefore, microcosm design involves a 

number of tradeoffs between the convenience and cost of 

operation and the faithful simulation of the 

environmental conditions. 

Less than one percent of the indigenious microflora 

which occur in soil environments are known to exist in a 

free floating state (44). In addition, soil environments 

contain many micro-environments which may vary in size, 

structure, and microbial diversity (13). Therefore, a 

study of this type may use the original aquifer material 

in the microcosms and attempt to preserve the integrity 

of the soil structure as much as possible (45). 

Sampling size and procedures also dictate the 

microcosm design. Due to the spatial variation of soil 

microflora, the use of large amounts of soil and the 

ability of the microcosm to be continually monitored 

will provide results more representative of the natural 

environment. Sacrificial microcosms have been used in 

past studies (46), however, the individual variation in 
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the operation of each microcosm may cause excessive 

variation in the results. Soil slurries have also been 

utilized in past studies (33,10) to attain more 

homogeneous microbial populations. However, it has been 

suggested that the syntrophic associations that exist 

between microbial species may be directly related to the 

juxtoposition of the flora (47). In addition, obligate 

anaerobes may be lost if their microsite is destroyed 

and/or exposed to oxygen. 

Maintaining an oxygen free environment can be the 

most difficult task. Microbial respiration, resulting 

in the rapid depletion of oxygen has been used in 

several past studies (46,48). In a sealed environment, 

this is a valid arrangement. However, the need for 

continuous sampling complicates this arrangement and 

therefore, the use of an inert gas, which can flush any 

headspace free of oxygen has been favored in many 

continuous sampling systems (49). 



CHAPTER III 

METHODS AND MATERIALS 

In this research project, microcosms were used to 

predict the in situ relationship between the substrates 

and the microorganisms. Every effort was made to 

prevent the introduction of bacteria other than those 

present in the specific soil ecosystem chosen for study. 

Most of the microcosms were monitored for a change in 

substrate concentrations until the biodegradation of the 

acids and intermediates was complete. 

Soil Collection 

The experiments described herein used two distinct 

soil types collected in an identical manner from 

Blacksburg and Newport News, Virginia (Fig. 1 ). The 

samples were collected by digging from the soil surface 

to a depth of approximately three feet. A sterile knife 

was then used to expose undisturbed soil. The 

undisturbed soil was then put into sterile Mason jars 

and sealed with either sterile Teflon caps or sterile 

aluminum foil. The Mason jars were then stored at 10° C 

until the soil was placed into the microcosms. 

The Blacksburg soil was collected on a small wooded 

hill surrounded by farmland. The soil horizon consisted 

18 
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Blacksburq \ 

Figure l. Sampling site locations. 
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of orange-red, silty-clay loam in a homogeneous 

consistency. The soil was moist, but it likely lay far 

above the water table. 

The Newport News soil was collected from a grassy 

field lying below a drinking-water reservoir. The soil 

horizon consisted of a yellow-orange, sandy loam in a 

heterogenous mix of texture and color. It was moist, 

and it is likely that the area was often flooded or lay 

very near the water table. 

Microcosms 

The two microcosm designs used in this study were 

primarily adaptations of 10 - 35 ml test tube microcosms 

used in past studies (49). These test tube microcosms 

were shown to be well-suited for determining the rate of 

degradation of compounds in the subsurface and 

simulating the subsurface environment with the exception 

of the flow of water. The test tube microcosms used in 

the control experiments are described in the section on 

control experiments. The microcosms used in all other 

experiments, described below, utilized larger flasks to 

accommodate the larger sample size required by the 

analytical method used to measure certain dissolved 

ions. 

The microcosms consisted of glass flasks (0.5 L or 

1 L volume) capped with a rubber stopper apparatus. The 
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apparatus consisted of a large rubber stopper with two 

glass tubes (0.5 cm and 2.0 cm diameters) extending 

through it. Each glass tube-opening was sealed with a 

rubber septum. 

The flask and stopper apparatus (Fig. 2) was acid 

washed overnight, rinsed with distilled water and 

autoclaved at 121° C and 15 pounds per square inch (psi) 

pressure for 20 minutes. The microcosms were then 

filled with soil and sterile distilled water. 

The microcosm studies were initiated by adding 

sterilized distilled water and the appropriate volume of 

a sterile substrate to the flask. The solution was then 

mixed to create a uniform concentration. Using 

sterilized instruments, a recorded weight of the 

subsurface soil was theR transfered into each microcosm. 

Care was taken not to stir the water-soil mixture in an 

effort to retain the integrity of the soil 

micro-environments. 

The microcosm was then capped with a rubber stopper 

apparatus and the headspace air was then purged with 

helium by connecting the small-diameter glass tube to a 

pressurized helium tank with a rubber hose. The helium 

was filtered through a 0.45 micron filter to remove any 

potential contaminating microorganisms in the helium. 

The headspace was purged for 30 minutes at a flow rate 

of 10 L/min to remove the oxygen. In addition, the 
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headspace was purged on the two following days for 5 

minutes to remove any additional oxygen which may have 

diffused from the water. After being purged, the glass 

tubes were capped with rubber septa to seal the 

headspace. The microcosms were then stored in the dark 

at approximately 20° C. The volumes and concentrations 

used in each microcosm are given in Table 3. 

Control Experiments 

To insure that the destruction of these organic 

acids was biologically mediated and not the result of a 

physical or chemical phenomena, several sterile 

microcosms were used as controls. These microcosms were 

contained in 10 ml test tubes with screw-on caps. The 

test tubes, caps and distilled water containing a mM 

solution of each acid were autoclaved at 121° C and 15 

psi of pressure for 20 minutes. The soil was sterilized 

by autoclave at 121° C at 15 psi for one hour per day 

for five consecutive days. After each autoclave run, 

the soil was mixed and pounded to ensure the destruction 

of all potential micro-environments. The sterile soil 

was then put into several sterile test tubes, filled to 

the top with the sterile standard and then sealed with a 

cap. Care was taken to ensure that 5 ml of free water 

stood above the soil so that the liquid could easily be 

decanted for analysis. These tubes were then 
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Table 3: Microcosm Descriptions 

Soil Substrate* Sulfate Soil Water 
Type Concentation Mass Volume 

(mM) ( g ) (ml) 

Newport News Acetate 0 337 500 
Newport News Acetate 4 337 500 
Newport News Propionate 0 337 500 
Newport News Propionate 4 337 500 
Newport News Butyrate 0 337 5.00 
Newport News Butyrate 4 337 500 
Newport News Vale rate 0 337 500 
Newport News Valerate 4 337 500 
Blacksburg Acetate 0 195 300 
Blacksburg Acetate 2 195 300 
Blacksburg Propionate 0 195 300 
Blacksburg Propionate 2 195 300 
Blacksburg Butyrate 0 195 300 
Blacksburg Butyrate 2 195 300 
Blacksburg Vale rate 0 195 300 
Blacksburg Vale rate 2 195 300 

--------------
* Each substrate concentration equal to 1 mM 
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individually decanted and analyzed over a period of 5 

months. 

Analytical Procedures 

At regular time-intervals, normally from 10 to 14 

days, each microcosm was sampled, and the acid and 

sulfate concentrations were determined. Samples were 

collected by withdrawing 15-20 ml of soil water from the 

free water layer with a sterile 5 ml pipet. Prior to the 

withdraw of the sample, a tube was attached from the 

helium gas tank to the smaller diameter glass tube. 

This ensured a continuous outward flow of he l ium through 

the larger-diameter glass sampling tube. After the 

withdraw of the sample, the helium flow was maintained 

for one to two minutes to ensure the removal of oxygen 

from the headspace gas. 

Acids were analyzed by mixing 5 ml of microcosm 

sample with 0.25 ml of isopropyl alcohol, mixing 

thoroughly with a votex mixer, and filtering it th r ough 

a 0.2 um filter upon injecting 3 ml of sample into a 

Dionex Ion Chromatograph, model 2010i. The 

chromatography column was a sulfonated cation exchange 

column (HPICE-AS1) and the detector was a conductivity 

detector. The eluant was pumped at a flow rate of 0.9 

ml/min and consisted of 1 mM tridecafluoroheptanoic acid 

with 5% 2-propanol. The suppressant was pumped a at 
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flow rate of 3 ml/min and consisted of 10 mM tetrabutyl 

ammonium hydroxide. 

The analysis procedure described above was recently 

developed by the Dionex Corporation (50). Verification 

of the reproducibility of this methodology was 

accomplished by analysis of standard samples ten times. 

The standard deviations of the ten replicate analyses 

are shown in Table 4. In general, the longer the 

retention time, the wider the peak width and as a 

result, the analysis is less accurate. However, for the 

purposes of these experiments, the analytical method was 

sufficiently accurate. 

Sulfate was analyzed by injecting a 3 ml filtered 

sample into a Dionex Ion Chromatograph, Model 2010i. 

The chromatographic method involved an ion exchange 

column (HPIC-AS3). The ions were detected with a 

conductivity detector. The eluant was pumped through 

the column at a flow rate of 2.0 ml/min and consisted 

of 2.8 mM NaHC03 and 2.2 mM Na2C03. The suppressant was 

pumped at a flow rate of 3 ml/min and consisted of 

0.025 N H2S04. 

Before each analytical session, standard solutions 

were analyzed by ion chromatography. Sterile standards 

were stored in amber glass jars sealed with Teflon caps 

and refrigerated at 10° C. The concentrations of the 

acids and the sulfate in the microcosms were determined 
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Table 4. The Variability of the Carboxylic Acid 
Analysis Procedure 

Carboxylic Acid 

Acetate 
Propionate 
Butyrate 
Vale rate 

Mean 
Concentation 

(mM) 

0.48 
0.57 
0.50 
0.50 

Standard Deviation 
(mM) 

0.01 
0.02 
0.01 
0.05 
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by comparing the sample peak areas with the standard 

peak area. 



CHAPTER IV 

RESULTS AND DISCUSSION 

SOIL CHARACTERISTICS 

The major ions present in both of these soils, as 

determined by Morris (48), are summarized in Table 5. 

The two soils were relatively similar in ionic 

composition yet they differed widely in pH and physical 

structure. The Blacksburg soil consisted of a dense 

silty-clay with a pH of 4.2 while the Newport News soil 

consisted of a sandy loam with a pH of 7.2. Both soils 

were moist but· not saturated upon collection. 

Large numbers of microorganisms, as determined by 

Morris (48) with plate counts, developed in both soils. 

The Blacksburg soil numbered 3.4 ± 0.2 x 10s colony 

forming units (cfu)/g soil using yeast extract and 3.8 + 

2.0 x 105 cfu/g soil with soil extract as the growth 

media. The Newport News soil compared similarly with 

results of 5.2 ± 0.2 x 10s cfu/g soil and 3.8 + 2.0 x 

10s cfu/g soil, respectively. 

NEWPORT NEWS SOIL 

The utilization of acetate by microorganisms in the 

microcosms dosed either with acetate alone or with 

acetate and sulfate is shown in Figures 3 and 4. The 

data in the figures show the change in organic acid, 

29 
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Table 5: Blacksburg and Newport News 
Soil Constituents (48) 

Soil Location 

Constituent Blacksburg Newport News 

ca+ 2 15 . 70 30.00 
Mg+2 1 . 02 1. 52 
Na+ 0.33 4 . 04 
K+ 2.22 2.68 
Fe <0 . 03 8. 16 
Al < 0. 10 0.20 
S04 - 2 6.70 11 . 1 0 
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sulfate and carbonate concentrations with time. 

Initially, acetate was rapidly degraded in both 

microcosms with little or no apparent utilization of 

sulfate. 

In order to gain further insight into the 

degradation process, a follow up experiment was 

conducted in the same microcosms. The two microcosms 

were dosed again to attain concentrations of 2 mM 

acetate and 2 mM 2-bromoethanesulfonic acid (BESA), an 

inhibitor to methanogenesis; sulfate was subsequently 

consumed in both microcosms. In the microcosm 

containing a low sulfate concentration (initial 

concentration of 0.3 mM), the depletion of sulfate 

resulted in a significant slowing of acetate 

utilization. Where sulfate was plentiful, sulfate 

reduction occurred and was nearly equal in moles to the 

amount of acetate used. It is also apparent that the 

production of bicarbonate was directly tied to the 

destruction of acetate. 

The data in Figures 3 and 4 suggest that 

competition exists between methanogens and sulfate-

reducing bacteria for acetate. However, these data also 

suggest that methanogens were dominant because little or 

no sulfate was utilized. Several studies dealing wi th 

sediments have shown that the addition of sulfate 

frequently results in decreased methane production 
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(34-37). As a result, it is generally thought that 

sulfate-reducing bacteria will outcompete methanogens 

for common substrates such as acetate. 

Where sulfate was in limited supply (Fig. 3), it 

appears that sulfate reduction was limited and other 

degradation mechanisms, probably methanogenesis, are 

responsible for most of the acetate degradation. When 

sulfate was present, a variety of degradation responses 

occured. As is indicated in Figure 4, about 0.6 mM of 

sulfate was consumed in the first phase degradation of 

1 .6 mM of acetate. The addition of BESA resulted in a 

slowing of the degradation of acetate (Figure 3). In 

this case, the sulfate-reducing bacteria were inhibited 

by the absence of sulfate and methanogenisis was 

inhibited by BESA. Where sulfate was plentiful (Fig. 

4), the degradation rate was similar to the first-phase 

degradation rate and the utilization of sulfate was 

nearly equal to the acetate utilization. This suggests 

that a mixed population of sulfate-reducing and 

methanogenic organisms were present and each metabolic 

group was capable of rapid acetate utilization. 

Figures 5 and 6 present the results of the 

propionate degradation experiments. Comparing the two 

sets of data reveals that sulfate addition appears to 

have enhanced the rate of degradation and limited the 

buildup of intermediate acetate. The data in F i gure 6 
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demonstrates active sulfate reduction with the 

concomitant production of bicarbonate. Whether the 

sulfate reduction was strictly tied to the propionate 

reaction or the conversion of intermediate acetate 

cannot be determined. However, the data in Figure 5 show 

that the depletion of sulfate did result in some 

additional acetate accumulation over the sulfate amended 

system. Therefore, sulfate may speed the consumption of 

intermediate acetate resulting in an increased 

degradation rate of propionate. 

Figures 7 and 8 present the results of the butyrate 

experiments. The data from the two experiments display 

similar patterns. Sulfate addition appears to have 

increased the degradation rates and increased the amount 

of bicarbonate which accumulated in the system. A large 

amount of sulfate was utilized but sulfate reduction 

alone would not account for all the degradation of 

butyrate. This result and the observation that when 

sulfate was completely depleted in the microcosm in 

which sulfate wasn't added (Fig. 7), only -a minor 

slowdown in the degradation rate occurred suggests that 

sulfate may play an important but not indispensible role 

in these conversions. Therefore, it appears that sulfate 

increases the degradation rate of butyrate and sulfate-

reducing bacteria compete for common substrates. 

The results of the valerate experiments are 
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presented in Figures 9 and 10. The addition of sulfate, 

as in previous experiments, influenced the rate of 

degradation, the accumulation of intermediates and the 

production of bicarbonate. As expected, propionate and 

acetate were the major intermediates in this 

mineralization reaction. Again, sulfate reducing 

bacteria were not the sole utilizers of all the organic 

substrates as evidenced by only a 3.5 mM drop in sulfate 

(Fig 10) and the continued reduction of valerate and 

it's intermediates, acetate and propionate, despite 

sulfate depletion (Fig 9). Also, these results further 

substantiate the link between sulfate reduction and the 

accumulation of bicarbonate. The microcosm in which 

sulfate ·was added accumulated 4 mM of bicarbonate (Fig. 

10) while the microcosm lacking sulfate accumulated only 

2 mM of bicarbonate (Fig. 9). The absence of 

intermediates in the microcosm with added sulfate (Fig. 

10) may be primarily due to an increase in the 

consumption rate of acetate and propionate because of 

the increased sulfate reduction activity. Therefore, 

the production of acetate and propionate from the 

degradation of valerate may occur whether or not sulfate 

is present. Figure 9 is particularly interesting 

because the accumulation of intermed.iate acetate and 

propionate occurred simultaneously with the leveling off 

of bicarbonate production at about 50 days. The 
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bicarbonate concentration began to rise again as the 

acetate and propionate concentrations began to fall at 

about 80 days. This relationship between the 

intermediates and bicarbonate is unique to this 

microcosm therefore a statement as to it's significance 

cannot be given. 

In general, all the data from the microcosms showed 

the same relative degradative relationships. Sulfate 

was utilized in the reactions if it was present but it 

was not indispensible. Sulfate reduction did not result 

in the complete inhibition of other fatty acid degrading 

reactions. Bicarbonate accumulations were much greater 

when sulfate was being utilized. The reaction rates 

slowed when sulfate was depleted and these slower rates 

led to the accumulation of expected intermediates. All 

the microcosms which showed sulfate utilization also 

simultaneously showed an accumulation of a black 

precipitate, assumed to be iron sulfide. And lastly, 

the pH of each microcosm generally increased as a result 

of acid mineralization. 

BLACKSBURG SOIL 

Figures 11 and 12, the data from the Blacksburg 

experiments using acetate, displays a pattern similar to 

that observed in the Newport News soil. Sulfate had no 

effect on the rate of acetate degradation and sulfate 
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was not utilized during the degradation. The major 

difference between this degradation and those of the 

Newport News soil is the lack of measurable bicarbonate 

production. However, this is because the pH of the soil 

solution is approximately 4.2 which would cause any 

bicarbonate to be converted to carbon dioxide and 

released as a gas when the microcosms were purged. 

Figures 13 and 14 present the results of the 

propionate degradation experiments in the Blacksburg 

soi 1. The data shown in these two figures illustrates 

the same characteristic pattern of propionate 

degradation; the accumulation of acetate as an 

intermediate. However, several features of this 

microbial ecosystem are of interest. First, sulfate 

appears to have stimulated the degradation of propionate 

yet sulfate utilization did not occur. Further, Figure 

13 shows that without sulfate present, propionate 

degradation was essentially nonexistant after 4 months. 

In an attempt to stimulate degradation, a sterile 

bicarbonate buffer consisting of a 20 molar solution of 

bicarbonate was added to the microcosm whose results are 

presented in Figure 13. After two successive additions 

of 7 ml and 20 ml, the pH was raised to 5.2 and the 

sulfate concentration increased to 0.5 mM, probably due 

to ion exchange of the soil surface. Following the 

bicarbonate additions, propionate was rapidly degraded. 
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Whether this effect was due to the increase in pH or 

sulfate, cannot be determined. However, the response of 

the sulfate amended soil suggests that the presence of 

sulfate may have triggered the degradation. 

The results of the Blacksburg butyrate experiments 

are presented in Figures 15 and 16. These two figures 

appear to substantiate the results from the Blacksburg 

acetate experiments. Although butyrate degraded slightly 

faster with sulfate present, resulting in a larger 

acetate buildup, acetate disappeared from both 

microcosms at the same time and at the same rate. This 

seems to indicate that the butyrate reaction is 

influenced by sulfate while sulfate has no effect on 

acetate degradation. Only a slight drop in the sulfate 

concentration was recorded during the butyrate 

degradation shown in Figure 16. 

The results of the Blacksburg valerate experiments 

are presented in Figures 17 and 18. They both seem to 

confirm the results found with the Blacksburg propionate 

degradations. Valerate only degraded in the microcosm 

with added sulfate. The degradation resulted in the 

accumulation of propionate and acetate as intermediates. 

However, much more propionate accumulated than acetate 

suggesting that the acids with even numbered carbons are 

more readily degraded than the odd numbered acids. 

Again, as in the Blacksburg propionate microcosms, 
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sulfate appeared to influence the rate of degradation 

yet it was not utilized for respiration. The addition 

of bicarbonate again stimulated degradation in the 

microcosm without sulfate (Fig. 17), possibly by adding 

sulfate to the solution through ion exchange. 

The results from the Blacksburg microcosms appear 

to describe a microbial ecological system much different 

than that of the Newport News soil. All the degradation 

rates were slower than in the Newport News soil. There 

also appeared to be little sulfate reduction occurring. 

The most intriguing result was the behavior of the odd-

numbered carbon acids. In the presence of sulfate, 

degradation rates increased but sulfate was never 

utilized for respiration. In addition, propionate and 

valerate degraded much slower than butyrate and acetate. 

The number of carbons in the organic chain effects the 

degradation rate in the Blacksburg soil. The major 

similarity between the two soils was the degradative 

patterns; the degradations of propionate and butyrate 

yeilded accumulations of acetate and the degradation of 

valerate generally yeilded accumulations of acetate and 

propionate. The intermediates generally appeared 

simultaneously with the initial destruction of the 

substrate and the maximum concentration of the 

intermediate was generally reached with the 

di s appearence of the init i al substrate. 
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CONTROL EXPERIMENTS 

The results of the control experiments are 

presented in Figures 19 and 20. Both autoclaved soils 

showed little change in any organic acid during 4 months 

of incubation. These data confirm that the degradation 

seen in all the microcosms is biologically mediated. The 

results also show that the Blacksburg soil has a 

slightly greater capacity to adsorb organic molecules. 

Both soils started with the same standard solution yet 

lower acid concentrations were seen in the Blacksburg 

soi 1. 

COMPARISON OF RESULTS 

The results of these microcosm studies revealed 

that the degradative intermediates expected from the 

literature do appear to adhere to these subsurface 

ecosystems. As expected, the degradation of valerate 

yielded propionate and acetate as intermediates while 

the degradations of butyrate and propionate yielded 

acetate as an intermediate. Clearly, acetate appears to 

be the major channel through which final mineralization 

took place. This lends strong evidence to the theory 

that syntrophic associations are responsible for the 

mineralization of these acids and that the relationships 

found in aquatic sediments can be extrapolated to 
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shallow aquifer systems. 

By using the model of carbon flow put forth by 

Lovley and Klug (51 ), the biological response observed 

in the Newport News soil can be explained. Their model 

describes a dynamic system in which a continuous flux of 

more reduced short chained fatty acids moves through the 

acetate pool. The acetogenic hydrogen-producing bacteria 

are able to beta-oxidize the longer chained acids 

because of the maintenence of dissolved hydrogen 

concentrations less than 30 nM by the hydrogen utilizing 

bacteria. They also state that acetate and hydrogen are · 

the central intermediates in the carbon and electron 

flow and that an accumulation of hydrogen and possibly 

acetate may feedback inhibit the utilization of 

propionate, butyrate and valerate. 

Several features of the Newport News results follow 

this model. First, the repeated occurrence of acetate 

as an intermediate of these degradations seems to 

substantiate that these acids are degraded in a series 

of steps leading through acetate. Second, the 

fragmentation of the larger acids also suggests that 

these reactions are being carried out by hydrogen-

producing acetogenic bacteria. This pattern of 

intermediates is exactly identical to the patterns 

described by investigators who have isolated acetogenic 

organisms. 
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S. wolfei is chemoorganotrophic. It 
anaerobically beta-oxidizes fatty acids with 
protons serving as the electron acceptor. 
Butyrate, caproate and caprylate are degraded 
to acetate and hydrogen; valerate and hept-
anoate are degraded to acetate, propionate, 
and hydrogen. Growth and degradation of fatty 
acids occur only in syntrophic association 
with hydrogen-utilizing bacteria. (28) 

Third, the increase in degradation rates due to 

sulfate addit i on may be a secondary effect of the lower 

hydrogen partial pressure accomplished by the sulfate-

reducing bacteria. By maintaining a lower partial 

pressure of hydrogen, the sulfate-reducing bacteria may 

enhance the capabilities of the acetogenic bacteria to 

make the conversions of the longer chained acids. Oddly, 

the methanogens appeared to initially dominate the 

sulfate-reducing bacteria for the utilization of acetate 

(Figs. 1 and 2). However, when the methanogens were 

inhibited with BESA, sulfate reduction quickly dominated 

the system. This may indicate that due to a low influx 

of sulfate in the in situ environment, the methanogens 

may have been the dominate species at the time of 

sampling and therefore able to dominate the environment 

initially. However, with an influx of sulfate the 

sulfate reducers may have eventually dominated the 

methanogens. Interestingly, some of the . larger buildups 

of acetate seem to have had no effect on the rates of 

valerate and butyrate degradation. This may indicate 
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that hydrogen plays a more important role in feedback 

inhibition than acetate. In systems where hydrogen has 

been added, the acid degradations have stopped (51). It 

may be possible that much larger concentrations of 

acetate are necessary to inhibit product formation. 

It is difficult to use the above model to explain 

the Blacksburg results. In the Blacksburg soil, sulfate 

increased the degradation rates of propionate and 

valerate yet it was not utilized for respiration. The 

model predicts that the increased degradation rates are 

a result of the lower dissolved hydrogen concentration 

created by active sulfate reduction. Clearly, the lack 

of sulfide production demonstrates that this scenario 

does not apply. Whether the increase in the consumption 

rate is a chemical or biological phenomena is difficult 

to determine. Chemically, it is conceivable that anion 

exchange of sulfate for an organic ligand is enhancing 

the amount of substrate available to be metabolized by 

the bacteria. Biologically, the increased ionic strength 

of the pore water may favor one species over another or 

may favor some metabolic functions. It is clear that 

these interrelationships are complex. 

Despite the variation in response between the two 

soil several features of both soils were similar. 

Acetate and propionate accumulated as intermediates much 

like they did in the Newport News soil. This again 
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suggests that hydrogen-producing acetogenic bacteria are 

primarily responsible for the conversions. In addition, 

acetate again seems to be the major intermediate through 

which all these degradations flowed. The 

characteristics of the Blacksburg soil appear to 

describe an ecosystem where the lack of regular sulfate 

infiltration has severely limited the presense or 

activity of sulfate-reducing bacteria. In addition, 

there appears to be a difference in the conditions 

neccessary for degradation of odd numbered and even 

numbered acids. 

The bicarbonate which accumulated in the Newport 

News soil seems to have resulted from the mineralization 

of acetate. The carbon dioxide respiration at a pH of 7 

was rapidly converted to bicarbonate. In addition to 

substantiating that these acids were mineralized, the 

bicarbonate increase affirms the theory that the pathway 

of degradation is not entirely methanogenic. The absense 

of bicarbonate in the Blacksburg soil is easily 

explained by the low pH. At the pH of 4.2, the carbon 

dioxide generated would have stayed in equilibrium with 

carbonic acid. Most likely most of the carbon dioxide 

was lost when the microcosms were purged. Therefore, no 

generalization can be made concerning the role of 

rnethanogens strictly based on bicarbonate accumulations. 

I 
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This study resulted primarily from the questions 

raised in research on alcohol degradation reported by 

Morris (48). Using the same two soils, Morris 

investigated the effect of alternate electron acceptors 

and specific microbial inhibitors on the rate at which 

the indigenious microflora could consume several 

alcohols. He found that these additions generally 

affected the capacity of the microbial population to 

degrade a substrate. One possible mechanism for the 

inhibition of alcohol degradation was the existence of a 

metabolic intermediate which could accumulate and 

feedback inhibit the degradation of the initial 

substrate. Short-chained fatty acids would be 

intermediates in the utilization of some alcohols and 

therefore were likely candidates for further 

investigation. This study was aimed at identifying 

metabolic intermediates and examining whether the 

accumulation of short chained intermediates could impact 

the degradation rate of a longer chained molecule. 

In general, the results of this study showed no 

indication that the accumulation of metabolic 

intermediates had an effect on the degradation rate of 

the initial substrate. Rather, intermediate 

accumulations were greatest when the initial substrate 

was rapidly degraded. 
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The results of Morris's research (48) demonstrated 

that the different microbial ecologies and associated 

environmental factors of the two soils had a greater 

impact on the biodegradation rate than the specific 

organic contaminant. He found the Newport News soil to 

support a diverse microbial population capable of 

degrading all the test compounds. His additions of two 

metabolic inhibitors, BESA, an 1inhibitor of methanogenic 

bacteria, and molybdate, an inhibitor of sulfate 

reducing bacteria, had no measurable effect on the 

microcosms. Further, · the addition of nitrate as an 

alternate electron acceptor stimulated degradation 

rates. 

The initial findings in Morris's study (48) using 

the Blacksburg soil collected from 15 feet deep seemed 

to indicate a competitive relationship existing between 

sulfate-reducing bacteria and methanogens. When 

molybdate was added to each microcosm, the degradation 

of every alcohol was increased while when BESA was 

added, the degradation of every alcohol was slowed. This 

suggested that the rate was slowed by the presence of 

sulfate-reducing bacteria. However, when the same 

e xperiment was conducted using soil collected from a 

three foot depth, no change in rates was observed. An 

e xplanation of this phenomena could not be given, 

however, it did illustrate the microbial variab i 1 ity 
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which can occur in a very localized environment. 

These two studies contain many similarities from 

which conclusions can be drawn. First, the degradation 

rates were dependent on the chain length of the 

molecule. Morris found that each additional carbon on 

the straight chain alcohols he tested slowed the rate of 

degradation. The acids tested in this study also 

exhibited a similar response. Second, the Newport News 

soil was consistently shown to degrade test compounds 

faster than the Blacksburg soil in both studies. Morris 

showed that denitrification increased degradation rates 

in the Newport News soil and that inhibitors did little 

to slow degradation rates. This study consistently 

showed that sulfate reduction was coupled with increased 

degradation rates. All these findings depict the Newport 

News soil as one harboring a diverse microflora in which 

the dominating species is more a result of the available 

electron acceptors and other environmental conditions 

than the organic compound. If the number of metabolic 

pathways in the ecosystem is great, this may lead to the 

most efficient use of a substrate and therefore the 

fastest degradation pathway. The third finding which is 

consistent with Morris' work is that at a shallow depth 

in the Blacksburg soil, there was no indication of 

sulfate reduction. Morris found no effect of molybdate 

on degradation rates and this study showed little 
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sulfate utilization dur i ng degradations. 

The ionic constituents and microbial numbers of 

these two soils were shown to be very similar. In 

addition, the relationships shown in the degradations 

between the acid and their respective intermediates are 

also very similar. It seems plausible therefore that an 

important parameter is the soil medium which may dictate 

the chemical and nutritional environment. In the 

Blacksburg soil, the clay may limit nutrient flow to 

such an extent that the microbial diversity is also 

limited. In contrast, frequent flooding of the Newport 

News soil must have led to a diverse microbial 

community. 



CHAPTER V 

CONCLUSION 

Th~ following conclusions were reached after 

analysing the data from these experiments: 

1. Comparing the two soil, the Newport News soil was 

characterized by sulfate reduction and the concomitant 

production of bicarbonate while the Blacksburg soil was 

characterized by slower degradation rates particularly 

with the odd numbered compounds and no sulfate 

reduction. 

2. In the Blacksburg soil, sulfate appeared to 

increase the degradation rate of propionate and 

valerate yet the sulfate concentration did not decrease 

over time. 

3. Feedback inhibition resulting from the 

accumulation of an intermediate was not detected. 

66 
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Table A-1. Measured concentrations (mM) and pH values 
for the microcosm containing Newport News soi 1 dosed 
with acetate. 

DAY ACETATE SULFATE HC03- pH 

1 1 . 81 0 
4 1 . 54 0. 13 0 
9 1 . 29 0.20 0 . 31 

1 9 0 0.22 1 . 54 6.6 
27 0 0.25 0.24 6.4 
37 1. 64 0.24 0.85 
50 0.84 0 1. 66 
60 0.55 0 1 . 49 6.6 
73 0.40 0 1 . 7 9 
82 0.20 0 2.02 6.7 
99 0. 10 0 2.33 

1 1 2 0.01 0 2.44 
126 0 0 2.56 

Table A-2. Measured consentrations (mM) and pH values 
for the microcosm containing Newport News soi 1 dosed 
with acetate and sulfate. 

DAY ACETATE SULFATE HC03- pH 

1 1. 66 0 
4 1 . 69 3.93 0 
9 1 . 24 4. 18 0.44 

1 9 0.33 4. 16 1 . 07 6.4 
27 0 3.85 1 . 55 6.5 
37 1. 65 3.55 1. 35 
50 0. 19 2.40 3.07 
60 0 2. 10 2.91 7.0 
73 0 2.84 
82 0 2. 10 2.87 7.0 
99 0 2.20 2.64 

1 1 2 0 2.20 3. 10 
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Table A-3. Measured concentrations (mM) and pH values 
for the microcosm containing Newport News soi 1 dosed with propionate. 

DAY ACETATE PROPIONATE SULFATE HC03 pH 

1 0 1 . 77 0 
4 0.01 1 . 93 0.08 0 
9 0.04 1 . 81 0. 11 0 

19 0.05 1 . 37 0. 17 6.2 
27 0. 19 0.32 0.01 1 . 1 9 ' 6. 4 
37 0. 13 0.47 0 1 . 30 
50 0.37 0.55 0 1 . 48 
60 0.02 0. 18 1. 40 6.3 
73 0 0. 14 1 . 6 7 
82 0 0 0 1 . 56 6.6 
99 0 0 0 1 . 54 

11 2 0 0 1 . 58 

Table A-4. Measured concentrations (mM) and pH values 
for the microcosm containing Newport News soil and dosed 
with propionate and sulfate. 

DAY ACETATE PROPIONATE 

1 0 1 . 7 8 
4 0.01 1 . 89 
9 0.03 1 . 82 

1 9 0.07 1 . 1 1 
27 0.08 0.27 
37 0. 14 0.07 
50 0.00 0.00 
60 

SULFATE 

3.86 
3.98 
4.27 
3.84 
3.20 
1 . 59 

HC03 

0 
0 
0 
0.47 
1 . 27 
1 . 87 
2.24 

pH 

6.3 
6.3 

6.4 
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Table A-5. Measured concentrations (mM) and pH values 
for the microcosm containing Newport News soi 1 dosed 
with butyrate. 

DAY ACETATE BUTYRATE SULFATE HC03 pH 

1 0 1 . 97 0 
4 0 2.25 0.03 0 
9 0.01 1 . 7 4 0.03 0 

19 0.54 1 . 32 0 0 
27 0.39 0.62 0 0.09 5. 1 
37 0.61 0.52 0 0.38 5.9 
50 0.94 0.22 0 0.29 
60 1 . 01 0.04 0.20 
73 1 . 1 2 0 1. 03 6. 1 
82 0 0 0 2.20 
99 0 0 0 1 . 00 6.4 

11 2 0 0 0.96 

Table A-6. Measured concentrations (mM) and pH values 
for the microcosm containing Newport News soi 1 dosed 
with butyrate and sulfate. 

DAY ACETATE BUTYRATE SULFATE HC03 pH 

1 0 1 . 70 0 
4 0 1 . 64 3.92 0 
9 0.02 1 . 68 3.87 0 

1 9 0.91 0. 7 3 3.65 0.23 6.2 
27 1. 07 0 2.89 1 . 1 4 6.2 
37 o. 70 0 2.90 1 . 91 
50 0.07 0 1 . 5 9 2.95 
60 0 0 1 . 64 2.43 6.6 
73 
82 0. 1 7 0 1 . 59 1 . 00 6.8 
99 0 0 1 . 7 1 2. 14 

11 2 0 0 2. 51 
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Table A-7. Measured concentrations (mM) and pH values 
for the microcosm containing Newport News soi 1 dosed 
with valerate. 

DAY ACETATE PROPIONATE VALERA TE SULFATE HC03 pH 

1 0 0.02 1 . 93 0 
4 0 0.01 1 . 87 0.08 0 
9 0.01 0.02 1 . 70 0. 11 0 

19 0.02 0.05 1 . 87 0. 13 0 5.8 
27 0.02 0.02 1 . 49 0. 16 0.32 6.2 
37 0.06 0.01 1 . 25 0 0.84 
50 0.03 0.03 0.87 0 1. 04 
60 0. 15 0.20 0.79 0.91 6.3 
73 1. 04 0.66 0.25 1. 08 
82 0.58 0.62 0 0 1 . 04 
99 0.37 0.59 0 0 1 . 68 

11 2 0.02 0.28 0 0 2 . 00 
126 0 0 0 0 2.30 

Table A-8. Measured concentrations (mM) and pH values 
for the microcosm containing Newport News soi 1 dosed 
with valerate and sulfate. 

DAY ACETATE PROPIONATE VALERA TE SULFATE HC03 pH 

1 0 0.01 1. 93 0 
4 0.02 0.01 1 . 83 3.88 0 
9 0.01 0.05 1 . 83 3.94 0 

1 9 0.03 0.04 1 . 54 4.19 0.06 5.9 
27 0.06 0.02 1 . 59 4.30 0.25 6.2 
37 0.09 0.03 0.98 3.94 0.82 
50 0.07 0.01 0.74 2.40 2. 11 
60 0.06 0.01 0.26 1. 80 2.78 6.6 
73 0 0 0 4.37 
82 0 0 0 0.72 3.84 7.0 
99 0 0 0 0.75 3.25 

11 2 0 0 0 0. 78 3.87 
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Table A-9. Measured concentrations (mM) and pH values 
for the microcosm containing Blacksburg soil dosed with 
acetate. 

DAY ACETATE SULFATE pH 

1 0.95 0.06 
14 0.79 0.06 
24 0.70 0.06 5.4 
37 0.58 
46 0. 1 7 0. 12 4.3 
63 0 0. 15 
76 0 0. 16 

Table A-10. Measured concentrations (mM) and pH values 
for the microcosm containing Blacksburg soil dosed with 
acetate and sulfate. 

DAY ACETATE SULFATE pH 

1 1. 03 0.78 
14 0.86 0.73 
24 0.74 0.75 5.0 
37 0.51 
46 0. 19 0.80 4.4 
63 0 0.84 
76 0 0.82 
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Table A-11. Measured concentrations (mM) and pH values 
for the microcosm containing Blacksburg soil dosed with 
propionate. 

DAY ACETATE PROPIONATE SULFATE pH 

1 0 1. 04 0.04 
14 0 0.92 0 . 04 
24 0.05 0.88 0.04 4.8 
37 0.02 1 . 14 
46 0.02 0.92 0.04 4.2 
63 0.05 1 . 01 0.04 
76 0.05 0.94 0.04 
91 0.04 1. 04 0.04 
98 0.04 0.96 0.04 

109 0.09 0.82 0. 14 4.5 
1 1 6 0.01 1. 07 0.42 
136 0.07 0.83 0.46 
165 0 0 

Table A-12. Measured concentrations (mM) and pH values 
for the microcosms containing Blacksburg soil dosed with 
propionate and sulfate. 

DAY ACETATE PROPIONATE SULFATE pH 

1 0 1 . 21 0.81 
14 0.01 1. 08 0. 74 
24 0 1 . 1 1 0.38 4.6 
37 0.06 1. 38 
46 0.06 1. 04 0.72 4.2 
63 0.37 0. 70 0.67 
76 0.24 0 0.63 
91 0 0 0.66 
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Table A-13. Measured concentrations (mM) and pH values 
for the microcosm containing Blacksburg soil dosed with 
butyrate. 

DAY ACETATE BUTYRATE SULFATE pH 

1 0 1 . 1 5 0.03 
1 4 0.01 1 . 1 8 0.03 
24 0. 18 0.99 0.02 4.4 
37 0.76 0. 17 
46 0.68 0 0.02 3.8 
63 0. 18 0 0.04 
76 0 0 0.05 
91 0 0 0.04 

Table A-14. Measured concentrations (mM) and pH values 
for the microcosm containing Blacksburg soil dosed with 
butyrate and sulfate. 

DAY ACETATE BUTYRATE SULFATE pH 

1 0 1. 45 0 . 86 
1 4 0.07 1. 43 0.64 
24 1 . 60 0.27 0.76 4.5 
37 2.07 0 
46 0.82 0 0.27 4.6 
63 0.32 0 0.33 
76 0 0 0.42 
91 0 0 0.49 
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Table A-15. Measured concentrations (mM) and pH values 
for the microcosm containg Blacksburg soi 1 dosed with 
valerate. 

DAY ACETATE PROPIONATE VALERA TE SULFATE pH 

1 0 0.01 1 . 21 0.04 
14 0.01 0.01 1 . 24 0.04 
24 0.02 0.01 1 . 1 7 0.05 4.8 
37 0 0 1 . 31 
46 0 0 1 . 39 0.05 4.2 
63 0.04 0.04 1 . 25 0.05 
76 0.17 0.05 0.71 0.05 
91 0.03 0. 14 1 . 06 0.04 
98 0.03 0. 15 1 . 05 

109 0. 10 0. 16 1 . 04 0. 14 4.4 
1 1 6 0.06 0.32 0.90 0.46 
136 0.01 0.35 0.20 0.53 
165 0 0 0 0 

Table A-16. Measured concentrations ( mM) and pH values 
for the microcosm containing Blacksburg soi 1 dosed with 
va 1 erate' and sulfate. 

DAY ACETATE PROPIONATE VALERATE SULFATE pH 

1 0 0.02 1. 43 0.81 
1 4 0.01 0.02 1 . 1 8 0.75 
24 0.02 0.02 1 . 1 9 0.73 4.6 
37 0.03 0. 13 1 . 60 
46 0.02 0. 17 1 . 1 8 0.70 4.3 
63 0.06 0.36 0.99 0.69 
76 0. 14 1 . 07 0 0.78 
91 0 0.81 0 0.74 
98 0 0.66 0 0.68 

109 0 0.44 0 0. 74 4.8 
1 1 6 0 0.24 0 0.76 
136 0 0 0 0.88 
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Table A-17. Measured concentrations (mM) for the 
control experiment containing Blacksburg soil dosed with 
valerate, butyrate, propionate and acetate. 

DAY 

2 
21 
39 

143 

ACETATE 

45 
45 
38 
39 

PROPIONATE 

58 
54 
50 
50 

BUTYRATE 

66 
66 
65 
66 

VALERA TE 

85 
79 
67 
78 

Table A-18. Measured concentrations (mM) for the 
control experiment containing Newport News soil dosed 
with valerate, butyrate, porpionate and acetate. 

DAY 

2 
21 
39 

143 

ACETATE 

48 
74 
66 
60 

PROPIONATE 

70 
72 
70 
72 

BUTYRATE 

79 
91 
83 
89 

VALERA TE 

1 0 1 
- 99 

95 
109 
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