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(ABSTRACT) 

The use of alcohols as inexpensive octane enhancers in gaso-

line has contributed to an increased concern about the po-

tential contamination of groundwater. Being highly soluble 

in water, alcohols may easily separate from other, more in-

soluble gasoline components, and rapidly enter the 

groundwater flow system. The alcohols are relatively 

tasteless and odorless, and thus, may go undetected until 

potentially harmful concentrations are reached. This study 

was designed to determine the potential for alcohol 

biodegradation in a groundwater system that had been previ-

ously contaminated with gasoline containing tertiary butyl 

alcohol (TBA). Laboratory microcosms, utilizing actual 

aquifer material and groundwater, were constructed to deter-

mine the rate of alcohol biodegradation in a system closely 

resembling the subsurface environment. The only 

microorganisms used were those naturally present in subsur-

face soil obtained aseptically. Bacterial counts and degra-



dation kinetics were evaluated at each of three subsurface 

depths (10, 26, and 45 feet) and results were compared to 

similar studies utilizing uncontaminated aquifer material. 

Significant bacterial populations were found to exist at all 

depths studied in the contaminated subsurface system. Bacte-

rial plate counts ranged from 10 6 to 10 7 colony forming units 

per gram of soil (dry weight). Methanol was found to be a 

readily degradable substrate. Complete degradation of up to 

1000 mg/L was degraded in a matter of months. The 

biodegradation of methanol in the contaminated system was 

similar to that observed at pristine sites, indicating that 

a similar degradation mechanism is involved. TBA 

biodegradation in the contaminated system occurred and was 

accompanied by microbial growth. Complete TBA degradation of 

up to 100 mg/L occurred in less than one year. In contrast, 

TBA biodegradation in the uncontaminated systems occurred at 

a very slow rate, which appeared to be constant over time, 

and thus zero order. However, the zero order rate was found 

to vary directly with initial substrate concentration. Se-

veral mechanisms may explain TBA biodegradation, including 

the presence of a non-specific exocellular enzyme system. 

Such a system would describe observed results and suggest 

that a widespread potential exists for the degradation of a 

large number of organic compounds. 
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CHAPTER I 

INTRODUCTION 

The contamination of groundwater by organic chemicals has 

recently become a major enviromnental concern. The petroleum 

industry is especially sensitive to groundwater contamination 

problems due to the increased awareness of the potential for 

the leaking of gasoline from underground storage tanks. It 

has been estimated that from 10 to 30 percent of the 3. 5 

million underground tanks used in the United States are 

leaking a portion of their contents into the subsurface (1). 

A recent trend in gasoline production is the use of short 

chain alcohols as gasoline additives in order to produce 

higer octane ratings and cleaner-burning fuels. Methanol and 

tertiary-butyl alcohol (TBA) are two such alcohols currently 

used in some gasolines. The concern about alcohols, which 

differs from most other gasoline constituents, is that upon 

entering the subsurface environment, the alcohols may sepa-

rate from the remaining gasoline components because of dis-

similar aqueous solubilities and dissimilar affinities for 

surface adsorption. Most gasoline components, being 

chemically non-polar, are adsorbed by soils, and if present 

in drinking water, are readily detected by taste, odor, and 

physical appearance. The alcohols, being chemically polar, 
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are completely miscible in water and are relatively tasteless 

and odorless. Thus, alcohol contamination of groundwaters may 

go undetected until very high concentrations are reached. 

Once alcohols have entered groundwater systems, a knowledge 

of the potential for biological degradation is important for 

both protection and clean-up strategies. The biological fate 

of organic chemicals in general and alcohols in particular 

is largely unknown. Only recently have investigations re-

vealed that significant microbial populations exist in sub-

surface environments (2,3,4). The response of this subsurface 

microbial population to influxes of alcohols or other organ-

ics will determine the potential for both natural and en-

hanced biological reclamation of contaminated groundwater 

aquifers. For this reason, it is necessary to determine the 

biological response to organic chemical inputs into both un-

contaminated and previously contaminated groundwater 

aquifers. 

This study was undertaken to measure the potential for and 

rate of biological degradation of methanol and tertiary-butyl 

alcohol in a groundwater system that had been previously 

contaminated with gasoline containing TBA, but not methanol. 

The subsurface system at Philadelphia had been exposed to 

gasoline containing TBA for many years due to the fact that 

this site contained a gasoline refinery. Specific objectives 
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were to 1} determine the biological substrate utilization 

rates of methanol and TBA, 2} determine the microbial popu-

lation present in a contaminated subsurface system, 3} de-

termine the biological kinetics of alcohol utilization, and 

4} compare the results obtained to those found for uncontam-

inated systems in order to determine the effect that previous 

exposure to organic chemicals has on biodegradation. 
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CHAPTER II 

LITERATURE REVIEW 

During the past two decades, a tremendous amount of effort 

has gone into determining the fate of a wide variety of 

pollutants in the surface environment. Most investigations 

focused on alleviating undesirable impacts to the most visi-

ble natural resources: surface waters and the atmosphere. 

However, within the last 10 years, it has become common 

knowledge that the contamination of groundwater is not only 

a serious environmental problem, but also one in which very 

little background information is available. The volume of the 

earth's groundwater supply is tremendous. Approximately 95 

percent of all freshwater is in the form of groundwater. In 

the United States, about 50 percent of the population uses 

groundwater as a drinking water source, and this percentage 

is expected to increase in the future (5). Because 

groundwater flow is typically very slow ( 0. 01 to 10 m/s), 

residence time for groundwater is usually very long. Thus, 

the contamination of this subsurface resource may be long-

term in duration and may require complex remedial actions. 

Organic chemical pollutants, including gasoline, are most 

likely to enter the groundwater by either percolation through 

the unsaturated portion of the soil above the water table, 
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or by discharge directly into groundwater without passage 

through the upper soil layers. During either mode of con-

tamination, the undesired compounds are subject to the proc-

esses of adsorption, chemical alteration, and biological 

degradation. Of these three possibilities, biological al-

teration may well be of greatest potential importance in de-

termining the ultimate effect of organic chemicals on 

groundwater quality. This is also the area in -which our 

knowledge is most lacking. 

Microbial transformations in surface soil have been rather 

thoroughly studied, principally because of its importance to 

agriculture, and has been shown to comprise a region of rel-

atively intense biological activity. However, subsurface re-

gions have received much less attention with regard to their 

biological activity. Consequently, the possibility of bi-

ological alteration of pollutants in these subsurface regions 

has been given little serious consideration. As recently as 

5 years ago groundwater scientists considered aquifers to be 

essentially devoid of organisms capable of transforming con-

taminants. As a result, groundwater transport models did not 

include terms for biodegradation. Several recent studies 

have shown that some aquifers contain appreciable numbers of 

microorganisms. Thus, it has become necessary to at least 

consider biotransformation in transport models. A greater 

understanding of the microbial activity that occurs, or can 
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be expected to occur, in the subsurface environment is of 

paramount importance in determining the fate and effect of 

organic pollutants in groundwater. 

CURRENT SOLUTIONS TO AQUIFER CONTAMINATION 

Once a ground water supply is contaminated, only a few man-

agement and/or technical alternatives are available. Typical 

management alternatives are: 1) elimination of the source of 

the compound and 2) location of a new water supply source. 

These alternatives to actual treatment have the potential 

advantage of low capital costs and simple inplementation. 

However, with each of these alternatives, the groundwater 

resource is not reclaimed, but abandoned. Thus, the party 

responsible for the original contamination is legally held 

liable for adverse heal th effects resulting from contam-

ination, loss of use of the groundwater, and ultimately the 

cost of clean-up procedures. In addition, and in some cases 

most importantly, the contaminating party's public image is 

irrepairably harmed. 

Current technologies used to treat subsurface contamination 

generally require that the contaminated water be brought to 

the surface and treated. Depending on the size of the aquifer 

involved and the extent of contamination, pumping and treat-

ment costs can be prohibitive. The three surface treatment 
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technologies most widely used to remove organics from water 

are: biological processes, carbon adsorption, and aeration. 

The biological processes include activated sludge and at-

tached growth treatment systems, both of which are reliable, 

but costly. Activated carbon columns have long been used to 

remove organics from water, but again, the costs associated 

with start-up, regeneration, and/or recovery and disposal of 

spent carbon are of concern. Aeration involves the trans-

ferring of volatile substances from water to air by increas-

ing the water-to-air contacting area. However, removal 

efficiencies necessary to meet water quality criteria may not 

be achieved, and unless a recovery unit is included, signif-

icant air pollution problems may result. Thus, noting all the 

potential disadvantages and costs for the conventional sur-

face treatment of contaminated subsurface waters, in situ 

biological treatment may have many potential advantages. 

SUBSURFACE MICROBIAL ACTIVITY 

For an active microbial population to develop, sufficient 

substrate and nutrients must be present for required synthe-

sis of protoplasmic constituents and for the generation of 

energy needed to conduct normal life processes. Protoplasm 

synthesis requires a carbon source, along with smaller quan-

tities of nitrogen, phosphorus, sulfer, and low levels of 

various other minerals. The generation of energy by these 
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chemotrophic organisms necessitates the availability of: 1) 

a suitable electron donor, such as oxidizable organics or 

oxidizable inorganics (H2 , Hs-, NH 3 , N0 2 , and Fe++) and 2) 

suitable electron acceptors including oxygen, nitrate, 

sulfate, or simple organics. In all probability, the limited 

availability of one or more of these elements in a readily 

utilized form will restrict the level of microbial activity 

that might occur in the subsurface. However, most of the 

essential elements are commonly found in nearly all 

sedimentary formations, but concentrations may be extremely 

low in some locations (6). 

For years, many people believed that microorganisms could not 

and did not exist in groundwater environments. This idea was 

perpetuated because of the lack of analytical and sampling 

techniques for gathering reliable subsurface data. In 1975, 

EPA groundwater researchers first suggested that microbial 

populations could exist in aquifer environments (6). Chemical 

components necessary for microbial survival are present in 

most aquifer systems. Carbon sources come from organic matter 

naturally present in the soil, or from C0 2 • Nutrients such 

as nitrogen, phosphorus, and sulfur should be available from 

the soil matrix and temperatures generally fall into accept-

able ranges. Thus, the control of groundwater contamination 

may partially reside in the potential interactions between 

contaminants and microorganisms in the subsurface region. The 
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ultimate effect of such interactions is on the quality of 

groundwater. 

Several years later, the existence of significant subsurface 

microbial populations was confirmed. Microscopic studies of 

aseptically obtained subsurface material revealed the pres-

ence of procaryotic bacterial cells. Direct cell counts were 

done by using epifluorescent microscopy and indicated that 

the bacterial density averaged 10 6 cells per gram of oven 

dried material. These counts were found to remain constant 

over a 6-week period of storage at 4°C ( 4). Bacterial cul-

tures isolated from the subsurface soil revealed the presence 

of several genera of bacteria. These included Thiobacillus, 

Pseudomonas, Mycobacterium, Actinomyces, and 

Pseudobacterium. Viable cell counts were found to be much 

lower on nutrient rich media than on nutrient poor media, and 

the highest viable cell counts were a factor of 2 lower than 

the epifluorescent direct counts. These researchers also 

found that diluted soil-extract agar (DSEA) gave the highest 

viable cell counts from subsurface samples. The soil extract 

medium was prepared by autoclaving 100 grams of soil in 100 

ml of distilled water for one hour at 121°C. The resulting 

extract was filtered, diluted with distilled water, and then 

amended with agar. Al though the variability of viable cell 

counts was much greater than direct counts, and viable counts 

were always lower than direct counts, the fact that signif-
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icant viable cell counts occurred indicates that a large 

percentage of the bacteria in the subsurface region were po-

tentially metabolically active. Electron microscope observa-

tions noted that native subsurface bacterial cells were 

generally smaller (i.e. less than 0.8 µM in diameter) than 

cells cultivated in the lab. The small forms were speculated 

to function in survival, possibly as an adaptation to the low 

nutrient conditions. Dividing cells were also seen regularly 

under the electron microscope. This fact demonstrated that 

active growth is occurring in the groundwater system. 

In another study where subsurface material was examined in a 

similar manner, epifluorescent direct counts again revealed 

microbial populations of 10 6 to 10 7 organisms per gram of 

oven dried soil (7). Again, plate counts were very low, av-

eraging less than 100 colony forming units per gram of soil 

(dry). Because the total organic content of the soil was less 

than 0.1 percent, attempts were made to cultivate the 

indigenous bacteria on low-nutrient media. These attempts 

generally failed. Microscopic observations indicated that the 

indigenous bacteria were frequently found in groups, or 

microcolonies and that the majority of the population con-

sisted of gram-positive bacteria. The fact that these colo-

nies existed suggests that replication does occur, but at 

reduced rates. It was also observed that many of the bacte-

rial cells contained poly-hydroxybutyrate (PHB) storage 
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inclusions. This type of energy storage structure has been 

predicted to occur in bacteria adapted to low-nutrient 

(oligotrophic) environments, and may suggest that the bacte-

ria have adapted to long-term nutrient limited conditions 

( 8). 

Several biochemical methods have also been employed in order 

to determine subsurface biomass and activity. Phospholipids 

are a part of every cell membrane and compose a relatively 

constant proportion of the membranes of most microbiota. 

Assayed colorimetrically, the phospholipid content of some 

aquifer soils has yielded concentrations corresponding to 10 7 

bacteria the size of E. coli per gram of soil (dry weight) 

( 9) • 

Muramic acid is a component unique to th~ procaryotic cell 

wall and has been found in aquifer material in significant 

concentrations. The procaryotic biomass estimated from 

muramic acid concentrations again corresponds to approxi-

mately 10 7 bacteria per gram of soil (9). 

It was also found that high levels of cis-vaccenic acid, 

formed by the anaerobic fatty acid desaturase pathway, and 

ester-linked hydroxy fatty acids in the phospholipids were 

present, indicating an enrichment in anaerobes. The concen-

tration of PHB per mole of murarnic acid has been found to be 
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much greater in subsurface soils than in surface soils, in-

dicating a large proportion of subsurface bacteria are stor-

ing PHB and are adapted to low nutrient conditions (7,9). It 

has also been found that the subsurface environment is en-

riched with extracellular polysaccharide glycocalyx, which 

indicates that the subsurface microflora exists under 

stressed conditions (9). 

One of the major problems in studying the fate and transport 

of organic pollutants is the lack of adequate methodology for 

collecting data. Ideally, a natural system should be studied 

directly and in its entirety, so that its complex structure 

and function can be described adequately. The subsurface en-

vironment is particularly ill-suited for "natural" study be-

cause of its remoteness. One way of overcoming such a 

disadvantage is through the use of microcosms. 

Several types of microcosms have been designed to study a 

variety of subsurface activities. Glass column microcosms 

have been developed containing either pure, autoclaved sand 

or actual aquifer material. Feed solutions containing vari-

ous compounds can then flow through the soil column at vary-

ing rates, simulating the actual aquifer condition. Although 

flexible, these microcosms can be complex and expensive to 

build. 
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A simpler microcosm set-up consists of a slurry of actual 

aquifer material and sterile water contained within teflon-

lined screw-capped test tubes. The lone disadvantage of this 

type of microcosm is the absense of flow. However, many 

groundwaters systems exhibit very slow flow conditions and 

may be adequately approximated by these batch test-tube 

microcosms. Also, the test-tube microcosms have been found 

to be easy to set up and maintain, and experimental manipu-

lations are simple (10). 

The mechanisms involved in the biotransformation of organic 

compounds in subsurface environments are largely unknown and 

only recently investigated. One of the first reports of sub-

surface biodegradation studied several organic compounds in 

static microcosms consisting of actual aquifer material. All 

of the compounds studied had been previously reported to be 

biodegradable, at least to some extent. Microcosm degrada-

tion was reported for styrene, bromodichloromethane, toluene, 

and chlorobenzene, while dichloroethane, trichloroethane, 

trichloroethylene and tetrachloroethylene were not degraded 

(11,12,13). 

The rate of biotransformation of organic compounds in the 

subsurface environment has been found to vary significantly, 

but the rate generally increases after exposure. Field work 

has shown that the transformation rate, in aquifers, of con-
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taminants such as alkylbenzenes, can vary as much as two or-

ders of magnitude over a meter vertically and few meters 

horizontally (14). As a result, no one qualitative de-

scription of biotransformation can be universally applied. 

The biological fate of contaminants may actually change 

within aquifers in response to geochemical constraints on 

microbial physiology. Rather than describing 

biotransformation by some continuous function, applicable to 

all points in an aquifer, it may be more realistic to iden-

tify relationships between biotransformation and geochemical 

parameters. 

In general, the fate of organic materials in a groundwater 

system is governed by only a few interdependent processes. 

Upon introduction to the groundwater, the contaminant may 

spread out because of dispersion, may move slower than 

groundwater flow because of sorption, and may decrease in 

mass because of chemical and biological degradation. A con-

servative, non-reactive, contaminant would behave just as the 

water in which it is contained, accounting for dispersion. 

If the contaminat is partitioned between the water and the 

subsurface material, then its movement through the system is 

retarded and it would arrive at an observation well later 

than the conservative contaminant. Dispersion would broaden 

the contaminant response, and its concentration would gradu-

ally increase at the observation well until it approached its 
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initial concentration, as the sorption capacity was satu-

rated. 

It has been reported that good correlations have been ob-

served between a compound's octanol/water partition 

coefficent and its specific aquifer retention time, espe-

cially when the aquifer organic content is above 0.1 percent 

(15). Octanol/water partition coefficents have been tabulated 

for many conpounds and thus, information to make general 

predictions of aquifer retention of many conpounds is readily 

available. Compounds with octanol/water coefficients less 

than 10 3 have been found to move through the subsurface en-

vironment quite readily (15). 

Biotransformations of organic compounds in the subsurface 

region are generally accomplished by microorganisms which are 

attached to particles or contained within the void spaces of 

the aquifer material. In order to adequately understand the 

kinetics of microbiological processes in groundwater, a 

biofilm kinetic model has been proposed (15,16). The ideal 

biofilm is composed of a homogenous matrix of bacteria and 

extracellular polymers that bind the bacteria together and 

to the surface of particles. The biofilm ideally has a uni-

form cell density and a locally uniform thickness. 

Groundwater flows past the biofilm, while organic substrates 

are transported from the bulk water to the biofilm in a di-
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rection normal to the surface of the biofilm (figure 1). The 

distance L represents the thickness of a mass-transport dif-

fusion layer through which substrate must pass in order to 

reach the biofilm, where utilization occurs. The model as-

sumes that all required nutrients necessary for growth are 

present in excess, except one, which is· called the rate-

limi ting substrate. 

The biofilm model employs three basic processes: mass trans-

port from the bulk liquid, biodecomposition within the 

biofilm, and biofilm growth and decay. Organic substrate 

transport from the bulk liquid to the biofilm surface occurs 

in response to a concentration gradient. A diffusional flux 

(mass/area-time), through the diffusion layer and the biofilm 

is governed by Fick's law of diffusion. Within the biofilm, 

the rate of organic substrate utilization is described by 

Monod bacterial kinetics and is proportional to the concen-

tration of microorganisms present, as well as the concen-

tration of the organic substrate. As the organic substrate 

is utilized, bacteria grow and the biofilm increases in 

thickness. The bacteria also require energy for cell mainte-

nance and this energy is obtained from organic substrate 

utilization. As the biofilm increases, so do the overall 

cell maintenance requirements. At some biofilm thickness, the 

energy requirements for cell maintenance equal the energy 

available from the organic substrate utilization. Thus, the 
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Figure 1. Schematic of the biofilm model (15). 
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net growth of the biofilm is zero and a steady state condi-

tion is reached (15,16). 

An important aspect of the biodegradation of trace organic 

compounds in biofilms is the existence of a threshold 

substrate level called Smin ( 15, 16). Based on kinetic 

equations containing both bacterial growth and decay func-

tions, organic substrate concentration may be small enough 

so that the rate of energy extraction from substrate 

comsuption is not sufficient to maintain bacterial cells, and 

thus the bacteria population will decay. At this minimum 

substrate concentration, net bacterial growth would essen-

tially be zero. 

This concept suggests that an important limitation exists in 

the biodegradation of trace levels of organic compounds by 

biofilms. Since substrate utilization would be essentially 

zero, the substrate concentration to which the biofilm is 

exposed would be the same as at the biofilm surface and there 

would be no net movement of substrate across the diffusion 

layer. 

The existence of such a minimum concentration has been tested 

experimentally by utilizing lab-scale columns filled with 

small glass beads, simulating a subsurface medium. Acetate, 

an organic substrate, and the required trace inorganic nu-
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trients were contained in a feed solution continually passed 

through the column. Biomass was seeded with a small concen-

tration of an aerobic, acetate-enrichment culture. Exper-

imental results showed that a minimum organic substrate 

concentration did exist, as predicted, below which 

biodegradation did not occur. Measurments of biofilm thick-

ness confirmed that the biofilm mass declined to an insig-

nificant level as the substrate concentration approached this 

minimum. Similar results, exhibiting Smin values, were ob-

tained for dichloromethane, alanine, galactose, phenol, and 

thymine ( 15, 16) . 

The application of these steady state biofilm concepts to 

groundwater systems suggests that a residual amount of 

biodegradable substrate should remain in the system and that 

no removal will occur if organic substrate concentrations are 

less than Smin· For aerobic utilization of organic compounds, 

Smin typically is in the range of 0.1 to 1.0 mg/L. 

In a process termed secondary utilization, an organic 

substrate that does not provide significant energy or carbon 

for bacterial growth can be utilized as a secondary substrate 

by a biofilm that is grown and maintained through utilization 

of a primary substrate that is present at a concentration 

greater than its Smin· Both laboratory and field studies have 

demonstrated secondary utilization. 
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Aerobic biofilms grown on 1 mg/L acetate have been found to 

degrade several chlorinated compounds, including 

1,2-dichlorobenzene and 1,4-dichlorobenzene, initially pres-

ent at concentrations of about 10 ug/L (16). The concept of 

secondary utilization is promising for explaining and en-

hancing biodegradation in groundwater, and with continued 

research could be more fully understood. Experiments involv-

ing anaerobic conditions should also be carried out in order 

to further apply these concepts. 

An important environmental factor affecting the 

biotransformation mechanism is the electron acceptor. Lab 

studies using microbial seeds have shown that several 

aromatic compounds, both chlorinated and non-chlorinated, 

were only able to be degraded under aerobic conditions (16). 

This suggests the need for mixed-function oxidase enzyme 

systems to bring about ring cleavage. Reductive pathways, 

however, do exist for anaerobic decomposition of aromatic 

compounds to methane under strict anaerobic conditions. The 

basic requirement for aromatic ring cleavage under anaerobic 

conditions is the presence of oxygen on the ring or ring 

substituent. Similar studies found that several halogenated 

aliphatic compounds were biodegraded only under anaerobic 

conditions, and not aerobic conditions (16,17). Compounds 

able to be degraded anaerobically included the 

trihalomethanes, trichloroethylene, and tetrachloroethylene. 
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Anaerobic decomposition of organic compounds generally in-

volve interactions between several groups of obligate 

anaerobic bacteria. Al though little is known about exact 

species composition and the many interactions that occur, 

evidence suggests that at least four interacting groups of 

bacteria are involved: hydrolytic bacteria, H2 -producing 

acetogenic bacteria, homoacetogenic bacteria, and 

methanogenic bacteria (18). These four groups of anaerobic 

bacteria, sometimes called the methanogenic consortia, are 

known to accomplish several types of detoxification re-

actions, including dehalogenation, nitrosamine degradation, 

reduction of epoxide and nitro-groups, and the breakdown of 

aromatic structures. In addition to obligate anaerobes, some 

organisms are capable of living under anoxic, but not neces-

sarily reduced, conditions or are capable of living 

facultatively (aerobic/anaerobic). These facultative 

organisms are abundant in soil and have been found where 

reductive dechlorination occurs. 

Emerging data on inorgnaic nutrient requirements for 

anaerobic processes point to the crucial role of trace metals 

in stimulating anaerobic microbial metabolism ( 19). It ap-

pears that an inherent lack of iron, cobalt, and nickel in 

past anaerobic treatability studies may have caused negative 

results. Organic compounds capable of being biologically de-

graded, and the necessary environmental conditions, have been 
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reviewed ( 18, 19). It has even been suggested that specific 

groups of microorganisms be targeted to organic compounds 

they are able to degrade. 

The rate of biodegradation of organic contaminants may depend 

significantly on the concentration at which the contaminant 

is present. Lab studies, using microbial communities, have 

found that the rates of degradation of several synthetic or-

ganic compounds were directly proportional to the initial 

organic substrate concentration (20). This relation between 

concentration and rate is predicted by Michaelis-Menten 

kinetics for enzyme reactions, but has rarely been tested in 

microbial cultures or in aquatic or terrestrial microcosms. 

This phenomenon suggests that a threshold should exist below 

which no significant mineralization occurs. The existence of 

a threshold is not predicted by Michaelis-Menten kinetics, 

but it is not suprising. Threshold explanation is that energy 

is obtained too slowly from oxidation of the low concen-

trations to meet the energy demands of the initially small 

population of microbes active on the organic compound. These 

organisms are thus unable to proliferate to reach cell den-

sities sufficient to cause appreciable chemical loss. 

The rates of phenol and nitrophenol mineralization in aquatic 

microcosms have been found to be directly related to initial 

concentration levels from 1. 0 pg/ml to greater than 100 
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ng/ml, i.e., five orders of magnitude (21). It has been sug-

gested that this linear dependence of rate on concentration 

at low concentration levels is due to the existence of 

oligotrophic organisms, which grow well on low concentrations 

of organic substrate (less than 10 mg carbon per liter} (21). 

Because evidence revealed that little or none of the carbon 

had been assimilated upon degradation, it was suggested that 

the microorganisms had some previously unreported capacity 

of mineralizing organic compounds without obtaining carbon, 

and presumably energy. 

The hypothesis of trace chemicals being mineralized without 

carbon assimilation is supported by studies observing that 

mineralization was linear with time (22}. This same study 

found that the kinetics of mineralization was cubic and thus 

suggests a possible involvement of fungi or actinomycetes in 

the process, although cubic kinetics would reflect growth and 

hence carbon should be assimilated. A linear relationship 

between the cube root of oxygen consumption and time has been 

reported for several fungi and actinomycetes. 

E'rom the evidence documented, it is apparent that the sub-

surface environment can and does support a viable population 

of microorganisms. It is equally apparent that the nutri-

tional conditions of this subsurface region vary widely, and 

in many cases may actually limit the numbers and activities 
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of the microorganisms present. The numbers and types of 

microbes present and the nutritional characteristics of the 

groundwater environment may determine the overall fate of any 

organic contaminant introduced. 

ENHANCEMENT OF MICROBIAL ACTIVITY 

Because of the relationships between microbial activity and 

the nutritional characteristics of the groundwater environ-

ment, several studies have been performed that attempt to 

enhance biodegradation rates in well water. The most popular 

methods of stimulating the subsurface microbial population 

are aeration and inorganic nutrient addition. 

Aeration of the subsurface is performed in order to inject 

oxygen ( 0 2 ) into the system for use by the microbiota as a 

terminal electron acceptor during respiration. In the 

aerobic respiration process, organic compounds are broken 

down by a series of enzyme-mediated reactions into various 

intermediate compounds, which are then used by the bacterial 

cell as a carbon source for cell synthesis and as an energy 

source. Because oxygen is the terminal electron acceptor, 

pyruvate (an organic intermediate) is converted to acetyl 

CoA, which enters the Krebs cycle (see figure 2). Here, 

various intermediate compounds are oxidized to C02 and H2 0, 

with the subsequent release of energy. Oxygen is the most 
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efficient terminal electron acceptor, yielding the greatest 

amount of energy per mole of organic compound. Thus, as more 

energy becomes available to the microorganism, it will grow, 

divide, and consume more food. Aeration, therefore, may 

serve to greatly enhance the biodegradation of organic con-

taminants in the subsurface. 

The availability of many inorganic nutrients is necessary for 

microbial growth. However, most researchers have focused on 

adding nitrogen, phosphorus, and sulfur compounds in attempts 

to stimulate microbial activity. As nutrients involved in 

cell synthesis activities, nitrogen, phosphorus, and sulfur 

are necessary for cell division, and thus, larger populations 

of organisms. Enzyme production, and protein synthesis in 

general, is especially dependent on nitrogen and sulfur. 

Nitrate and sulfate can also be used as terminal electron 

acceptors in anaerobic respiration. Although the energy re-

alized is less than that realized for oxygen, it is still 

substantially more than the energy realized during non-

respiratory processes, i.e. fermentations. Reports indicate 

that the addition of alternate electron acceptors (nitrate 

and sulfate) to subsurface systems do effect both microbial 

population numbers and the rate Of biodegradation ( 23 I 24) • 

Supplimentation of a gasoline minimum ·media with nitrate, 

phosphate, and sulfate was found to increase microbial counts 

100-1000 times in an anaerobic system. Similarly, aromatic 
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degradation has been shown to depend stochiometrically on the 

amount of inorganic nitrogen present in a system. Thus, the 

availability of nutrients may play a significant role in the 

subsurface biodegradation of organic compounds. 

CO-METABOLISM. 

Co-metabolism is defined as the biodegradation of a non-

growth substrate in the obligate presence of a growth 

substrate or another biodegradable compound (25). The term 

"non-growth substrate" is used to describe compounds that do 

not support cellular division (as opposed to increase in 

biomass) because it is possible that such compounds could be 

incorporated into cell components even though not essential 

for growth. 

The inability for a microbial population to grow at the ex-

pense of a substrate is not necessarily the result of an 

organism's inability to attack the substrate, but often re-

sults from its inability to assimilate the products of 

oxidation. It seems that enzymes required for complete 

metabolism of growth-supporting substrates could be induced 

py non-growth-supporting analogues, thus suggesting that in-

itial co-metabolic attack of the analogues involved the same 

enzymes as that used for oxidation of the growth substrate. 

Thus, a common enzyme is indicated to initially attack the 
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substrate by complete metabolism and co-metabolism of the 

substituted analogues (26). 

The incorporation of oxygen into diverse substrates is often 

a prerequisite to the degradation of those compounds. 

Oxygenases are enzymes of broad substrate specificity that 

serve as an indispensible initiator of biodeqradation. These 

enzymes might be considered as a scavenger for recalcitrant 

molecules of low solubility, because incorporation of oxygen 

into the molecules renders them more amenable to 

biodegradation. Oxygenase can be induced in microorganisms 

by a wide variety of substrates, and their activities can 

yield partially oxidized compounds that might then be subject 

to mineralization by a host of bacteria in the environment 

(27). 

The biochemical pathway involved in the co-metabolism of 

hydrocarbons involves the incorporation of an oxygen atom 

into paraffinic structures via monoxygenase enzymes (27}. 

However, the source of the oxygen is still in question. Some 

believe that this oxygen must come from atmospheric sources, 

thus requiring aerobic conditions. Experimentation with 

radiolabelled atmospheric oxygen have not definitively proved 

this theory. Also, co-metabolism has been observed under 

anaerobic conditions, causing speculation that the oxygen 

source may result from the splitting of water molecules. 
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RECALCITRANCE. 

Many synthetic organic molecules are mineralized very slowly 

or not at all, and thus, persist for long periods of time in 

the environment. These organic chemicals that are persistent 

in natural ecosystems owing to the inability of 

microorganisms to degrade them rapidly, if at all, are called 

recalcitrant molecules. The persistence of a compound may be 

attributable to chemical or environmental factors. Some 

recalcitrant molecules may be acted on enzymatically, but the 

reaction is co-metabolic. Thus, the responsible organisms 

do not proliferate and the rate of transformation does not 

increase. Also, some types of chemicals, when sorbed to the 

surfaces of colloidal particles, are not readily attacked by 

microbes, and therefore persist (28). 

The non-degradability of recalcitrant compounds may be ex-

plained by the lack of the appropriate enzyme system or the 

lack of induction of the appropriate enzymes. Enzymes, in 

general, are specific in the substrates they act on, and the 

range of genetic capabilities of natural populations is 

great, but not all-encompassing. A molecule that cannot pen-

etrate the microbial cell and is not modified by an 

extracellular enzyme is recalcitrant (28). Should the ambient 

concentration of a chemical be very low and the rate of its 

penetration into the cell be too low to allow for sufficient 
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maintenance energy, the species may not replicate and may 

even die. The result is that some compounds at low concen-

trations may persist. 
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CHAPTER III 

EXPERIMENTAL METHODS 

Many of the experimental methods utilized in this study are 

similar to those referenced in the work of Goldsmith ( 29) . 

All methods are described in the following sections. 

SITE DESCRIPTION. 

Aquifer material and groundwater were collected from beneath 

the Atlantic Richfield Company (ARCO) gasoline refinery com-

plex in Philadelphia Pennsylvania. During normal operation 

of the refinery, various spills of gasoline containing TBA 

had been known to occur over a long period of time ( > 10 

years). Thus, it was very likely that the subsurface material 

at this site had been previously exposed to petroleum based 

organic compounds (gasoline), particularly TBA. The refin-

ery, originally constructed around the turn of the century, 

produces gasolines and fuel oils for the eastern United 

States marketing region and is located in South Philadelphia 

along the Schuylkill River. Subsurface samples were col-

lected down to a depth of 50 feet and consisted predominately 

of sands and silts interspersed with small gravel. However, 

a single layer of dense clay was present at a depth of 25 to 

28 feet. The surface material down to a depth of 10 feet was 
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classified as fill, and consisted of gravel, bricks, silt, 

and cinders. The water table was determined to be at a depth 

of 17 feet. It should be noted that characteristic 

hydrocarbon odors existed at all depths, confirming the ex-

istence of prior gasoline contamination. Figure 3 defines 

the soil profile as determined from subsurface sample obser-

vations. 

Subsurface material was also taken from three other sites as 

referenced by Goldsmith (29). These sites were also located 

on ARCO property and all had no record of previous contam-

ination. The sites were located in Wayland, New York; 

Williamsport, Pennsylvania; and Dumfries, Virginia. 

SAMPLING. 

Subsurface samples were taken in order to obtain represen-

tative material from both the unsaturated and saturated 

groundwater zones. The prime concern during the sampling 

procedure was to avoid the introduction of any non-native 

material, particularly surface microorganisms, into the sub-

surface soil being sampled. Typically, an Osterburg hydraulic 

sampler, a Denison sampler, or a Pitcher Barrel sampler were 

employed, depending on subsurface soil characteristics (see 

Goldsmith, 1985). Shelby tubes made of brass or steel were 

incorporated into the samplers for soil extraction. Bas-
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ically, the Osterberg sampler is pushed into place, while the 

Denison and Pitcher Barrel samplers use rotary drilling. 

Bentonite drilling mud was used during the drilling operation 

in order to maintain hole stability and to return cuttings 

to the surface. Because the drilling mud is in contact with 

the entire bore-hole, it was thought that the aquifer sample 

might be contaminated by the bentonite. The concern over 

this contamination was overcome by adding a lithium chloride 

tracer to the mud, and then analyzing part of the obtained 

aquifer mat~rial for lithium via atomic adsorption 

spectrophotometry. In addition, all samples were visually 

examined for signs of drilling mud contamination. No evi-

dence of drilling mud contamination was visually seen or was 

determined analytically by A-A analysis. 

SOIL EXTRUSION APPARATUS. 

In order to remove the soil core from the Shelby tubes, while 

simultaneously paring away the outer portions of the core 

that contacted the walls of the Shelby tubes, a soil 

extrusion device was employed. The entire extrusion device 

consisted of a hydraulic piston, a dual clamp bed for holding 

the Shelby tube, and a steel paring ring. As the soil core 

was pushed from the Shelby tube by the hydraulic piston, the 

first few centimeters of the soil core were cut away with a 
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flame sterilized spatula to remove any possible contaminated 

material. The core was then pushed through the flame-

sterilized paring device, which trimmed away the outer one 

centimeter of soil. The final portion of the core was also 

discarded. The soil samples were extruded into sterile, one-

quart glass containers with Teflon-lined lids, and stored in 

iced coolers for transportation back to Virginia Tech lab 

facilities. 

GROUNDWATER COLLECTION. 

Groundwater was collected on-site by lowering acid-washed, 

sterilized BOD bottles, tied to monofilament line, down the 

bore hole. The bottles were self-filling and could be removed 

and capped immediately. Field measurements were performed for 

dissolved oxygen, temperature, and pH. Groundwater samples 

were stored in iced coolers for transport back to the lab 

facilities. 

MICROCOSMS. 

Static continuous-sampling microcosms were used to monitor 

the concentration of methanol and TBA remaining over time 

(29). The microcosms consisted of 13 x 100 mm screw-capped 

test tubes fitted with a 12 mm Teflon-coated silicone septum 

(figure 4). To the test tube microcosms, approximately 10 
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grams of subsurface soil were added with a sterile spatula, 

then dosed with sterile groundwater containing methanol or 

TBA as the sole source of carbon for microbial utilization. 

Thus, the natural nutrient condition of the groundwater sys-

tem was simulated, without the introduction of any additional 

bacteria. 

In this study, the carbon source (methanol or TBA) utilized 

by bacteria for energy and structural components will gener-

ally be referred to as "substrate". The soil and water in 

the microcosm was then mixed using a vortex mixer, so that 

after settling, 1 to 2 milliliters of water remained at the 

top of the tube. Aqueous samples were withdrawn with a 10 

microli ter syringe and analyzed by direct injection into a 

gas chromatograph. 

An original test matrix for individual substrates is listed 

in Table 1. Three subsurface soils from the Philadelphia site 

were chosen: 1) a silty sand from 10 feet, 2) a dense clay 

from 26 feet, and 3) a coarse sand from 45 feet. For each soil 

type, methanol concentrations of approximately 100 and 1000 

mg/L, and TBA concentrations of approximately 1, 10, and 100 

mg/L were added to separate microcosms. Each microcosm was 

set up in triplicate, analyzed initially, and then approxi-

mately every 7 to 10 days thereafter. Sterile controls, at 
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each concentration, were made by autoclaving a thin layer of 

soil up to 8 separate times. 

Precautions were taken to minimize the potential for bacte-

rial contamination associated with syringe sampling of the 

microcosms. Before sampling the microcosms, the outer sur-

face of the septum was washed with 70% isopropyl alcohol to 

effectively kill any bacteria. Also, the syringe needle was 

cleaned, using high temperature (200 °C) and vacuum, by a 

'Hamilton' syringe cleaner. 

RE-DOSING. 

After incubation and substrate utilization, many of the 

Philadelphia microcosms were re-dosed with methanol, or TBA, 

or both methanol and TBA. In an effort to enhance the 

biodegradation rate, several compounds were added along with 

the alcohols upon re-dosing. Nitrate or sulfate ions were 

added to several microcosms as alternate electron acceptors 

in hope that these compounds would facilitate an anoxic res-

piration mechanism. These inorganic compounds were added to 

achieve concentrations of approximately 50 mg/L. In addition 

to the Philadelphia microcosms, many of the microcosms re-

presenting the 55 and 80 foot Dumfries, VA subsurface system 

were re-dosed with methanol or TBA. These Virginia 

microcosms were originally set-up and dosed in April of 1984 
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Table 1. Microcosm soil and substrate matrix. 

SOIL SOIL METHANOL TBA 
DEPTH TYPE CONC CONC 
(ft.) (mg/L) (mg/L) 

10 silty sand 100 1 
10 
100 

26 dense clay 100 1 
1000 10 

100 
45 coarse sand 100 1 

1000 10 
100 
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by Doug Goldsmith, but were monitored periodically during the 

course of this study. Nitrate and sulfate were again added 

to some of the re-dosed tubes as a potential enhancement 

technique. Lactate and pyruvate, simple organic compounds 

found as intermediates in the TCA cycle, were added to a few 

of the Virginia microcosms at concentrations of 10 mg/L in 

an effort to enhance biodegradation. 

The actual re-dosing procedure involved removing the free-

standing water from the microcosm with a sterile syringe, and 

then replacing this water with a sterile solution of 

groundwater and the appropriate carbon substrate. Nitrate, 

sulfate, lactate, and pyruvate were also added using this 

method. The microcosms were then vortex mixed, and analyzed 

as before. 

BACTERIAL ENUMERATION. 

Bacterial populations present in the soil samples were de-

termined by Dr. R. E. Benoit and his laboratory staff of the 

Virginia Tech Microbiology Department. Both direct counts and 

plate counts were performed initially and over time. Direct 

counts involved epifluorescence microscopy employing an 

acridine-orange fluorescent stain. Under blue light, the 

acridine-orange dye fluoresces bright green when present on 

an organism and dim orange when on abiotic material (30). 
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Plate counts were made using both soil extract agar and yeast 

extract agar, and then incubated either aerobically or 

anaerobically. 

ANALYTICAL METHODS. 

The determination of methanol and TBA concentrations was ac-

complished by gas chromatographic analysis. Aqueous samples 

were directly injected into a steel column packed with 0.2% 

Carbowax 1500 on 80/100 mesh Carbopak C. The compounds were 

measured by a a Hewlett-Packard 5880A gas chromatograph 

equipped with a Flame Ionization detector (FID). Other in-

strument parameters were as follows: 

injection port temperature = 125°C 

FID temperature = 250°C 

nitrogen carrier flowrate = 24 cc/min. 

sample injection size = 2 µl 

oven temperature = 120°C 

A representative chromatograph, illustrating the separation 

of methanol and TBA is shown in figure 5. The detection lim-

its for this column set-up have been reported to be 0.1 mg/L 
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methanol and 0.05 mg/L TBA, but in actuality were closer to 

0.5 mg/L methanol and 0.1 mg/L TBA (29). 

STANDARDS PREPARATION. 

Stock methanol and TBA standards were prepared by adding 

known weights of each of the compounds to volumetric flasks 

and diluting to volume with distilled water. These standards 

were used to calibrate the G-C, externally, on a daily basis. 

Both methanol and TBA produced a linear area response between 

concentrations of 0.1 to 1000 mg/L when analyzed by the pre-

viously described analytical methods. 

LITHIUM ANALYSIS. 

Representative soil cores were analyzed for lithium in order 

to determine the presence of drilling mud contamination. As 

described, lithium chloride was added to the drilling mud as 

a tracer. After drying in a 150°C oven, soil samples were 

digested by adding 5 milliliters of concentrated nitric acid 

to 1 gram of soil. After 3 hours, 5 milliliters of distilled 

water was added and the slurry was filtered through a 10 

milliliter Buchner funnel containing a glass fiber filter. 

The filtrate was then analyzed for lithium by atomic 

adsorption spectrophotometry. 
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GROUNDWATER ANALYSIS. 

Ion analysis of the groundwater was determined by ion 

chromatography in the Virginia Tech Biological Labs. Of spe-

cific interest were phosphate, nitrate, sulfate, iron, 

calcium, and chloride. Also, total organic carbon (TOC) was 

determined by a TOC analyzer and alkalinity was determined 

by titration (31). 
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CHAPTER IV 

BIODEGRADATION IN THE CONTAMINATED SITE 

SUBSURFACE BACTERIAL POPULATIONS 

Based on both direct and plate counting methods, significant 

bacterial populations were found to exist in the Philadelphia 

subsurface. Results of the counting techniques, shown in 

Table 2, indicate that bacterial populations range from 10 6 

to 10 7 colony forming units per gram of soil (plate counts) 

or 10 7 to 10 8 organisms per gram of soil (direct counts). In 

general, there appears to be little difference between plate 

counts and direct counts, with one exception. 

In the dense clay sample (26-28 foot depth), bacterial num-

bers tended to be lower when analyzed via plate counts, and 

higher when analyzed via direct counts. This is shown in 

figure 6. One explanation as to the aberration of bacterial 

population at the 26 foot depth is the fact that the soil at 

this depth is composed of dense clay. The small-grain-sized, 

compact clay, being less permeable, probably contains less 

water than other, more permeable soils, and thus may not be 

as suitable for bacterial survival. The lack of water may 

limit the transport of nutrients to an attached microbial 

population. This may explain the lower populations found via 
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plate counting techniques. Also, it was found that the small 

clay particles (colloids) adsorbed the acridine-orange stain 

in a similar manner as biotic material. It was difficult to 

distinguish between bacteria and clay particles using direct 

counting techniques involving epifluorescent microscopy 

( 32). Thus, many of the direct counts thought to have been 

bacterial cells may have actually been clay particles, re-

sulting in a false count. In addition, one further log di-

lution was performed before counting. The direct counting 

methodology used and its associated dilutions could only 

achieve a minimal direct count of 1 x 10 7 organisms per gram 

of soil. 

Because of the difficulty of determining A-0 direct counts 

in the clay soil composed of small colloidal particles, fur-

ther examination of the bacterial counting techniques was 

performed. In the non-clay soils, where the A-0 direct 

counting technique encountered no obvious difficulties, the 

actual direct counts and plate counts per gram of soil were 

essentially equal. Thus, either counting method was appro-

priate for non-clay soils. However, over a range of soil 

types and bacterial populations, plate counting techniques 

proved more reliable. Because of the difficulty in 

distinguishing bacteria from colloidal soil particles when 

using the acridine-orange stain, and the fact that the direct 

counting technique could only determine bacterial populations 
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Table 2. Bacterial Population in Philadelphia Subsur-
face Soil. 

DEPTH SOIL YEAST ACRID I NE 
(FT.) EXTRACT EXTRACT ORANGE 

(CFU/G) (CFU/G) (ORG/G) 

surf ace 4.3 x 10 7 3.9 x 10 7 6.8 x 10 7 

25 1.1 x 10 6 1.0 x 10 6 3.9 x 10 8 

45 4.0 x 10 7 6.0 x 10 7 3.8 x 10 7 
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of 10 7 and above, plate counting techniques were deemed more 

reliable over a range of soil types and bacterial popu-

lations. Also, the plate counts measure viable organisms, 

whereas direct counts do not. The acridine-orange stain 

binds to RNA and DNA molecules regardless of whether these 

biotic molecules are contained in viable or non-viable cells. 

Therefore, soil extract plate counts were determined to be 

the most appropriate bacterial counting method for this 

study. It should be noted that the standard deviations as-

sociated with both direct and plate counts were very large 

due to the size of the dilutions employed in the methodology 

and the random variability. For example, at a depth of 45 

feet, soil extract plate counts revealed a bacterial density 

of 4.0 x 10 7 cfu/gram of soil, with a standard deviation of 

1.9 x 10 7 • Thus, the bacterial counts determined were highly 

variable. 

Al though plate counts typically measure viable cells, the 

bacterial counting techniques used for subsurface soils are 

far from adequate. This inadequacy is particularly evident 

when changes in bacterial density are to be determined. Be-

cause of the high variability associated with the counting 

techniques, smaller, but substantial increases in bacterial 

numbers(< 10 6 ) could not be detected. Questions remain about 

what soil extract plate counts are really measuring. Obvi-

ously, only those organisms capable of growing on a partic-
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ular nutrient media or under particular environmental 

conditions (aerobic/anaerobic) will survive to be counted. 

This in no way suggests that plate counts represent the total 

number of viable organisms in the soil. It is plausible that 

the organisms able to grow on one media might not grow at all 

on another media. Thus, when assessing plate count data, it 

should be noted that the counts are actually the number of 

viable organisms able to grow on a particular nutrient media. 

Similar arguments apply to fluorescent direct counts, in-

cluding questions about the viability of the cells counted 

and abiotic soil colloids interferring in the staining and 

counting procedure. Thus, the counting of subsurface bacte-

ria has severe limitations, and new, or alternate, methodol-

ogies are needed if accurate characterization of the 

subsurface microflora is to be accomplished. 

GROUNDWATER PARAMETERS. 

The chemical composition of the groundwater at the 

Philadelphia site is listed in Tables 3 and 4. Low concen-

trations of chlorine and bromine indicate that samples at 

this site were indeed from a freshwater aquifer. While only 

a trace of nitrate was found to be present, several other 

compounds were found in significant concentrations. The 

sulfate ion, necessary for organic oxidations carried out by 

sulfate-reducing bacteria in anaerobic environments, was 
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present at a concentration of 50 mg/L. Because of the absence 

of nitrate, any anaerobic respiration occurring will likely 

utilize sulfate as the terminal electron acceptor in the 

electron transport system, provided that adequately low redox 

conditions exist. Ferrous iron, calcium, and magnesium con-

centrations were also found to be significant, exhibiting 

levels of 29, 58, and 120 mg/L,respectively. The significance 

of ferrous iron is that it indicates that the aquifer is in 

a reduced oxidation state and thus devoid of oxygen. The 

concentrations of calcium and magnesium indicate a hard water 

dominated by magnesium, which suggests a bedrock of dolomitic 

limestone. 

Groundwater pH was measured to be 6.5, while the temperature 

was 13 degrees Celcius. The dissolved oxygen concentration 

of the groundwater sampled was measured as 0.5 mg/L. Because 

of the methods used in obtaining groundwater for the dis-

solved oxygen analysis (i.e. getting groundwater to the sur-

face}, it is suspected that the dissolved oxygen content was 

actually zero, and that the small amount measured was intro-

duced while obtaining the sample. 

Based on chemical parameters, it is assumed that the 

groundwater environment at Philadelphia is anaerobic, and 

exists at temperatures normally considered below optimum for 

microbial growth. The groundwater pH is within a range con-
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Table 3. Ion analyses of groundwater at Philadelphia, 
PA. 

ION CONCENTRATION (MG/L) 

CL- 9.5 
BR- 0.1 
NOa- TRACE 
so4 = 50.1 
FE++ 29.l 
CA++ 57.5 
MG++ 120.0 
NA+ 15.6 
K+ 4.8 
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Table 4. Groundwater parameters at Philadelphia, PA. 

PARAMETER 

Dissolved Oxygen (mg/L) 
Temperature (°C) 
pH 

VALUE 

0.5 
13.0 
6.5 
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sidered highly acceptable for microbial activity, and because 

the system is buffered (alkalinity), the products of 

metabolism (i.e. C0 2 ) should not alter the pH into a non-

optimum range. Limited by a lack of oxygen, the metabolism 

of substrates could occur via anaerobic respiration, using 

sulfate as an electron acceptor, and/or via fermentations. 

Theoretically, based on the water chemistry, any of a number 

of degradation mechanisms are possible, including co-

metabolism. 

BIODEGRADATION 

The methods utilized to obtain degradation data from the 

Philadelphia site are identical to those used by Goldsmith 

(29) in his studies of subsurface sites in New York, 

Pennsylvania, and Virginia. The interest in the 

biodegradation potential of the Philadelphia subsurface re-

sults from the fact that this site represents a groundwater 

system previously contaminated by a variety of organic com-

pounds. The contamination resulted from long-term exposure 

to gasoline containing TBA, but not methanol. Additionally, 

based on field dissolved oxygen measurements, the 

Philadelphia subsurface was assumed to be anaerobic. 

Throughout the discussion of data obtained from Philadelphia 

microcosms, particular focus will be placed on the comparison 
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of biodegradation characteristics at the 26 and 45 foot 

depths. Soils at these depths vary significantly, with re-

spect to grain size. Although no actual grain size measure-

ments were performed, it was observed that the 26 foot soil 

was composed of small-grain-diameter clay and silt, while the 

45 foot soil was made up of larger-grained sand. The signif-

icance of this fact is, in the permeability to water within 

each of these soil types. The permeability of soil (i.e. its 

ability to transport water) greatly influences the ability 

to transport life sustaining nutrients and organic substrates 

throughout the soil matrix. Conversely, the lack of this 

ability would most likely retard the development of microbial 

populations contained within these soil layers. 

Methanol. 

Microcosms were set up to study biodegradation of methanol 

at initial concentrations of approximately 100 and 1000 mg/L. 

The microcosms initially dosed with 100 mg/L exhibited com-

plete methanol degradation within a period of 60 days. Vari-

ations in the degradation rate due to depth seem to be 

slight, al though the greatest degradation rate occurred at 

the 45 foot depth (see figure 7). This maximum rate of 

methanol degradation was approximately 3.5 mg/L/day and ac-

complished complete degradation of 95 mg/L methanol in 25 

days. Each degradation curve represented in figure 7 is in-
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dicati ve of the degradation data observed in one of three 

replicate microcosms analyzed identically. A representation 

of the similarity amoung data collected from each of these 

three replicates is 'shown in figure 8. Sterile control 

microcosms, resulting from repeated autoclaving, showed lit-

tle or no loss of substrate (figure 7). 

The microcosms initially dosed with approximately 1000 mg/L 

methanol also exhibited rapid biodegradation. At the 26 foot 

depth, a linear degradation rate of approximately 4 mg/L/day 

was observed (figure 9). After 120 days, the initial methanol 

concentration had been reduced by approximately 50 percent. 

The microcosms containing soil from a depth of 45 feet re-

vealed an abrupt acceleration in the degradation rate. E'or 

approximately 40 days, a degradation rate of about 6 mg/L/day 

was observed in each of the replicate microcosms. Then, ab-

ruptly, the degradation rate increased to approximately 55 

mg/L/day. All three microcosms similarly dosed and incubated 

showed the same response. Complete biodegradation of 1000 

mg/L methanol in the soil from the 45 foot depth occurred in 

less than 70 days. The degradation rate during the initial 

40 day period was similar to the rate observed at the 26 foot 

depth (4 and 6 mg/L/day}. 

In an attempt to explain the abrupt increase in degradation 

rate that occurred in the 45 foot microcosms, several theo-
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ries can be presented. One explanation might couple the in-

crease in degradation rate to an increase in microbial 

numbers due to the utilization of the available methanol 

substrate. This explanation would align the degradation pat-

tern with classical batch kinetics, involving substrate 

utilization and microbial growth. Lack of this growth re-

sponse in the 26 foot microcosms could be explained by a lack 

of permeability within the more compacted fine-grained soil 

and thus retarding methanol transport and availability to the 

microbial population. 

A second explanation might suggest that the change in the 

methanol degradation rate could be tied to a change in envi-

ronmental conditions, namely dissolved oxygen concentration 

and/or redox conditions, within the microcosms. Upon initial 

dosing, sterile groundwater that had been in contact with air 

was added to the microcosms. Thus, the initial dissolved ox-

ygen concentration in the microcosms could have been as high 

as saturation (approximately 8 mg/L). After the initial oxy-

gen was utilized, by microbes or soil chemical reactions, an 

anoxic, reduced environment could have developed which was 

more favorable for methanol degradation. No explanation, 

other than the lack of permeability and associated lack of 

microbial density, can explain why the same conditions and 

degradation pattern did not develop in the 26 foot 

microcosms. If the plate count numbers are believable, then 

60 



• 

the smaller bacterial density may have played a role in the 

slower rate of degradation. 

A third possibility explaining the increase in degradation 

rate could be that a "contaminant" microbe was introduced 

into the microcosm by way of the sampling syringe during 

analysis. Although a possibility, the· fact that all three 

microcosms containing soil from the 45 foot depth and simi-

larly dosed exhibited the same "contamination" and the fact 

that none of the similarly dosed microcosms containing soil 

from the 26 foot depth were "contaminated" tends to cast 

dought on this theory. Also, precautions were taken to rinse 

and thermally clean the syringe before every sample with-

drawal. 

Additional observations provided more explanation as to the 

cause of the increased methanol degradation rate in the 

microcosms containing soil from 45 feet. Between 25 and 39 

days of incubation, it was observed that the color of the 

soil in all three replicate microcosms, initially dosed with 

approximately 1000 mg/L methanol, became noticably darker. 

The deeper gray color was accompanied by the appearance of 

small black spots (approximately 1 mm in diameter) throughout 

the soil matrix and also coincided with the onset of rapid 

biodegradation. The darkening of the microcosms might sug-

gest that reducing conditions became established and the 
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spots may indicate growing bacterial colonies, or their by-

products. In any event, this rapid degradation of methanol 

coincided with the darkening of the microcosm and the ap-

pearance black spots (microbial colonies) in the soil matrix. 

Mechanisms describing the biodegradation of methanol in both 

aerobic and anaerobic environments have been discussed ex-

tensively in the literature. Aerobically, methylotrophic 

microorganisms are recognized by their ability to grow on 

one-carbon compounds, including methanol. Known 

methylotrophs are all obligate aerobes, and have been de-

tected in nearly every type of natural environment (33, 34). 

Two primary pathways have been described for the assimilation 

of reaction by-products (formaldehyde) formed from the 

breakdown of methanol. Type I methylotrophic bacteria use the 

efficient ribulose monophosphate pathway for formaldehyde 

assimilation, while type II methylotrophs have been described 

as being "facultative", meaning that they can also oxidize a 

large number of non-one-carbon substrates. The 

biotransf ormations of these non-one-carbon compounds by the 

facultative methylotrophs have been attributed to a lack of 

specificity of methane to methanol, and to a lesser extent 

other enzymes which act in the further oxidation of methanol 

to carbon dioxide (33). The complete methylotrophic oxidative 

mechanism is shown in figure 10. 
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Anaerobically, a fermentative group of bacteria, called. 

methanogens, are known to utilize methanol. The product of 

this fermentation reaction is methane and carbon dioxide. 

Energy, in the form of ATP, is synthesized by substrate-level 

phosphorylation, with a net one mole of ATP being formed per 

four moles of methanol used (35). The overall fermentation 

reaction is also shown in figure 10. 

The sulfate-reducing bacteria are also able to metabolize 

methanol to carbon dioxide anaerobically. The growth yield 

is low on methanol and it is unclear as to whether methanol 

is a complete substrate (36). In dissimilatory sulfate re-

duction, the sulfate ion acts as an oxidizing agent for the 

dissimilation of organic matter, as does oxygen in conven-

tional aerobic respiration. The sulfate ion is reduced to 

sulfide and is known to precipitate out of solution as a 

black colored ferrous sulfide when iron is present. The 

sulfate reducing bacteria are all strict anaerobes, but have 

a remarkable capacity for survival in a wide range of envi-

ronments. Although their growth is inhibited by the presence 

of oxygen, a small amount of sulfate reduction has been re-

ported in oxic soils, supporting the view that anoxic micro-

environments exist in aerated soils (37). 

A final experimental observation offers more insight towards 

the mechanism of methanol degradation. After complete 
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methanol degradation had occurred in the microcosms contain-

ing soil from 45 feet and initially dosed with approximately 

1000 mg/L methanol, these microcosms were redosed with 1000 

mg/L methanol. Again, the degradation of methanol was rapid, 

being completed within 65 days. As the degradation approached 

completion, a large peak appeared on the gas chromatogram at 

a very early retention time (0.74 minutes), suggesting the 

presence of a reaction product or intermediate (figure 11). 

The retention time of methanol, as shown in figure 5, was 

0.86 minutes. 

Because of the suspected anaerobic conditions previously de-

scribed, one possible product was thought to be methane. In 

order to show that the new peak was an indication of methane, 

two procedures were employed. First, one of replicate 

microcosms exhibiting the suspected methane peak was stripped 

by bubbling air through the aqueous portion of the microcosm. 

GC analysis of this aqueous phase showed a dramatic reduction 

in the suspected peak height. Thus, the unknown compound was 

found to be volatile. Secondly, pure methane gas was bubbled 

through a test tube filled with distilled water. Subsequent 

GC analysis of this aqueous-methane solution revealed that 

the retention time of methane (0.74 minutes) was identical 

to the retention time of the unknown compound seen in the 

microcosms. Thus, it is probable that methane was an inter-

mediate, or a product, in these microcosms containing soil 
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from the 45 foot depth dosed with 1000 mg/L and that an 

anaerobic fermentative type mechanism was used for methanol 

degradation. 

From the observations and the data gathered, it can be spec-

ulated that the large degradation rate observed in the 

microcosms containing soil from 45 feet and dosed with 1000 

mg/L methanol resulted from an anaerobic dissimilatory mech-

anism. This mechanism could have been strictly fermentation, 

with methane and carbon dioxide as products; or the mechanism 

could have involved sulfate reduction, with carbon dioxide 

and sulfide as products. The observations indicating methane 

formation, and the dark spots ( FeS ? ) suggest that both 

mechanisms may have been involved coincidentally. 

In any event, the degradation of methanol was found to occur 

quite readily in the Philadelphia subsurface system. Com-

plete degradation at 10°C of up to 1000 mg/L methanol in the 

slowest of the microcosms was found to occur in less than 1 

year. 

TERTIARY BUTYL ALCOHOL 

Microcosms were prepared as before, with subsurface 

Philadelphia soil from three depths (10, 26, and 45 feet) and 

dosed with TBA at concentrations of approximately 1, 10, and 
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Figure 11. Chromatogram showing intermediate methane 
peak. 
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100 mg/L. The TBA degradation curves typically exhibited a 

two-phased pattern. An initial slow rate of degradation was 

followed by a substantial increase in rate. This pattern was 

observed in some form in most of the Philadelphia microcosms 

studied. Microcosms dosed with 1 and 10 mg/L typically 

showed a more pronounced two-phased degradation pattern. 

Including the microcosms containing soil from 10 feet, which 

lacked a prolonged slower-rate phase, it was observed that 

each of the two observed rates were relatively constant, and 

dependant on initial substrate concentration, regardless of 

depth. Figure 12 illustrates the similarity in the degrada-

tion curves observed at each depth of the Philadelphia 

microcosms dosed initially with approximately 1 mg/L. The 

slower utilization rates, seen initially in the microcosms 

containing soil from 26 and 45 feet, are nearly identical as 

described by the similarity in the slope of degradation 

curves. Also, it can be seen that the faster utilization 

rates observed at each depth are all very similar. Each of 

the degradation curves shown in Figure 12 represents the de-

gradation data observed in one of three microcosms initially 

dosed with similar concentrations of TBA and analyzed iden-

tically. Figure 13 shows that each of the three similarly 

dosed microcosms exhibited similar two-phased degradation 

curves. Sterile control microcosms showed little or no loss 

of TBA. 
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Although the Philadelphia microcosms initially dosed with 10 

mg/L showed a similar two-phased degradation pattern, the 

actual utilization rate in each phase was approximately 10 

times faster than the rates observed in microcosms initially 

dosed with 1 mg/L. Representative degradation curves at each 

depth are shown in Figure 14. Figure 15 compares the degra-

dation curves obtained from microcosms initially dosed with 

1 and 10 mg/L, showing the obvious dependence of TBA utili-

zation rate on initial concentration. All microcosms were 

prepared in the same manner, with similar amounts of subsur-

face soil and water added to each tube. Thus, bacterial pop-

ulations native to the subsurface soil would be expected to 

be approximately the same, at least initially, in each of the 

microcosms. 

Philadelphia microcosms initially dosed with 100 mg/L TBA did 

not exhibit the two-phased degradation pattern, al though a 

gradual increase in rate with time was observed in the 

microcosms containing soi 1 from the 45 foot depth (figure 

16). Several microcosms were redosed with 100 mg/L TBA after 

117 days of degradation. Subsequent analysis of these re-

dosed microcosms revealed a degradation rate slightly higher 

in value than those rates originally seen in the same tubes 

(figure 17). This gradual increase in degradation rate with 

time is typical of a classic batch response where the 

microbial population is increasing as a result of TBA utili-
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zation. Again, the observed degradation rates seem to be 

dependant on initial TBA concentration. The slower-phase de-

gradation rates seen in microcosms dosed with 100 mg/L were 

found to be about 10 times faster than those seen in 

microcosms dosed with 10 mg/L. 

The two-phased degradation pattern suggests that the bacte-

rial population residing in the contaminated Philadelphia 

system can utilize TBA as a growth and energy substrate. Upon 

exposure to TBA, an efficient degradation mechanism is either 

induced after a short lag period, or more probably, an in-

crease in the TBA-degrading population occurs. The fact that 

a more classic batch degradation response is seen in the 100 

mg/L microcosms also suggests that a TBA-degrading population 

is growing. 

The degradation curves suggest that an active, growing 

microbial population is responsible for the TBA utilization 

in the contaminated system. Figure 18 represents the clas-

sical batch response of population increase and substrate 

disappearance when bacteria are provided with a compound they 

can use as a carbon and energy source for growth ( 28). The 

similarity of this hypothetical substrate utilization curve 

and the degradation curves observed in the Philadelphia 

microcosms are obvious. It was also observed that in most of 

the Philadelphia microcosms, a definite lag period occurred, 
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various depths at Philadelphia. 
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during which time the TBA utilization mechanism could have 

been induced and/or the population of TBA utilizing organisms 

was becoming more prominent. 

Plate counts, performed after incubation, on microcosms con-

taining soil from three depths (10, 26, and 45 feet), and 

originally dosed with TBA, showed an approximate 10 fold in-

crease in bacterial numbers (Table 5). This suggests that the 

substrate (TBA) was utilized for bacterial growth, and thus 

confirms biodegradation. Because it seems that the TBA was 

utilized for microbial growth, a co-metabolism degradation 

mechanism appears unlikely. If co-metabolism had been in-

volved in the TBA degradation, the organism would not obtain 

any energy from the degradation process and thus little or 

no change in bacterial numbers would have occured as the TBA 

was utilized. 

The largest increase in bacterial numbers occurred in the 

microcosm containing the clay soil from 26 feet and TBA. This 

large increase in bacterial numbers may be an indication of 

the more hydrated condition of the microcosm than naturally 

occurs in an aquifer, and the corresponding increase in 

transport of substrate to the resident bacteria. After the 

microcosms were loaded with subsurface soil, groundwater, and 

substrate (methanol and TBA), they were vortexed for a few 

seconds to achieve complete mixing. This mixing procedure was 
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Table 5. Bacterial counts (soil extract) after 47 days 
incubation and complete TBA degradation. 

MICROCOSM INITIAL AFTER INCUBATION 
(cfu/g) (cfu/g) 

10 mg/L TBA (10') 4.3 x 10 7 2.0 x 10 8 

1 mg/L TBA (26 1 ) 1.1 x 10 6 5.2 x 10 7 

1 mg/L TBA (45') 4.0 x 10 7 9.6 x 10 7 
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performed only once, initially, after dosing, and never 

again. However, this mixing procedure allowed vigorous con-

tact between the soil bacteria, water, and substrate that 

naturally would not occur in an aquifer. After mixing, the 

soil was allowed to settle, by gravity, or in some cases by 

centrifugation. As a result of this settling, the soil 

compactness was similar to the compactness found in the sub-

surface. Thus, it seems that the presence of water in the 

pore spaces of the soil matrix and its availability to effect 

substrate and nutrient transport to the bacterial population 

may play a key role in subsurface microbial activity and 

growth. 

Theoretically, the amount of biomass produced from a given 

amount of carbon source utilized can be calculated. This 

value, the yield coefficient, is typically around 0. 5 for 

aerobic processes and 0.05 for anaerobic processes. Assuming 

a yield value, and knowing the amount of TBA utilized, the 

increase in biomass can be estimated for the Philadelphia 

microcosms used in this study. On a carbon basis, the in-

crease in biomass (AX) is approximated by the yield (Y) times 

the amount of substrate utilized (AS). If a bacterial cell 

can be represented by the chemical formula C5 H7 N0 2 and a 

typical cell weighs about 10- 9 mg, then the amount of biomass 

carbon produced (AX) from 1 mg/L TBA (tis) is calculated to 

be 0. 00013 mg for an anaerobic yield and 0. 0013 mg for an 
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aerobic yield (38, 39). The observed ~X obtained from plate 

counts and converted to carbon units is 0.27 mg. Based on 

these rough calculations, the observed increase in biomass 

is at best two orders of magnitude higher than is theore-

tically possible. 

Two explanations are offered. One is that the organism 

counting technique is not inherently accurate and may not 

reflect TBA-degrading organisms at all. The high degree of 

variability associated with these counting methods has been 

described previously. A second explanation may involve ad-

ditional carbon sources being utilized besides TBA. Recall, 

the Philadelphia site had been contaminated with gasoline for 

several years and characteristic hydrocarbon odors were evi-

dent in the subsurface soils used to prepare microcosms. 

Also, the TOC of the Philadelphia groundwater was found to 

be significant at 5.6 mg/L. It is possible that some of these 

gasoline components are being utilized as carbon and energy 

sources in addition to TBA. This argument is suspect in that 

approximately 10 to 100 mg/L of these gasoline components 

would need to be present to effect the observed yields. Also 

no alternative peaks were evident on the G-C chromatogram 

which would have indicated the presence of significant con-

centrations of other organic compounds. It could also be ar-

gued that one, or more, of the assumptions made for 

calculation (i.e. cell weight and cell percent carbon) is 
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inaccurate. This may be true to some extent, but it is highly 

unlikely that an error of two to three orders of magnitude 

would result from these assumptions. Thus, it seems that the 

more plausible explanation may be in the inaccuracy of the 

subsurface bacterial counting techniques. 

The large increase in bacterial numbers after incubation may 

not reflect a growth phenomenon at all, but may be due to an 

enhanced viability of the bacteria after being exposed to the 

TBA substrate and water in the microcosms. If the microcosm 

environment is more favorable for bacterial activity, due to 

the presence of a carbon source (TBA), excess water, and the 

initial mixing procedure, then the organism may become more 

active and thus more likely to grow when plated. 

The observations regarding TBA degradation suggest that a 

population of microorganisms exist in the Philadelphia sub-

surface that are capable of degrading TBA. It is suspected, 

but riot proven, that this population evolved the ability to 

utilize TBA as a growth substrate because of long-term expo-

sure to this compound. The degradation curves suggest that 

once exposed to TBA, the organisms present can utilize TBA 

as a source of carbon and energy, and increase in numbers as 

the TBA is utilized. This is reflected in the increase in 

degradation rate with time seen in the Philadelphia 

microcosms. Complete utilization of TBA in concentrations 
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ranging from 1 to 100 mg/L is accomplished in the contam-

inated Philadelphia system at 10°C within a period of one 

year. It is obvious that the long-term contamination of this 

aquifer system did not adversly affect the biodegradation 

potential of the natural microbial population. 

Re-dosing of microcosms. 

After complete degradation of methanol or TBA had occurred 

in most of the Philadelphia microcosms, all microcosms were 

re-dosed with various concentrations of methanol and TBA. To 

some of the microcosms, alternate electron acceptors (nitrate 

and sulfate) were added at a concentration of 50 mg/L in or-

der to determine the effect of their presence on 

biodegradation. Both nitrate and sulfate can replace oxygen 

as a terminal electron acceptor in an anoxic respiration 

process. These redosing experiments involving the addition 

of nitrate and sulfate were designed to detect the existence 

of respiratory or sulfate-reduction degradation mechanisms. 

Sodium sulfide was added to some microcosms re-dosed with 

sulfate, to achieve a concentration of 25 mg/L, in order to 

poise the redox condition at a level suitable for the sulfate 

reduction process to occur. In addition, at least one of the 

three replicate microcosms was re-dosed with a concentration 

of methanol or TBA identical to its original dose. 
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Those re-dosed microcosms containing substrate and concen-

tration identical to the original dose exhibited degradation 

patterns very similar to those seen originally. Figure 19 

shows that the degradation pattern of the microcosm re-dosed 

with 100 mg/L methanol almost exactly duplicated the pattern 

seen originally. A similar duplication of the original re-

sponse was observed in the microcosm containing soil from the 

45 foot depth originally dosed with 1000 mg/L methanol (Fig-

ure 20). Recall that the degradation of 1000 mg/L methanol 

in the Philadelphia microcosms containing soil from 45 feet 

occurred rapidly and was accompanied by colony formation and 

gas production. The duplication of response suggests that the 

microbial population responsible for degradation had become 

established during the original degradation and thus did not 

significantly increase in density upon re-dosing. 

The degradation pattern shown by microcosms redosed with TBA 

is represented by figure 21. It is clearly seen that only the 

rapid degradation portion of the original two-phased response 

is duplicated. This duplication of the rapid degradation 

portion of the original curves suggests that growth of a 

population of TBA degraders occurred originally, and reached 

a steady state population where the increase in biomass was 

balanced by microbial death. It can also be argued that an 

induction of the TBA degradation mechanism took place ori-

ginally and was already induced upon re-dosing. The actual 
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rate of degradation observed in the re-dosed microcosm was 

not significantly different than that observed during the 

rapid degradation phase originally. 

Several tubes originally dosed with 100 mg/L methanol were 

re-dosed with TBA. The TBA degradation pattern observed in 

these microcosms was identical to the TBA degradation pat-

terns observed in microcosms initially dosed with TBA (Figure 

22). A definate two-phased degradation pattern is seen, in-

dicating that the TBA-degrading population had to establish 

itself, or be induced, before rapid degradation occurred. 

This clearly indicates that the degradation of TBA is accom-

plished by a mechanism (or organism) completely different 

from that used to degrade methanol. If the degradation of 

TBA and methanol was accomplished by the same organism, the 

population of microorganisms would have increased due to the 

utilization of methanol and upon re-dosing with TBA would not 

have to re-establish itself. Thus, a distinct two-phased TBA 

degradation curve, as was observed, would not be expected. 

Philadelphia microcosms re-dosed with TBA plus nitrate or 

sulfate showed no obvious change in the degradation rate or 

pattern. Figure 23 illustrates microcosms re-dosed with 10 

mg/L TBA alone, TBA plus nitrate, and TBA plus sulfate. The 

degradation rates were all rapid and very similar, thus no 
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degradation stimulation was observed due to the addition of 

these alternate electron acceptors. 

In summary, it is evident that both methanol and TBA are 

readily degradable in the Philadelphia subsurface system. 

Substantial concentrations of each of these alcohols can be 

completely utilized within a one year period of time in a 

10°C environment. The contamination of this site did not 

eliminate microbial activity in the subsurface and might 

possibly be contributing to the acclimation of the microbes 

to these compounds, while providing carbon sources for use 

by the resident bacteria. 
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CHAPTER V 

SITE VARIATION AND DEGRADATION MECHANISMS 

In an effort to completely characterize the Philadelphia 

subsurface system, the biodegradation of methanol and TBA was 

compared to the biodegradation observed in three other sub-

surface systems (29). Similar microcosms and methodologies 

were employed to gather data at these alternative three 

sites. Groundwater parameters for each of the sites are 

listed in Table 6. 

The groundwater temperature at each site was found to be very 

similar, ranging from 10 to 13°C for the four sites studied 

(Wayland, NY; Williamsport, PA; Dumfries, VA; and 

Philadelphia, PA). Because of this narrow temperature range 

measured in several groundwaters, it can be concluded that 

aquifer temperature is relatively constant at the depths (SO 

feet) and geographic latitude studied. Although the 

groundwater parameters vary somewhat from site to site, the 

most obvious difference in sites is that the Pennsylvania 

aquifer was obviously aerobic. This fact could possibly af-

fect the types of microbes inhabiting this aquifer. 

Comparison of methanol degradation at the contaminated 

Philadelphia site to uncontaminated sites studied previously 
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Table 6. Groundwater parameters exhibited by four sepa-
rate sites. 

LOCATION 

PARAMETER PHI LA PENNSYLVANIA NEW YORK VIRGINIA 

Cl - I mg/L 9.5 9.9 8.0 12.2 
Br-, mg/L 0.1 0.1 0.3 
N03- I mg/L 53.4 1.5 0.1 
N0 2 -, mg/L 1.2 0.6 
S04 2 - I mg/L 30.1 27.6 52.0 8.1 
P0 4 3 - mg/L ND ND ND ND I 

Fe 2+, mg/L 27.1 0.4 0.1 4.2 
ca 2+, mg/L 57.5 22.6 73.8 2.9 
Mg2+, mg/L 120.0 4.6 14.4 3.9 
Na+, mg/L 13.6 2.8 33.4 13.5 
K+, mg/L 4.8 1.1 3.5 4.5 

TOC, mg/L 5.6 1. 0 1. 7 1.3 

Dissolved 
Oxygen 0.5 6.7 0.7 0.2 

mg/L 

Temperature 13.0 11.0 10.0 10.0 
oc 

pH 6.5 4.7 7.8 4.5 
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showed no significant differences, except for the anomoly 

discussed in the 45 foot Philadelphia microcosms initially 

dosed with 1000 mg/L. Figure 24 shows methanol degradation 

for microcosms initially dosed with 100 mg/L at the 

Philadelphia, New York, Virginia, and Pennsylvania sites. 

Each degradation curve in the figure represents a represen-

tative microcosm. Even though the Pennsylvania aquifer was 

aerobic when sampled, the degradation rate of methanol was 

similar to the other, anaerobic sites. This similarity could 

be attributed to the fact that the microcosms from each site 

were set-up, incubated, and analyzed identically. 

Degradation rates for methanol ranged from 1.7 to 4.0 

mg/L/day, and complete degradation was accomplished within 

61 days. Comparisons show that the rate of methanol degra-

dation in microcosms initially dosed with 100 mg/L was es-

sentially the same at all sites studied. Prior exposure to 

gasoline contamination and the chemical variation of the 

groundwater between sites had no observed effect on degrada-

tion rates. Degradation of methanol occurred readily even 

though the subsurface population had not previously been ex-

posed to methanol. 

Comparing microcosms dosed with 1000 mg/L methanol from dif-

fering sites shows that the degradation rates were very sim-

ilar to those observed in the microcosms dosed with 100 mg/L 
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(figure 25). The exception is the Philadelphia microcosms 

containing soil from the 45 foot depth, where rapid degrada-

tion occurred and microbial colony formation was observed. 

Degradation data from New York is not shown in figure 25 be-

cause it was virtually identical to that observed in 

Virginia. With the exception of the Philadelphia microcosms 

containing , soil from 45 feet, the degradation rates ranged 

from 4.4 to 7.4 mg/L/day. 

Only the degradation curves of the Philadelphia microcosms 

containing soil from 45 feet and dosed with 1000 mg/L were 

found to differ from those microcosms at other sites. No 

darkening was observed in any other microcosms, and no sig-

nificant intermediate/product peaks were ever seen in any 

other microcosms but the 45 foot Philadelphia soil sample. 

Several questions remain about the observations made. If in-

deed the Philadelphia microcosms containing soil from the 45 

foot depth became anaerobic and reduced, causing color 

changes and fermentation reactions, why didn't other 

microcosms exhibit this same response. It seems possible that 

two mechanisms for methanol degradation were seen. The faster 

of the two mechanisms seemed to occur only on observations 

thought to indicate reduced, anoxic conditions, or the pres-

ence of an increased population of microorganisms. The con-

ditions in this 45 foot Philadelphia soil may have been more 

favorable to a population of organisms able to utilize 
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methanol. However, it cannot be said that any of the other 

microcosms did or did not exhibit the same conditions. They 

did not show any evidence of this occurrance. 

In summary, it can be said that methanol biodegradation in 

subsurface environments occurs readily, regardless of envi-

ronmental conditions. There were no significant differences 

in degradation rates between sites initially differing in 

dissolved oxygen content. Contamination, as occured at 

Philadelphia, did not adversly effect methanol degradation, 

and if anything, may be responsible for an increase in de-

gradation rate. In general, complete degradation of methanol 

in concentrations of up to 1000 mg/L can be degraded na-

turally in a period of less than one year. Thus, methanol 

can be classified as a readily degradable substrate. 

The degradation of TBA in the contaminated Philadelphia sys-

tem can also be compared to the data collected from non-

contaminated sites begun by Goldsmith (29). TBA utilization 

in the contaminated subsurface system was found to be strik-

ingly different from the other anaerobic sites studied, but 

was similar to the degradation pattern observed in the 

aerobic Pennsylvania site. Figure 26 shows the similarity 

in TBA degradation observed in the Pennsylvania and 

Philadelphia microcosms. Substantial, but different, 

TBA-utilizing populations may explain the similarity ob-
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served, even though the environmental conditions of these 

aquifers were different (aerobic verses anaerobic). The 

microcosms were set-up and incubated identically. When com-

paring Philadelphia microcosms to those of other anaerobic 

sites, the most obvious difference seen in the degradation 

curves is the existence of a two-phased degradation rate. In 

comparison, the New York and Virginia systems typically ex-

hibited a slow, constant rate of TBA utilization. As seen in 

Figure 27, for the initial period of time, the TBA utiliza-

tion rate at Philadelphia appears to be equal to the rates 

observed in uncontaminated systems. However, after varying 

amounts of time, the rates in the Philadelphia system in-

creased dramatically. 

Figure 28 compares the degradation 

microcosms dosed with approximately 

patterns seen 

10 mg/L TBA 

in 

at 

Philadelphia with those observed at uncontaminated systems. 

Again, the similarity is seen between the initial, slow 

Philadelphia rate and the constant rates observed in New York 

and Virginia. It was also observed that these constant rates 

of degradation were dependent on the initial TBA concen-

tration. These observations suggest that the slower utili-

zation rate observed in Philadelphia microcosms and the 

constant rates observed in uncontaminated systems of New York 

and Virginia are governed by a similar mechanism, dictated 

by initial TBA concentration. 
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The two-phased pattern also suggests that two separate TBA 

utilization mechanisms may be involved. One mechanism results 

in a very slow TBA utilization rate dictated by the initial 

TBA concentration. This slow utilization mechanism predomi-

nated in the uncontaminated systems of New York and Virginia. 

Complete degradation in these uncontaminated systems has not 

been completed after more than 2 years of monitoring. The 

second TBA utilization mechanism results in TBA being de-

graded more rapidly and was only observed in groundwater 

systems previously exposed to long-term contamination by 

gasoline containing the TBA compound. Complete degradation 

occurred in 2 to 4 months. It is obvious that both mech-

anisms are employed in the contaminated system, whereas only 

the slower utilization mechanism occurred in uncontaminated 

systems. 

Examination of the degradation curves representing the slow 

utilization mechanism found predominately in the uncontam-

inated New York and Virginia systems indicates a zero order 

reaction rate. The degradation rates observed in uncontam-

inated systems (and similarly observed initially in the 

Philadelphia microcosms) show no change over time. The de-

gradation rate appears constant as the concentration of TBA 

decreases due to biodegradation. However, Figure 29 illus-

trates the dependance of this constant, zero-order rate on 

the initial TBA concentration. It seems that each successive 
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10-fold increase in initial TBA concentration is accompanied 

by a 10-fold increase in the zero-order rate. Several ref-

erences to this dependency of rate on initial concentration 

have been cited in the literature (40, 41). For example, the 

maximum rate of degradation of diethylamine in stream water 

was found to be a linear function of its initial concen-

tration from values below 10 ng/ml to greater than 10 µg/ml 

( 41). 

A logarithmic plot of utilization rate versus initial 

substrate concentration (Figure 30) reveals a first order 

response in the Philadelphia, New York, and Virginia systems 

(all anaerobic), confirming the dependance of rate on initial 

concentration. If we divide the degradation curves seen in 

the Philadelphia system into two phases, it can be seen that 

the slow, initial degradation rates also exhibit this first 

order dependence of rate on concentration. From the log-log 

plot (figure 30), it is seen that these slow, initial rates 

in Philadelphia are very similar to the rates observed at New 

York and Virginia, suggesting a similar mechanism. If we 

plot the faster of the two rates observed at Philadelphia on 

the log-log axes of figure 30, the rates are seen to be ap-

proximately 10-fold higher, but a deviation from the first 

order response is observed. This indicates that the degra-

dation of TBA at concentrations of approximately 100 mg/L has 

entered a mixed-order region (between 0 and 1) and suggests 
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that 100 mg/L TBA is aproaching enzyme saturation levels. 

If this is indeed the case, the half-saturation constant, K 

, should have a value in the range of 100 mg/L. 

The dependence of utilization rate on initial substrate con-

centration has several implications. Of particular signif-

icance is the fact that predictions of biodegradation rates 

can be made using laboratory scale tests employing high con-

centrations. The linear dependance of degradation rate on 

initial concentration thus allows for extrapolation of labo-

ratory data to the various concentration levels found in the 

field. The relationship between rate and concentration also 

suggests that as concentration becomes smaller, the degrada-

tion rate also becomes smaller. 

may persist indefinitely. 

Thus, trace concentrations 

Several researchers have shown that at very low substrate 

concentrations, the microorganism may not get enough energy 

from oxidi tion of low levels of substrate to supply cell 

maintenance requirements (41, 42). When substrate is present 

below some concentration threshold, the energy requirements 

for active transport of metabolites and for enzyme induction 

and synthesis exceed the free energy available from substrate 

decomposition (42). 
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One further point to be made cautions against the unequivocal 

use of laboratory degradation rate data in field predictions. 

Because of the observed dependency of rate on initial con-

centration, the determination of degradation rates in the 

laboratory using substrate concentrations greater or less 

than those that prevail in nature may lead to erroneous con-

clusions. A range of substrate concentrations covering se-

veral orders of magnitude should be analyzed for degradation 

rates in order to determine specific linearity. 

More interesting is the explanation of the mechanism involved 

in TBA utilization in the New York and Virginia systems. In 

these "natural" ground water systems, TBA seems to be much 

more refractory. Degradation occurs slowly and is dependent 

on initial substrate concentration. Figures 31 and 32 show 

that very little TBA has been degraded in these uncontam-

inated systems after a period of two years. However, degra-

dation is occurring, although at a slow rate. These 

observations suggest that the introduction of complex organic 

compounds into a previously uncontaminated groundwater system 

(via spills, leaks, etc.) may result in a long-term persist-

ence of this compound. 

Several of the microcosms representing the uncontaminated 

Virginia system were also re-dosed. Because methanol was 

easily degraded in the uncontaminated system, particular em-
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Figure 31. Long-term degradation of approximately 10 
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phasis was placed on TBA re-dosing. Re-dosing experiments 

were designed again to add nitrate or sulfate (alternate 

electron acceptors) to microcosms re-dosed with TBA. In ad-

dition, lactate or pyruvate, two simple TCA cycle intermedi-

ates, were added to some microcosms re-dosed with TBA. These 

experiments were designed in hope of stimulating the slow 

rate of TBA degradation observed in the uncontaminated sys-

tems. Lactate and pyruvate were used in hope of supplying a 

readily utilizable substrate from which the microbial popu-

lation could obtain energy for growth. Lactate and pyruvate 

were added at concentrations of 10 mg/L, while sulfate and 

nitrate were added at concentrations of 50 mg/L. 

Re-dosed microcosms representing the uncontaminated Virginia 

system showed degradation patterns no different than those 

observed originally. Figure 33 illustrates that the degrada-

tion of TBA again proceeded at a very slow rate. The addition 

of nitrate, sulfate, lactate, or pyruvate to re-dosed 

microcosms also showed no effect on the rate of degradation. 

Figures 34 and 35 depict this lack of effect on TBA degrada-

tion by the addition of these compounds. The fact that the 

biological degradation rate enhancement techniques failed 

does not necessarily indicate the lack of a microbial popu-

lation able to degrade TBA, but it does suggest that a re-

spiratory mechanism of TBA utilization is not stimulated by 

these nutrient additions in the uncontaminated system. 
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A final re-dosing experiment was performed wherein a small 

amount of soil (approximately one-half gram) from a 

Philadelphia microcosm originally dosed with TBA, was added 

to a microcosm containing Virginia soil originally dosed with 

TBA. In theory, if TBA degradation at Philadelphia is accom-

plished by a growing bacterial population, and if the 

Virginia soil lacks this TBA degrading organism, then the 

introduction of these bacteria into the Virginia microcosm 

should increase the rate of TBA utilization there. Figure 36 

shows that this, in fact, is the case. The degradation rate 

of the Virginia microcosm after the addition of Philadelphia 

soil was observed to be three to four times faster than the 

rate seen originally. Thus, it does seem that some microbial 

population able to utilize TBA as a growth substrate exists 

in the Philadelphia subsurface, but does not at Virginia. The 

lack of this microbial population is also implicated at other 

uncontaminated systems. 

POSSIBLE TBA UTILIZATION MECHANISMS 

The data observed regarding TBA degradation strongly suggests 

that there exists a microbial population capable of utilizing 

TBA as a growth substrate in the contaminated Philadelphia 

subsurface system and also in the aerobic Pennsylvania 

aquifer. Although TBA degradation seems similar in the 

Pennsylvania and Philadelphia sites, the fact that one 
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aquifer was aerobic and one was not suggests that two sepa-

rate microbial populations able to degrade TBA may exist, or 

that this TBA degrading organism is facultative and can sur-

vive under a variety of environmental conditions. The number 

of organisms also may explain the similarity in rate, if the 

mechanisms were different. 

The existence of this growth mechanism at Philadelphia tends 

to be supported by the shape of the degradation curves, the 

increase in bacterial counts after degradation and the in-

crease in degradation rate resulting from the input of 

Philadelphia soil into Virginia microcosms. However, the 

mechanism involved in the slow, constant degradation pattern 

seen in the New York and Virginia systems is unknown. Again, 

this slow TBA degradation rate is linearly dependant on ini-

tial TBA concentration and the rates observed for each ini-

tial concentration were similar in each subsurface system 

studied. Even in the contaminated Philadelphia system, this 

slow, constant rate of degradation, dependant on initial 

concentration was observed during the initial stages of mon-

itoring. 

The following discussion attempts to provide some possible 

mechanisms for the slow degradation processes observed in the 

New York, Virginia and Philadelphia systems. Experimental 

evidence for these explanations is unquestionably lacking, 
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but these views are offered in hope of spurring further re-

search into the biological mechanisms involved in the degra-

dation of organic chemicals in groundwater environments. 

It is reported elsewhere, and observed in this study, that 

the mineralization rates of some organic compounds are di-

rectly proportional to their initial concentration, thus en-

abling the prediction of biodegradation rates to be made 

using laboratory data (20,21). It is also suggested that 

there is a concentration threshold below which certain, usu-

ally degradable compounds are not mineralized for growth. 

This theory implies that at some low concentration, a bacte-

rial population cannot get enough energy from the degradation 

process to effect growth. Simply put, the organism only gets 

enough energy to satisfy cell maintenance requirements. 

One possible means of explaining TBA degradation may involve 

the use of several biological kinetic models derived from the 

Monod equation (43). A very interesting series of articles 

suggest that the kinetics of organic chemical degradation and 

the shape of the chemical disappearance curve is a function 

of concentration and bacterial population alone (28, 40, and 

44). 

One such kinetic model attempting to describe bacterial 

utilization of substrate, and the shape of their respective 
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degradation curves, has been derived from the Monod equation 

by Simkins and Alexander (44). The differential form of the 

derived equation is a general expression describing substrate 

disappearance in a system in which only bacterial population 

density and substrate concentration determine the kinetics 

of degradation. The equation derived by Simkins and 

Alexander has the form of: 

dt K + S s 

This equation reflects both the linear effect of changes in 

population density and the non-linear effect of changes in 

substrate concentration (in the vicinity of Ks) on the rate 

of substrate disappearance. Extreme ratios of population 

density to initial substrate concentration or of substrate 

concentration to Ks permit modification of this equation into 

five simplified forms that represent five different patterns 

of degradation utilized by bacterial populations. These de-

gradation patterns are subsequently described. 

The most common growth pattern studied by bacteriologists is 

called logari thrnic growth. Here, an increase in bacterial 

numbers is regularly observed, while substrate concentration 
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disappears at an increasing rate over time. This pattern is 

typically observed when small numbers of microbial cells are 

introduced into solutions with high concentrations of organic 

substrate and inorganic nutrients ( 40). Substrate concen-

tration, in a logarithmic model, is considerably in excess 

of the bacterium's Ks value (i.e. the substrate concentration 

at which the biodegradation proceeds at half the maximum 

rate). This necessary condition may or may not hold true in 

this study. Substrate concentrations were always less than 

150 mg/L, while the exact Ks value is unknown. 

If the microbial cell density is initially large enough, the 

quantity of substrate may be insufficient to support a sig-

nificant increase in biomass. In this case, the disappearance 

of substrate present at levels appreciably above K5 is zero 

order (linear with time). Zero order kinetics under these 

circumstances results from substrate concentrations that are 

saturating for the initial enzymatic reactions and from the 

absence of a significant increase in active biomass. Again, 

substrate concentration was not above Ks in this study, so 

zero order kinetics do not apply, al though the shape of a 

zero order degradation curve is similar to those observed for 

TBA degradation in the uncontaminated systems. 

Two degradation patterns of kinetics can be envisioned when 

a bacterial culture is provided with a substrate at concen-
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trations much below the Ks value. In first order kinetics, 

there is no appreciable increase in cell numbers because the 

initial biomass is much larger than the quantity of 

substrate. At constant biomass and limiting substrate con-

centrations, the degradation rate is proportional to the 

concentration of residual substrate, which falls continually. 

In this study, initial TBA concentrations ranged from 1 to 

100 mg/L and thus were probably not sufficiently below the 

Ks value to follow first order kinetics. The shape of the TBA 

degradation curves certainly did not resemble that of first 

order degradation kinetics. The logistic degradation model 

is exemplified by an ever-increasing population encountering 

an ever-decreasing substrate concentration. Initially, a 

small biomass grows, but at a rate that falls constantly with 

the diminishing and always limiting substrate concentration. 

Again, TBA concentrations were probably not sufficiently be-

low the Ks value in order to follow the logistic model and 

the observed TBA degradation curves did not resemble the lo-

gistic degradation pattern. 

For situations where substrate concentration is not signif-

icantly different from Ks, as is the case in this study, 

Simkins and Alexander describe the kinetics in terms of the 

classical Monod (with growth) equation and a derived Monod 

(no growth) equation. The derived Monod (no growth) equation 

essentially describes Michaelis-Menten enzyme kinetics and 
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describes the shape of the TBA degradation curves observed 

in the uncontaminated systems. The general shapes of the de-

gradation kinetics just described are shown in Figures 38 and 

39. Also, the type of kinetics expected at various substrate 

concentrations and various initial bacterial counts are shown 

in Figure 40 (40). The graphical divisions locating the var-

ious kinetic models, shown in Figure 40, are based on 

benzoate degradation in pure culture and are assumed to hold 

true in a general sense. Some variation is expected based on 

the type of compound and population present. 

The TBA degradation observed in the uncontaminated systems 

seems to be described in all aspects by the Monod (no growth) 

model. The shape of the degradation curve, the relative 

substrate concentration range and the relative bacterial 

density describing the Monod no growth model also describe 

the observations seen during this study for TBA degradation. 

The fact that this model basically describes enzyme kinetics 

tends to suggest that the slow TBA degradation observed in 

uncontaminated sites may be due to some purely enzymatic 

mechanism, wherein the organism gets little or no derived 

energy and thus does not exhibit growth. Purely exzymatic 

degradation processes are not unheard of in soil environ-

ments. Plant residue, lignin, and even some pesticides are 

known to be at least partially degraded by soil extracellular 

enzymes (37). 
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Enzymatic processes are usually thought of as being intra-

cellular. Soil, however, has been shown to contain many 

extracellular enzymes. It has been suggested that soi 1 

enzymes, exclusive of those within live cells, be called 

"abiontic" enzymes, meaning "primative life" (45). These 

enzymes may be excreted from living cells or released from 

dead cells. There is also evidence that many enzymes may 

continue functioning within a cell after cell death has oc-

curred. 

Not all of the released enzyme protein that enters the soil 

system survives, or in other words becomes stabilized. Much 

of the material is decomposed by microorganisms and their 

associated proteolytic enzymes. However, some of the "free" 

enzyme does accumulate in the soil independently of microbial 

numbers and may persist for many years. In general, it has 

been found that extracellular enzymes are stabilized in soil 

by association with the soil organic matter, rather than the 

inorganic fraction. Chemical theory suggests that the enzyme 

proteins could be bound to humus materials by ionic, hydro-

gen, or covalent bonding. Several studies have indicated that 

these stabilized enzyme-humic complexes can persist in soils 

for even thousands of years (45,46). 

Little is known concerning the factors which determine 

whether a substrate is degraded intracellularly or 
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extracellularly, although in all probability, the individual 

bacterial cell, the substrate type, and the environmental 

conditions all contribute. The molecular size, solubility, 

configuration, charge distribution, and association with 

other compounds are all important substrate properties. 

Small amounts of exoenzymes are continually being released 

by microorganisms. Some diffuse away from the cell while 

others remain associated with the cell wall. The former group 

has been described as "enzyme scouts", and will be denatured 

unless they contact a suitable substrate or adhere to soil 

colloids. If they do become associated with the soil, the 

presence of this stable catalytic fraction will lessen the 

microbial populations requirement for these so-called enzyme 

scouts. Thus, the ecological advantages of an accumulation 

of enzymes are emphasized (47). It can also be assumed, par-

ticularly in a low nutrient condition of a groundwater envi-

ronment, that these extracellular enzymes may be non-specific 

and can initiate degradation processes on a wide variety of 

organic substrates. 

Efforts to experimentally study extracellular enzymes are 

difficult because of the lack of methodology involved in 

separating extracellular from intracellular enzyme activity. 

Currently, there is no ideal method available by which 

microbial activities can be completely stopped in the pres-
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ence of extracellular enzyme activities. However, one ap-

proach used to study soil enzymes involves the use of 

antibiotics, specifically those that inhibit protein synthe-

sis and thus, stop organism multiplication and the synthesis 

of enzymes. In theory, the antibiotic presence would not in-

hibit the activity of extracellular enzymes, but would in-

hibit only the synthesis of new enzymes by the microorganism. 

A major disadvantage concerns using antibiotics in mixed 

culture populations. In this case the antibiotic may be ef-

fective against protein synthesis for one organism, but may 

be consumed as a substrate by others. 

A final experiment was designed to test the effect of an an-

tibiotic on TBA degradation. Chloramphenicol was chosen as a 

broad spectrum antibiotic able to inhibit protein synthesis 

at the ribosomal level in both the gram positive and gram 

negative organisms (48,49). A series of Philadelphia 

microcosms, previously re-dosed, were dosed with TBA alone, 

TBA plus 300 mg/L chloramphenicol, and TBA plus 1500 mg/L 

mercuric chloride. The mercuric chloride was used for a con-

trol, to effect total inactivation of microorganisms and 

enzymes. 

In theory, if chloramphenicol did in fact inactivate all 

protein synthesis, then any observed degradation signif-

icantly different from a control could be assumed to be due 
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to extracellular enzymes. This assumption is questionable 

because there is no way to determine if all protein synthesis 

had been terminated, or if the antibiotic had been consumed. 

Results of this experiment are shown in Figure 41. Observa-

tions show that the addition of chloramphenicol did have an 

effect on TBA degradation. It can be argued, but not defin-

itively, that the chloramphenicol did affect enzyme synthesis 

and thus microbial growth. The slow degradation rate observed 

could then be attributed to a non-growth mechanism, possibly 

via extracellular enzymes. Certainly, not enough experimental 

evidence is available to adequately make this argument. It 

is interesting, and maybe coincidence, however, that the de-

gradation rate observed in microcosms dosed with 

chloramphenicol is very similar to the slow degradation pat-

tern observed in these microcosms initially (Figure 42). 

Enzyme activity, without growth, may also be prevalent within 

a microbial cell or attached to the cell membrane. Thus, a 

non-growth, enzyme-mediated, degradation mechanism could 

possibly exist intracellular as well. The fact remains that 

there is no evidence to suggest that microorganism growth is 

occurring in the uncontaminated groundwater systems as TBA 

is being slowly degraded. For some reason, the microbial cell 

cannot get enough energy from the slow rate of TBA degrada-

tion to effect growth. This suggests that only maintenance 
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energy is being derived from a degradation mechanism that is 

obviously unfavorable. 

The data collected on TBA biodegradation in subsurface re-

gions has been extensive. With the exception of the 

Philadelphia subsurface, there was very little variation in 

TBA degradation patterns observed at each of several sites 

studied. It seems that the slow TBA degradation pattern, 

having a rate proportional. to initial concentration, may 

possibly be explained by some non-growth enzymatic mechanism. 

Much more experimentation is necessary before definative TBA 

utilization mechanisms can be absolutely determined, but 

progress in this area is occurring. Once the mechanisms are 

known, potential enhancement techniques may be clearly f o-

cused. 

Kinetic evaluations of TBA degradation should be performed 

using a broader TBA concentration range and other subsurface 

soils containing various microbial population densities. 

These kinetic evaluations should determine the applicability 

of the derived Monad equations previously discussed, and 

possibly lead to the capability of predicting organic com-

pound degradation rates based on data readily aquired from 

laboratory analysis. The ultimate goal of research in the 

area of subsurface biodegradation kinetics should be in de-

termining accurate predictive capability based on simple 
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laboratory tests. Obviously, a better understanding of the 

mechanisms involved in subsurface biodegradation is necessary 

if this goal is to be attained. 

In addition, the role of extracellular exzymes in subsurface 

systems certainly must be explored. Al though this enzyme 

mechanism, if it in fact exists, is rather inefficient, it 

may suggest that a wide variety of organic compounds are ca-

pable of being biodegraded, at some rate, in many environ-

ments previously thought to be devoid of microbial activity. 
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CHAPTER VI 

KINETIC ANALYSIS 

The rate at which substrate is utilized biologically can be 

quantified by using biokinetic constants. Several mathemat-

ical models have been developed to describe the various the-

ories on substrate utilization. The Michaelis-Menten equation 

is the basis for defining enzyme kinetics corresponding to 

reactions involving an enzyme and substrate. 

assumed that an enzyme-catalyzed reaction 

It is generally 

involves the 

reversable combination of an enzyme (E) and substrate (S) to 

form an enzyme-substrate complex (ES), and then the 

irreversable decomposition of this complex to form free 

enzyme and product. This reaction is illustrated by equation 

1 in figure 43 (50). 

Reaction velocity, as described by Michaelis-Menten, is re-

presented by equation 2 in figure 43, where V is the veloc-

i ty of the enzyme substrate reaction, Vmax is the maximum 

reaction velocity, [ S] represents substrate concentration, 

and Km is the half-saturation constant (or Micheal is con-

stant). The Michaelis constant, Km, is defined as being equal 

to that concentration of substrate that allows the reaction 

to proceed at one-half of its maximum velocity. 
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Figure 42. Biological kinetic equations. 
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The Michaelis-Menten equation can be represented graphically, 

as seen in figure 44. This ·graphical representation shows 

that the rate of an enzyme-catalyzed reaction is directly 

proportional to the substrate concentration at low substrate 

concentrations, i.e. the reaction is approximately first or-

der with respect to substrate concentration. As substrate 

concentration increases, the increase in reaction rate de-

clines until the reaction rate becomes constant, and thus 

zero-order with respect to substrate concentration. These 

graphical descriptions imply two distinct applications of the 

Michaelis-Menten equation. When the substrate concentration 

( S) is much greater than the value of Km ( [ S] > lOOKm )1 Km 

can be neglected in the denominator of equation 2. Thus, the 

equation can be reduced to V = Vmax' which indicates that the 

rate of reaction is constant, and thus zero order. In other 

words, the rate of the reaction is independent of substrate 

concentration. When the substrate concentration is much less 

than Km ( [ S 1 < 0. OlKm), [ S] can be neglected in the denomi-

nator of equation 2, reducing the equation to: 

V = ( V max/Km ) [ s ] . 

Because Vmax and Km are constants, they can be combined to 

form a new constant: 
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Now equation 2 becomes V = K[S], a first order equation. In 

this case, the rate of the reaction is proportional to 

substrate concentration. 

The Michaelis-Menten equation is a general expression de-

scribing enzyme-catalyzed reactions. In a batch system con-

taining a constant amount of enzyme and to which a large 

amount of substrate is added, the reaction would initially 

be zero-order, as there would be an excess of food source. 

The reaction rate would be limited by the ability of the 

enzymes present. As the food source is used up, the reaction 

would begin to become substrate limited, and a mixed-order 

reaction would become evident. As the food level becomes 

low, the rate of finding the substrate by the organisms (and 

associated enzymes) would become controlling and first-order 

kinetics would result. 

Evolving from Michaelis-Menten theory, the Monod equation has 

been proposed and used to describe substrate utilization in 

both mixed and pure culture applications (43). Monod ob-

served that the growth rate (LlX/Llt) was a function of both 

organism concentration and some limiting nutrient concen-

tration. The Monod equation is typically used to describe 

biological wastewater treatment kinetics and includes terms 

that describe both the exponential and declining growth-rate 

regions. The Monod equation has the form of equation 3 in 
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Figure 43, where [S] is again substrate concentration, k is 

the maximum utilization rate, K5 is the half-saturation con-

stant, and q is the specific substrate utilization rate. The 

value of q may be calculated for steady state systems as the 

change in substrate concentration over time divided by the 

biomass concentration. This equation for the specific 

substrate utilization rate is shown as equation 4 in Figure 

43, where 88 is the amount of substrate utilized, 8t is time, 

and X is the biomass concentration. 

The relationship between the specific growth rate and the 

growth-limited substrate concentration has the same form as 

the Michaelis-Menten equation describing enzyme kinetics. 

The specific growth rate can have any value between zero and 

k, provided that the substrate concentration can be held 

constant. Because the continuous growth of microorganisms 

can be described by a specific growth rate, the design of 

many biological wastewater treatment processes is based on 

this characteristic. 

The biokinetic coefficients, k and K5 , can be determined 

graphically, knowing the specific substrate utilization rate 

and the substrate concentration. The reciprocal of both 

sides of the Monod equation yields a linear equation, shown 

as equation 5 in figure 43. A plot of 1/q verses l/S gives 
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a straight line function with slope equal to K5 /k and a y-

intercept of l/k. 

The use of batch microcosms in this study necessitates that 

an instantaneous specific substrate utilization rate be de-

termined from experimental data. At any one point on the 

substrate disappearance curve, the biomass concentration will 

be constant and the slope of a tangent line, at that point, 

will represent a constant AS/At. Thus, even though steady 

state conditions were not achieved in this study, a good ap-

proximation of the specific substrate utilization rate can 

be determined. Also, much of the data collected in this study 

exhibited linear degradation patterns, thus enabling easy 

determination of rate. 

Experimentally, the value of X was determined from microbial 

plate counts. For instances where microbial growth occurred, 

counts were performed at the completion of substrate utili-

zation. If no growth was observed, initial counts were used. 

These organism counts were converted to a biomass concen-

tration (mg/L) by using an average soil density of 2.6 g/ml 

and an average weight of one microorganism of 1 x 10- 12 grams 

(39). The determination of utilization rate (AS/At) was taken 

from observed biodegradation data. For cases where a lag 

period occurred, this portion of the utilization curve was 

not included in rate determinations. The substrate concen-
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trations and corresponding utilization rates are given in 

Tables 7 and 8. 

For comparison purposes, anaerobic degradation kinetic con-

stants were determined from work reported by Lawrence and 

McCarty (51), and Novak (52). In their study, anaerobic de-

gradation of both acetate and a more complex waste was re-

ported at several temperatures, all of which were above 10°C, 

the observed groundwater temperature at Philadelphia, New 

York, and Virginia. Upon extrapolating the linear kinetic 

data reported by Lawrence and McCarty to 10°C, 

constants k and K 5 could be determined. 

the kinetic 

Using these 

biokinetic constants, specific substrate utilization rates 

could be calculated for the various substrate concentrations 

used in this study. A comparison between calculated specific 

substrate utilization rates and those observed in this study 

are shown in Tables 7 and 8. 

Measured specific methanol utilization rates were found to 

differ from the rates calculated from the literature data by 

one order of magnitude or less. This difference may imply 

that the subsurface microbial population utilizes methanol, 

a relatively simple substrate, in a similar manner as do 

those microbial populations found in anaerobic digesters. The 

difference in calculated and observed rates may be due to the 

difference in substrates studied and to the accuracy of the 
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Table 7. Methanol concentrations and utilization rates. 

METHANOL UTILIZATION OBSERVED CALCULATED 
SITE CONCENTRATION RATE q q* 

(mg/L) (mg/L/day) (1/day) (l/day) 

New York 105 3.5 1. 7 x 10- 2 1.1 x 10- 1 

539 3.9 1.9 x 10- 2 4.7 x 10- 1 

Virginia 97 3.5 1.8 x 10- 2 1.0 x 10- 1 

1031 3.3 1. 7 x 10- 2 7.4 x 10- 1 

Phil a 93 3.6 2.8 x 10- 2 9.9 x 10- 2 

1080 61.0 4. 7 x 10- 1 7.6 x 10- 1 

q* calculated using kinetic constants obtained from 
anaerobic laboratory data (51, 52). 
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Table 8. TBA concentrations and utilization rates. 

TBA UTILIZATION OBSERVED CALCULATED 
SITE CONCENTRATION RATE q q* 

(mg/L) (mg/L/day) (1/day) (1/day) 

New York 1.2 0.00097 4.7 x 10-s 1. 6 x 
10.3 0.01 4.8 x 10- 5 1.4 x 

121. 0 0.31 1.5 x 10- 3 1. 6 x 

Virginia 0.8 0.00098 5.1 x 10-& 1.1 x 
9.1 0.016 8.4 x 10- 5 1. 7 x 

73.0 0.11 5.8 x 10- 4 1.0 x 

Phil a 1. 7 0.047 3.6 x 10- 4 2.4 x 
13.5 0.52 4.0 x 10- 3 1.8 x 

150.0 2.00 1.5 x 10- 2 2.0 x 

q* calculated using kinetic constants obtained from 
anaerobic laboratory data (51, 52). 

10- 4 

10- 3 

10- 2 

10- 4 

10- 3 

10- 2 

10- 4 

10- 3 

10- 2 
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kinetic constant determination from literature data. Specific 

TBA utilization rates observed differed from those calculated 

by two orders of magnitude in the incontaminated systems. 

However, specific TBA utilization rates observed in the con-

taminated Philadelphia system were predicted almost exactly 

fom extrapolated lab data collected at higher temperatures 

and using complex wastes. 

The similarity suggests that the microbial activity in the 

contaminated grounwater system is similar to the anaerobic 

activity seen in laboratory reactors. This result is signif-

icant in that it shows that the microbial activity in a con-

taminated subsurface environment can be modeled effectively 

using conventional laboratory methods and corrected for tem-

perature, as long as microbial growth is occurring. The dif-

ferences between observed and predicted utilization rates 

that occurred in the uncontaminated systems reveals that an 

active, growing population of TBA utilizing microorganisms 

similar to those found in conventional anaerobic reactors has 

not developed (or acclimated) to TBA in the pristine systems. 
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CHAPTER VII 

SUMMARY AND CONCLUSIONS 

Batch microcosms, constructed of actual aquifer material and 

groundwater, were used to determine the biodegradation po-

tential of methanol and tertiary butyl alcohol in a 

groundwater system previously contaminated with gasoline 

containing the TBA compound. Bacterial counts and degrada-

tion kinetics were evaluated at each of three depths and the 

results were compared to similar studies utilizing uncontam-

inated aquifer material. All microcosms were incubated at 

12°C, the approximate groundwater temperature, and analyzed 

identically. Based on the data collected, the following con-

clusions are offered: 

Significant bacterial populations were shown to exist at all 

depths studied in the Philadelphia subsurface region. Bacte-

rial counts ranged from 10 6 to 10 8 organisms (or colony 

forming units) per gram of soil, depending on whether direct 

counts or plate counts were used. In non-clay soils, both 

direct counts and plate counts yielded similar information. 

The bacterial counts observed in the Philadelphia subsurface 

material compared favorably to the counts observed in uncon-

taminated sites. 
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Methanol was found to be a readily degradable substrate. 

Complete degradation of up to 1000 mg/L was degraded in a 

matter of months. The degradation patterns and rates ob-

served in Philadelphia microcosms were similar to those ob-

served at other sites, indicating that a similar degradation 

mechanism was involved. 

TBA degradation occurred and was accompanied by an increase 

in microbial population. The TBA degradation rate allowed for 

complete degradation of up to 100 mg/L in less than one year, 

which was much faster than rates observed in similar 

uncontaminted systems. The pattern of TBA degradation was 

typically divided into an initial region of slow rate fol-

lowed by a region significantly higher in rate. The initial 

slow degradation rate appeared to parallel rates observed in 

uncontaminated systems. 

Long-term exposure to organic contamination did not adversly 

effect the biodegradation ability of the microbial population 

in regard to methanol or TBA. However, emphasis is placed on 

long-term, as the introduction of TBA into uncontaminated 

systems showed very little degradation. 

Kinetic analysis revealed that subsurface biodegradation ac-

companied by growth, as occurred in the Philadelphia aquifer 

system, could be modeled after and thus predicted by labora-
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tory analysis and the Monod equation. Theoretical kinetic 

models based on the Monod equation and preliminary exper-

imental data suggest that the slow TBA degradation mechanism, 

observed in uncontaminated systems may be due in part to an 

enzyme mechanism (no microbial growth), possibly being 

extracellular. Further research into this area is suggested. 
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APPENDIX A 

PHILADELPHIA BIODEGRADATION DATA. 
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Table 9. Biodegradation of Methanol and TBA in 
Philadelphia Soil from 10 feet. 

TIME 
(days) 

0 

4 

9 

11 

25 

39 

47 

53 

61 

Methanol 

113 

112 

111 

94 

77 

50 

28 

1.4 

0 

CONCENTRATION, mg/l 

TBA 

125 2.0 15.5 11.4 60 

74 1.9 15.0 10.0 56 

51 1.8 14.6 9.2 49 

40 1.8 14.0 7.5 44 

0 0 8.0 0 25 

0 13 

.4 

0 
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Table 10. Biodegradation of Methanol in Philadelphia 
Soil from 26 feet. 

TIME 
(days) 

0 

4 

11 

25 

39 

47 

53 

61 

68 

75 

87 

96 

104 

111 

117 

112 

112 

83 

62 

31 

19 

0 

CONCENTRATION, rng/l 

Methanol 

127 112 1180 

108 113 1168 

101 105 1120 

72 60 957 

24 24 875 

0 3 843 

0 830 

813 

738 

731 

677 

647 

630 

637 

618 

1425 1044 

1173 1032 

1098 980 

948 899 

819 792 

782 783 

755 755 

744 745 

673 675 

680 687 

639 654 

611 603 

571 610 

608 611 

587 589 
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Table 11. Biodegradation of TBA in Philadelphia Soil 
from 26 feet. 

TIME 
(days) 

0 

4 

11 

25 

39 

47 

53 

61 

68 

75 

87 

96 

104 

111 

117 

.77 .72 .26 

.80 .64 .27 

.77 . 62 .26 

.54 .60 .21 

.64 .52 .15 

.65 .53 0 

.61 .40 

.25 0 

0 

CONCENTRATION, mg/l 

TBA 

12 .1 8.2 9.8 

10.8 7.4 9.4 

9.9 6.8 8.4 

9.2 6.0 7.8 

9.0 5.7 7.5 

8.5 5.5 7.2 

8.5 5.5 7.2 

8.1 5.4 6.8 

7.4 5.2 6.7 

6.5 4.8 6.4 

4.2 4.6 6.0 

0.7 4.0 5.1 

0 3.0 3.2 

3.0 2.9 

2.2 1.5 

115 121 150 

118 101 116 

108 94 110 

102 88 102 

96 80 94 

91 75 90 

90 75 90 

87 73 85 

83 68 82 

80 66 77 

77 61 76 

74 58 75 

62 52 64 

70 53 69 

67 49 63 
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Table 12. Biodegradation of Methanol in Philadelphia 
Soil from 45 feet. 

TIME 
(days) 

0 

4 

11 

25 

39 

47 

53 

61 

68 

86 

69 

50 

0 

CONCENTRATION, rng/l 

Methanol 

93 82 1088 

80 69 1088 

55 50 1050 

.3 0 950 

0 846 

470 

34 

0 

1020 1094 

1039 1021 

988 1004 

978 922 

881 795 

772 331 

486 0 

170 

0 
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Table 13. Biodegradation of TBA in Philadelphia Soil 
from 45 feet. 

TIME 
(days) 

0 

4 

11 

25 

39 

47 

53 

61 

68 

75 

87 

96 

104 

111 

117 

1.8 1.2 1. 8 

1.8 1.4 1. 7 

1. 7 1.3 1.5 

1.6 1.2 1.3 

1. 6 1.1 1.2 

1.4 1.1 1.1 

1.1 1.1 0.8 

0.3 0.6 0.3 

0 0.2 0.1 

CONCENTRATION, rng/l 

TBA 

8.0 9.6 13.8 153 164 152 

7.7 9.5 11.3 112 128 115 

7.7 9.4 10.5 103 117 110 

6.7 6.0 9.3 94 112 108 

6.5 0 7.8 90 110 101 

6.2 4.2 88 108 97 

6.2 0.8 87 104 92 

5.6 0 84 102 92 

4.2 76 95 83 

0.6 74 91 79 

0 66 84 64 

62 78 61 

55 63 49 

53 68 49 

49 59 45 
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Table 14. Sterile control microcosms. 

TIME 
(days) 

0 

7 

35 

41 

55 

56 

83 

104 

174 

CONCENTRATION, mg/l 

Methanol 
10' 26' 

112 96 

114 101 

106 95 

102 84 

91 72 

90 61 

86 50 

77 28 

TBA 
10' 

1.0 

1.0 

0.9 

0.9 

0.7 

0.8 

0.9 

1.0 

0.9 

26' 

8.9 

9.3 

8.8 

8.7 

8.5 

8.6 

8.2 

8.2 

8.6 

45' 45' 

1.1 74 

1.1 78 

1.1 75 

1.1 74 

0.7 72 

1.0 74 

1.1 67 

1.1 71 

1.1 72 
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APPENDIX B 

BIODEGRADATION IN THE VIRGINIA SUBSURFACE 
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Table 15. Biodegradation of Methanol in Virginia Soil 
from 30 feet (continued).* 

TIME 
(days) 

0 

153 

372 

77 

CONCENTRATION, mg/l 

81 

8 

0 

Methanol 

81 

6 

0 

1032 

431 

0 

845 

406 

0 

756 

425 

0 

*Monitoring originally begun April 12, 1984 by Doug 
Goldsmith (29). 
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Table 16. Biodegradation of TBA in Virginia Soil from 
30 feet (continued).* 

TIME 
(days) 

0 

153 

372 

502 

606 

697 

739 

1.1 1.5 

0.9 1.0 

0.7 1.0 

0.8 1.1 

0.7 0.8 

CONCENTRATION, mg/l 

TBA 

1.4 16 9.6 

0.9 11 7.0 

0.7 10 6.4 

0.7 10 7.0 

11 

9 6.1 

10 5.7 

*Monitoring originally begun April 12, 
Goldsmith (29). 

9.5 76 69 

6.4 45 46 

5.9 43 41 

6.1 46 46 

5.6 

43 33 

39 38 

1984 by Doug 

78 

47 

46 

49 

46 

44 
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Table 17. Biodegradation of TBA in Virginia Soil from 
102 feet (continued).* 

TIME 
(days) 

0 

150 

242 

374 

504 

575 

608 

1.2 1.3 

1.2 1.1 

1.2 1.2 

1.2 1.1 

1.2 1.3 

1.3 

1.2 1.4 

CONCENTRATION, mg/l 

TBA 

1.4 8.8 12 

1.2 6.5 9.2 

1.2 6.2 8.8 

1.3 6.0 8.2 

1. 4 5.4 7.3 

1.4 5.6 

1.3 4.7 5.9 

*Monitoring originally begun April 10, 
Goldsmith (29). 

12 66 70 

8.7 55 52 

8.3 51 48 

7.7 46 45 

7.3 44 41 

7.7 39 35 

6.3 39 35 

1984 by Doug 

71 

54 

so 
47 

44 

38 

38 
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APPENDIX C 

RE-DOSED MICROCOSMS 
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Table 18. Microcosms originally dosed with 1000 mg/l 
methanol from 45 foot depth at Philadelphia 
(dark spots observed). 

TIME 
(days) 

0 

10 

17 

23 

36 

65 

83 

107 

135 

184 

CONCENTRATION, mg/l 

Methanol/TBA 

982/9.4 836/6.6 

970/7.5 860/5.8 

954/8.9 805/6.5 

876/8.4 760/6.2 

572/9.2 585/6.3 

0/8.0 2.5/6.1 

-/7.8 0/5.6 

* -/- -/5.2 

-/- -/5.5 

-/- -/5.1 

* Sacrificed for bacterial counting. 
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Table 19. Re-dosed Philadelphia Microcosms (10 feet). 

TIME 
(days) 

0 

10 

18 

25 

33 

38 

49 

60 

77 

Methanol 

90 

83 

9 

0 

CONCENTRATION, mq/l 

TBA 

0.7 7.9 6.8 84 

0 6.9 5.9 68 

0 2.2 59 

0 54 

44 

40 

28 

16 

0 
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Table 20. Re-dosed Philadelphia Microcosms originally 
dosed with methanol (26 feet). 

TIME 
(days) 

0 

10 

18 

25 

33 

38 

49 

60 

77 

108 

124 

145 

155 

167 

197 

236 

Methanol 

90 1210 

74 1130 

56 1108 

38 1074 

31 1043 

23 

7 1033 

0 1005 

998 

928 

978 

864 

833 

853 

845 

730 

CONCENTRATION, mg/l 

TBA Methanol/TBA 

8.4 130/11 386/13 265/149 

7.2 69/9 403/11 346/91 

3.5 38/8 403/10 354/82 

0 24/7 400/10 358/78 

0/7 398/9 356/73 

-/7 388/9 352/70 

-/7 374/9 332/68 

-/6 359/8 328/65 

-/4 353/8 330/63 

-/0 327/7 299/62 

-/- 304/7 280/58 

-/- 259/7 180/39 

-/- 238/6 266/52 

-/- 272/7 263/55 

-/- 210/7 211/55 

-/- 142/6 162/57 
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Table 21. Re-dosed Philadelphia microcosms originally 
dosed with TBA (26 feet). 

TIME 
(days) 

0 

10 

18 

25 

33 

38 

49 

60 

77 

108 

124 

145 

.9 

.4 

0 

TBA 

7.6 7.5 

7.1 4.2 

3.0 0 

0 

CONCENTRATION, mg/l 

TBA+Sulf ate TBA+Nitrate 

145 9.4 173 10.2 115 

130 8.2 147 8.8 103 

117 5.7 131 7.4 93 

114 3.6 125 5.1 87 

99 1.1 111 0 75 

92 0 107 68 

77 95 58 

64 81 49 

39 63 32 

11 30 0 

0 11 

0 
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Table 22. Re-dosed microcosms from Philadelphia ori-
ginally dosed with methanol (45 feet). 

TIME 
(days) 

0 

10 

18 

25 

33 

38 

49 

MEOH 

76 

61 

14 

1 

0 

CONCENTRATION, mg/l 

ME OH/TBA MEOH/TBA + Sulfate 

80/8.5 87/7.4 

52/8.1 61/7.1 

1/8.0 29/7.0 

1/7.8 1/6.9 

0/2.9 0/6.3 

-/0 -/3.9 

-/- -/0 
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Table 23. Re-dosed microcosms from Philadelphia ori-
ginally dosed with TBA (45 feet). 

TIME 
(days) 

0 

10 

18 

25 

33 

38 

49 

1.3 

0.5 

0 

TBA 

5.7 

4.7 

0 

CONCENTRATION, mg/l 

TBA+Sulf ate TBA+Nitrate 

6.9 77 6.4 84 7.4 

1. 7 62 5.0 67 1. 7 

0 40 1.1 47 0 

26 0 34 

20 15 

9 9 

0 0 
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Table 24. Second re-dosing of Philadelphia microcosms 
(10 foot depth) with TBA. 

TIME 
(days) 

0 

9 

20 

42 

24.9 

25.3 

23.6 

13.5 

49 10. 7 

57 6.1 

CONCENTRATION, mg/l 

26.5 

23.7 

8.0 

ND 

TBA 

24.3 

24. 9 

16.2 

ND 

27.4 

27.4 

15.4 

ND 

31.2 

24.7 

8.5 

ND 
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Table 25. Second re-dosing of Philadelphia microcosms 
originally dosed with TBA (26 foot depth). 

TIME 
(days) 

0 

9 

20 

42 

20 

17 

5 

0 

13 

11 

3 

0 

CONCENTRATION, mg/l 

20 

18 

12 

0 

18 

17 

11 

0 

TBA 

18 

14 

0 

19 15 32 

12 3 22 

0 0 9 

0 
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Table 26. Second re-dosing of Philadelphia microcosms 
originally dosed with TBA (45 foot depth). 

TIME 
(days) 

0 

8 

19 

41 

48 

23.8 

20.0 

13.3 

0 

CONCENTRATION, mg/l 

23.5 

20.7 

16.2 

1.4 

0 

TBA 

31.8 

22.8 

9.0 

0 

22.4 

10.5 

0 
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Table 27. Third re-dosing of Philadelphia microcosms. 

CONCENTRATION, mg/l 

TIME Methanol 
(days) 26' 26' 26' 

0 

7 

14 

21 

35 

37 

16 

0 

27 

9 

0 

35 

14 

0 

26' 

41 

26 

21 

14 

1 

26' 

42 

28 

18 

9 

0 

TBA 
26' 45' 

60 

21 

25 

16 

0 

42 

17 

19 

7 

0 

45' 

41 

17 

36 

35 

19 

45' 

38 

22 

21 

13 

1 
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Table 28. Re-dosing of Philadelphia microcosms with TBA 
at a concentration of 200 mg/l. 

TIME 
(days) 

0 

8 

21 

34 

46 

59 

75 

102 

108 

137 

153 

159 

211 

200 

170 

161 

144 

139 

105 

49 

42 

27 

12 

9 

CONCENTRATION, mq/l 

TBA 
26' 

201 263 

176 249 

155 231 

140 240 

121 230 

106 220 

73 230 

17 185 

7 182 

0 155 

140 

134 

45' 

217 312 

177 278 

143 224 

130 206 

127 193 

124 165 

71 123 

63 118 

38 98 

26 83 

19 78 
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Table 29. Re-dosed Philadelphia microcosms from 26 feet 
to which chlorarnphenicol and mercuric 
chloride were added. 

TIME 
(days) 

0 

7 

14 

21 

28 

36 

MEOH 

37 

29 

16 

0 

CONCENTRATION, rnq/l 

+ 
HqCl 

40 

37 

33 

25 

37 

11 

+ 
Chlo ram 

37 

32 

23 

11 

0 

TBA 

34 

31 

27 

23 

16 

9 

+ 
HqCl 

27 

26 

25 

23 

24 

23 

+ 
Chlo ram 

42 

36 

29 

22 

15 

9 
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Table 30. Re-dosed Philadelphia microcosms from 45 feet 
to which chloramphenicol and mercuric 
chloride were added. 

TIME 
(days) 

0 

7 

14 

21 

28 

36 

TBA 

50 

42 

37 

24 

13 

6 

CONCENTRATION, mg/l 

+ 
HgCl 

49 

49 

49 

50 

47 

47 

+ 
Chlo ram 

51 

37 

35 

33 

30 

29 
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