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ABSTRACT 

Seven aerobic field trichloroethene (TCE) bioremediation projects were evaluated to 

determine key parameters leading to in situ TCE bioremediation effectiveness. Key 

parameters identified were: 1) presence of other contaminants, 2) efficacy of the cometabolic 

inducer, 3) technology design, and 4) site soils and hydraulics. These four parameters were 

then used to evaluate the pilot bioremediation operation at Air Force Plant #44 in Tucson, 

Arizona. The pilot operation was poorly designed. Site characterization appeared 

insufficient; laboratory studies were not representative of site conditions; 1, 1-dichloroethene 

appeared to inhibit TCE degradation; the purpose of the injected methanol ( cometabolic 

inducer) was unclear. Well design, specifically screen interval location, also contributed to 

technology deficiency. Soil type appeared to be the most limiting component; hydraulic 

conductivity (K) representative of the contaminated clay at the APP #44 site was estimated 

at 1.5 x 10-5 cm/sec. Over the course of the trial, spatially averaged TCE concentrations 

decreased by 41 %. Well chloride data calculations indicated that a 27% reduction may be 

attributable to dilution, thereby suggesting that only a 14% decrease in concentrations may 

be attributable to biological degradation. 
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1.0 INTRODUCTION 

The widespread use of chlorinated ethenes as organic solvents, and their subsequent 

disposal practices, have resulted in extensive soil and groundwater contamination. The most 

frequently detected organic groundwater pollutant is trichloroethene (TCE). It has been 

estimated that between 9 and 34% of the drinking water supply sources in the United States 

have been contaminated with this compound (Agency for Toxic Substances and Diseases 

Registry, 1989). 

Restoration of solvent contaminated aquifers has shown some success via the pump

and-treat technology. However, pumping, and subsequently treating the contaminated 

groundwater, not only entails great expense, but often merely transfers the contaminants to 

another medium. In situ bioremediation is considered a potentially favorable alternative 

because it destroys contaminants without bringing groundwater to the surface. Not only does 

this technology have potential to reduce costs, but the halogenated aliphatic compounds are 

biodegraded to stable nontoxic end products. 

1.1 Research Objectives 

The purpose of this study is to assess the most limiting component of the aerobic in 

situ trichloroethene bioremediation project at Air Force Plant #44, in Tucson Arizona. This 

objective will be achieved by first evaluating five other sites, seven studies, involved in 

aerobic in situ TCE bioremediation. Key parameters leading to bioremediation success will 

be evaluated and important trends further identified. This comparative framework will allow 

a relative perspective to identify and evaluate the most limiting components of the pilot 
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bioremediation project at Air Force Plant #44. 
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2.0 BACKGROUND 

2.1 Properties of Chlorinated Solvents 

Table 2-1 lists physical and chemical properties of the most commonly used 

chlorinated solvents. These volatile organic compounds (VOCs) generally demonstrate high 

relative solubilities and low n-octanol/waterpartition coefficients (K
0
w) compared to heavier, 

less volatile, chlorinated compounds. Thus these contaminants have a relatively low 

tendency to sorb to soil organic matter and thereby demonstrate relatively low retardation. 

Chlorinated solvents can migrate at rates up to 100% of the velocity of groundwater (Mackay 

et al., 1985). 

Most chlorinated solvents are referred to as denser-than-water non-aqueous-phase 

liquids (DNAPLs), as their densities are greater than 1 g/cm3
. Consequently, the compounds, 

if released in a pure or high concentration form, displace water migrating vertically 

downward through an aquifer until they encounter a layer of low permeability. Within a 

contaminant plume these compounds may be encountered in three distinct phases: sorbed, 

dissolved, and NAPL phase. In the vadose zone chlorinated solvents may also be present in 

the vapor phase. 

2.2 Bioremediation 

Bioremediation is a technology which utilizes microorganisms, primarily bacteria, 

to transform chemical compounds. It is generally assumed that in the soil-water matrix, the 

contaminants must exist in the dissolved phase in order for biodegradation to occur (Mihelcic 

et al., 1993; Mihelcic et al., 1991; Stotzky, 1972). In this phase, most contaminants are 



Table 2-1 
Properties of Primarily Used Chlorinated Solvents 

(listed in decreasing order of use) 

Compound Molecular Solubility Vapor Density Henry's 
Weight (g/1) Pressure (g/cm3

) Constant 
(g/mol) (kPa) (atm) 

Trichloroethylene 131.39 1 1.1 2 9.8 @ 25 ° CI 1.46 @ 20 °C 1 550 3 

Methylene chloride 84.93 I 20 2 58.2 @ 25 ° C 1.33 @ 20 °C I 89 2 

Tetrachloroethylen }65.83 I 0.15 @ 25 ° C 1 2.5 @ 25 ° CI 1.62 @ 20 °C I 1,100 3 

e 

Chloroform 119.38 1 JO @ 15 ° c I 26.3 @ 25 ° C 1.48 @ 20 °C I 170 3 

1,2-Dichloroethane 98.96 I 8.7 @ 20 ° c I 10.6 @ 25 ° CI 1.23 @ 20 °C I 51 2 

1, 1- 96.94 1 2.4 @ 25 ° c I 80. l @ 25 ° CI 1.21 @ 20 °C 1 1,400 3 

Dichloroethylene 

Vinyl chloride 62 .5 I 2.8 @ 25 ° c I 389 @ 25 ° C I 0.91 @ 20 °C I 35,500 3 

Chl oroethane 64.51 1 5.74 2 160@25 ° C 1 0.89 @ 25 °C I 34 2 

l .CRC Handbook of Chemistry and Physics, 77th Edition, CRC Press, Ohio, 1996. 

log10 

Kow 

2.29 3 

1.27 2 

2.88 3 

1.95 3 

1.47 2 

0.73 3 

0.60 3 

1.54 2 

2. Nyer E., Boettcher G., Morello B. (199 1) "Using the Properties of Organic Compounds to Help Design a Treatment System." 
Groundwater Monitoring Review, Vol XI, No.4, 82-84. 

3.Bouwer, E.J., 1994. "Biorerned iation of Chlorinated Solvents Using Alternative Electron Acceptors" . Handbook of 
Biorernediation, Norris, et al, Lewis Publishers, Boca Raton, pp 149-175. 

12 
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freely transported across the cell membrane for intracellular metabolism, either as a complete 

molecule or after attack by extracellular enzymes (Verschurem and Visschers, 1988). 

Biotransformations can occur aerobically or anaerobically depending on the microbial 

population and electron acceptors used. In general, the rates of anaerobic transformation of 

chlorinated solvents (reductive dehalogenation) are higher for the highly chlorinated 

compounds, resulting in the persistence of the less chlorinated daughter products under 

reducing environmental conditions (Vogel and McCarty, 1987). The opposite phenomena 

is true for aerobic transformations or oxidations of chlorinated solvents, with the 

transformation rates being higher for the less chlorinated species. Tetrachloroethene (PCE) 

is thus only degraded anaerobically. 

Most chlorinated solvents are biodegraded cometabolically under both aerobic and 

anaerobic conditions (McCarty and Semprini, 1994). Cometabolism is a fortuitous 

transformation of an organic compound due to the broad specificity of an enzyme. The 

microorganism needs a primary substrate for growth, but because of broad enzyme 

specificity, the microorganism can also degrade the chlorinated solvent. No energy is gained 

by the microorganism from the transformation of the solvent. In fact, such transformations 

may be harmful to the bacterium. 

2.2.1 TCE Biodegradation 

For the purpose of site remediation, aerobic degradation of TCE is preferred due to 

the less toxic by-products. Anaerobically, TCE breaks down to 1,2-dichloroethene, (1,2-

DCE), vinyl chloride (VC), and eventually ethene (Ensley, 1991). The persistence of less

chlorinated daughter products, such as VC ( a known human carcinogen), under reducing 
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environmental conditions is a concern. Aerobically, TCE breaks down to the toxic and 

carcinogenic TCE epoxide. However, this intermediate product is very short lived (a 12 

second halflife ), and thus not a concern (Oldenhuis et al., 1989). The TCE epoxide is further 

broken down by the methanotrophic bacteria ( organisms that oxidize methane for energy and 

growth) to dichloroacetic and glyoxylic acid, which are finally broken down to carbon 

dioxide, chloride, and water by heterotrophic bacteria ( organisms requiring organic carbon 

for growth and reproduction) (Figure 2-1) (Little et al., 1988). 

Enzymes responsible for oxidations of TCE include methane monooxygenase 

(particulate and soluble), ammonia monooxygenase, toluene oxygenase (mono and 

dioxygenase ), and propane monooxygenase. The cometabolic inducers of these oxygenases 

include: 1) methane, 2) ammonia, 3) toluene, phenol, and 4) propane (Ensley, 1991). These 

enzymes are produced by a variety of aerobic microorganisms, many of which experience 

contaminant toxicity if the TCE they co-oxidize is encountered at concentrations above 6000 

µg/1 (Broholm et al., 1990). 

Methane monooxygenase is an enzyme found in methanotrophic bacteria capable of 

fortuitously transforming TCE (via an oxidation). Although no energy is gained by the 

microorganism during this transformation, the catalysis of TCE eventually results in the 

destruction of the catalytic enzyme. Specifically, methane monooxygenase (MMO) is 

completely inactivated (no longer able to oxidize methane for energy and growth and/or 

transform TCE) after 200 transformations of TCE (Ensley, 1991). The TCE metabolites 

or by-products are very reactive and have shown toxic effects toward other oxygenase 

enzyme systems as well. No oxygenase is resistant to these toxic effects, however, the 
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toluene monooxygenase enzyme system is more resistant than the toluene dioxygenase 

(Ensley, 1991). 

2.2.2 Engineered Bioremediation 

The indigenous bacterial populations encountered within the soil-aquifer matrix 

generally consist of the necessary mixture of species capable ofbioremediation. However, 

the enumerations are not usually high enough to rapidly transform dissolved-phase 

contamination. This problem is overcome by providing the indigenous microbes with 

inorganic nutrients, substrates ( electron donors), and electron acceptors required to sustain 

high-density populations. 

A typical bacterial cell is comprised of 50 percent carbon, 14 percent nitrogen, 3 

percent phosphorus, 2 percent potassium, 1 percent sulfur, 0.2 percent iron, and 0.5 percent 

of each calcium, magnesium, and chloride (National Research Council, 1993). The 

concentrations of inorganic micro-nutrients ( sulfur, potassium, sodium, calcium, magnesium, 

iron, manganese, zinc, and copper) required for microbial growth are usually found in 

sufficient quantities in the soil as trace elements. However, nitrogen and phosphorous, the 

major inorganic nutrients, are only present in limited quantities in the environment. 

Therefore, to sustain microbial growth and biotransformations required for bioremediation, 

such nutrients must be supplemented. 

Generally speaking, chlorinated solvent biodegradation is not an energy-generating 

process that supports bacterial growth. Consequently, substrates or electron donors must 

be available for the process to occur. Under aerobic environmental conditions, compounds 

such as methane, toluene, and phenol may serve as primary electron donors. Under 
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anaerobic environmental conditions, hydrogen and low-molecular-weight orgamc 

compounds may serve as possible electron donors. If such compounds are not present in 

natural environmental settings, they must be supplied if microbial growth and bioremediation 

of the solvents are desired. 

The accepted carbon to nitrogen to phosphorous ratio necessary for unrestricted 

growth of soil bacteria is 30:5: 1 (Paul et al., 1989). The actual injected ratios are usually 

slightly higher to compensate for the decreased elemental bioavailability: 100: 10:2 

(Litchfield, 1993). Once the 30:5: 1 nutrient ratio is achieved in the aquifer, stimulation of 

soil bacteria can generally be accomplished. Thus, the bioremediation system must be 

designed to supply the proper concentrations and ratios of these nutrients if the natural 

habitat does not provide them. 

Oxygen is predominantly used as the electron acceptor as it has the highest redox 

potential and provides the most free energy to microorganisms during electron transfer 

(Bouwer, 1994). Alternative electron acceptors include nitrate, Mn(IV), Fe(III), sulfate and 

carbon dioxide. Vogel and McCarty (1987) showed that highly chlorinated aliphatic 

compounds demonstrate high redox potential, making them excellent electron acceptors. 

2.2.3 Hydraulic Parameters and Processes Significant in In Situ Bioremediation 

The parameters and processes playing an important role in the effectiveness of 

bioremediation include hydraulic conductivity (K), aquifer heterogeneity, and sorption. The 

lower limit of hydraulic conductivity recommended for in situ bioremediation to be feasible 

is 10-4 cm/sec (National Research Council, 1993; Bouwer, 1994; Thomas and Ward, 1989). 

This parameter reflects the adequacy of transport of nutrients, substrates, electron acceptors 
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and even the contaminant itself to the necessary microbes. 

Heterogeneity also significantly impacts the effectiveness ofbioremediation because 

effective mixing between the contaminated groundwater and the amended limiting 

compounds is difficult to achieve in lower permeability zones (Rittmann et al., 1994). 

Unfortunately, however, chlorinated solvents tend to accumulate in such areas. 

Although chlorinated solvents demonstrate a relatively low tendency to sorb to soil 

organic matter compared to heavier chlorinated compounds, even when organic content of 

the aquifer matrix is low sorption can occur due to partitioning of these contaminants to the 

mineral surfaces themselves (Schwarzenbach, 1993). Additionally, low permeability 

sediments such as clays typically have larger surface areas thereby providing more surfaces 

for contaminant sorption. Thus sorption of chlorinated solvents is significant enough that 

desorption, coupled with aquifer heterogeneity and diffusion out oflow permeability zones, 

play a significant role in their remediation. 

In bioremediation, the greater the fraction of contaminants sorbed, the less available 

they are to microorganisms, and therefore, the longer the time necessary for cleanup. 

Bioavailability, or the rate and extent of desorption from a solid surface and the rate and 

extent of dissolution from a liquid phase, is a significant factor in the technology's success. 

Additionally, aged contaminants, or contaminants which have been in contact with aquifer 

material for a prolonged period of time, demonstrate rate-limited desorption and require more 

flushing (Pavlostathis et al., 1992). It is therefore important to know the mass of the 

contaminant sorbed. This will affect bioavailability, estimated time of clean up, and thus the 

ultimate efficiency and effectiveness of the bioremediation technology. 
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2.2.4 Proving Biological Mineralization 

Quantifying biological degradation relies on a firm understanding of the physical and 

chemical processes controlling the fate of the contaminant in question (Rittmann et al., 

1994). However, accurate mass balances of contaminant abiotic processes at field sites are 

often unknown and/or unattainable. Therefore, proving whether contaminant removal is due 

to biotic or abiotic processes such as volatilization or dilution is difficult, and generally only 

qualitative (Madsen, 1991 ). One innovative technique recently used in substantiating aerobic 

in situ biodegradation of organic pollutants is the use of stable carbon isotope ratios (13C/12C) 

in soil carbon dioxide (Suchomel and Long, 1990; Aggarwal and Hinchee, 1991). 

The isotopic composition of soil carbon dioxide during dormant seasons is somewhat 

influenced by atmospheric carbon dioxide (Cerling, 1984). However, during the growing 

season the main source of soil carbon dioxide at uncontaminated locations is plant root 

respiration, as well as organic matter oxidation (Parada et al., 1983). Carbon dioxide 

produced from organic matter decay demonstrates nearly the same isotopic composition as 

the source substance. Therefore, a certain range of o13C values1 can be expected if the 

isotopic composition of the source organic matter, the type of vegetation, and the pathway 

used for carbon fixation (C-3 or C-4 cycle) are known. 

At contaminated sites, soil carbon dioxide is derived from microbial metabolism of 

the contaminant in addition to the above mentioned sources. Studies have shown that 

contaminated sites demonstrate higher concentrations of soil carbon dioxide with lower o 13C 

1 a way of expressing the difference in isotopic composition between a sample and a 
reference: <313=[(13c;12ctampl/(13c;12c)reference - 1] 103 
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values compared to those of uncontaminated areas (Suchomel and Long, 1990; Aggarwal 

and Hinchee, 1991). These values asymptotically approach the o13C values of the 

contaminants (TCE and petroleum hydrocarbons, respectively). This may be attributed to 

the different carbon isotopic composition of the contaminants and/or the fractionation 

occurring during the microbial degradation process. This technique, therefore, holds promise 

in confirming aerobic in situ biodegradation. 

2.2.5 Mineralization Within Clay Sediments 

Several mineralization studies of various contaminants utilizing clay and sand 

sediments have demonstrated low degradation rates in clays. A laboratory petroleum 

hydrocarbon microcosm study comparing bi ode gradation rates of radio labeled amino acids, 

toluene and benzene within soils which were predominantly sand (58%), to that of soils 

which were primarily clay ( 61 % ) detected less bi ode gradation of the three substrates in the 

predominantly clay sediment (Aelion, 1995). In sandy sediments, more than 20% of the 

amino acids were mineralized within 12 hours, and approximately 5% of the toluene and 

benzene were mineralized within 43 and 90 days respectively. Clay sediments showed 

relatively no degradation of the hydrocarbons during the study (0% benzene after 70 days 

and <1 % of toluene after 93 days), and less than 10% of the amino acids were mineralized 

after 12 hours. 

A 21-day study investigating the metabolism of 14C-labeled acetate, 4-

methooxybenzoic acid and phenol demonstrated highest rates of mineralization in sandy 

sediments and the lowest in the clays for each compound (Hick and Fredrickson, 1989). 

Another laboratory project studying the mineralization of naphthalene in clay, showed an 
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inhibitory effect of clay on the degradation of the compound (Pullen, 1992). This inhibition 

was correlated to the blockage of diffusion sites on the cell membrane by the attachment of 

sub-micron sized particles on the surface of the organisms, therefore reducing contaminant 

uptake. 

Variance in microbial abundance based on sediment texture has also been noted. 

Sinclair and Ghiorse (1989) found that clay soils contained significantly lower numbers and 

diversity of microbes as opposed to sands. Chapelle and Lovely (1990) correlate such 

differences in microbial enumeration with the small size of pore throats in clays relative to 

sands. Bacterial diameters generally range from 0.1 to 1.0 microns. The pore throat diameter 

in clays and sands studied by these investigators averaged to be less than 0.05 microns and 

2 - 20 microns respectively. They hypothesize that the significantly smaller pore throats of 

clays may restrict the ability ofbacteria to move and reproduce effectively, thus resulting in 

their lower enumerations. 
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3.0 AIR FORCE PLANT #44 

3.1 History 

Air Force Plant #44 (AFP # 44) is located 15 miles south of the metropolitan Tucson 

area, bordering the south property line of the Tucson International Airport (Figure 3-1 ). It · 

is owned by the United States Air Force, and operated by Raytheon Missile Systems. 

Raytheon, formerly known as Hughes Missile Systems, has operated the 1,380 acre facility 

since its construction in 1951. The plant has been continuously utilized for the production 

of a variety of missiles and weapon systems (Hargis+Associates, Inc., 1996). 

The operations at the facility require the use of various chemicals, including metals, 

acids, solvents, and/or degreasers. During the 1950's, 1960's and 1970's the facility utilized 

chlorinated solvents, primarily chlorinated aliphatic hydrocarbons, as degreasing agents. 

Trichloroethene was the solvent of choice. Disposal of these industrial wastes has 

consequently led to the contamination of soil and groundwater at this site. 

Lack of government regulations regarding the disposal practices of industrial waste 

resulted in improper disposal practices nationwide. Prior to 1976, permits were required 

only when surface liquid discharges ran beyond the limits of property boundaries. 

Consequently, from 1951 through 1977, AFP #44 disposed of its industrial wastes into 

various open disposal pits, unlined drainage ditches and channels, and unlined 

impoundments throughout the site. The Resource Conservation and Recovery Act (RCRA) 

passed in 1976, and the Comprehensive Environmental Response Compensation and 

Liability Act (CERCLA) passed in 1980, prohibited any further surface disposal and 

enforced environmental protection and restoration. Consequently, in 1977 AFP #44 
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commenced on-site disposal of its hazardous industrial wastes into lined ponds which 

prevented any additional contribution to soil and groundwater contamination from that year 

forward. 

Groundwater contamination at AFP #44 became a concern on the South side of 

Tucson in 1981, when investigations revealed that the primary groundwater contaminants 

were volatile organic compounds (VOCs ). The principal VOC detected in the groundwater 

was trichloroethene (TCE). In 1982, the United States Environmental Protection Agency 

listed Tucson International Airport Area (TIAA) Superfund Site on the National Priority List. 

AFP #44 became one of six project areas of the TIAA Superfund site. 

3 .2 Physical Setting 

AFP #44 is located within the 1,000 square-mile Tucson Basin portion of the Santa 

Cruz River drainage. The basin is relatively flat with an average elevation of 2,600 feet 

above mean sea level (msl). The surrounding mountain ranges are the Santa Catalina 

Mountains to the north, the Santa Rita Mountains to the south, the Rincon Mountains to the 

east, and Tucson Mountains to the west. The maximum elevations vary from 6,000 to more 

than 9,000 feet msl (USGS, 1997). The climate is relatively arid with an average annual 

precipitation of 11 inches (Hargis+Associates, Inc., 1996). 

A series of drainage channels, a subsurface storm drainage system and two 

intermittent streams, comprise the surface hydrology of the AFP #44. Nearly all of the 

surface drainage exists the property near the northwest, where it continues from the plant 

approximately 1 Y2 miles and joins the Santa Cruz River (Hargis+Associates, 1996). This 



25 

network of surface channels is dry most of the year. However, rainfall infiltrates the 

channels thus providing a source of recharge. The average recharge rate at AFP #44 is 30 

acre feet per year (Hargis+ Associates, 1996). 

3.3 Site Hydrogeology 

AFP #44 hydro geology is broken down into the following units: the unsaturated zone, 

the Shallow Groundwater Zone (SGZ), the upper zone of the regional aquifer, the aquitard 

unit and the lower zone of the regional aquifer (Figure 3-2). The upper 200 feet of the basin

fill sediments, comprising the unsaturated zone, the SGZ, and the upper regional aquifer, 

appear to be the Fort Lowell Formation (Leake and Hanson, 1987; GRC, 1991). The 

aquitard unit is associated with a lacustrine facies of the Upper Tinaja beds. The lower 

regional aquifer appear to be either Lower Tinaja or Pantano Formation (HMSC, 1995). 

3.3.1 Regional Aquifer 

The transmissive upper zone of the regional aquifer serves as the primary source of 

water for the City of Tucson. Underneath the AFP #44 property, this hydrostratigraphic 

subunit contains the bulk TCE contamination as evident in the continuous TCE plume 

depicted in Figure 3-3. It is encountered at 90 to 140 feet below ground surface (bgs) and 

has an estimated average transmissivity of 47,000 gallons per day per foot (gpd/ft) 

(Hargis+Associates, Inc., 1996). Since 1987, this portion of the upper zone of the regional 

aquifer has been undergoing containment/remediation via the pump-and-treat technology in 

the hope that the aquifer may be returned to drinking water quality. 
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3.3.2 Shallow Groundwater Zone 

The Shallow Groundwater Zone (SGZ) is located in the Northwest portion of the 

AFP #44 property (Figure 3-4). It is encountered at a depth of 60 to 85 feet bgs and extends 

to 110 to 120 feet bgs. The SGZ consists of saturated, unconsolidated, dense, reddish clay 

to sandy clay with some very thin discontinuous lenses of fine sand (Hargis+ Associates, 

1996, 1997). This fine-grained unit is found above the transmissive upper zone of the 

regional aquifer thereby functioning as a confining unit. Generally, this sediment is 

continuously saturated to the upper zone of the regional aquifer. The base of the SGZ is 

defined at 24 70 feet msl (Figure 3-2) (Hargis+ Associates, 1996, 1997). 

The heterogeneous sediments comprising the SGZ exhibit relatively low hydraulic 

conductivity. Based on short-term aquifer tests, the estimated average bulk hydraulic 

conductivity of this fine-grained unit is 0.5 feet per day and is believed to be heavily 

weighted by its horizontal component (GRC, 1993). 

Due to the above hydraulic parameters, the SGZ does not yield sufficient quantities 

of water and therefore is not a true aquifer. However, it slowly drains into the underlying 

upper zone of the regional aquifer and thus serves as continuing source of groundwater 

contamination. The approximate impact of the SGZ contamination to the upper zone of the 

regional aquifer is 6µg/l and 1 µg/1 ofTCE and 1,1-dichloroethene (1,1-DCE) respectively 

(Hargis+ Associates, 1996). 
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3 .4 Shallow Groundwater Zone Contamination 

Improper disposal practices of industrial wastes at Sites 3, 4, and 6 of the AFP #44 

led to the contamination of the SGZ (Figure 3-4). The predominant pollutants of this site 

are TCE, and 1, 1-DCE. Their total dissolved mass in the groundwater, based on the 

estimated volume of water within the SGZ and the geometric mean concentrations of the 

respective compounds, is 222 and 40 kilograms respectively (Hargis +Associates, Inc., 

1996). TCE is the primary groundwater contaminant with concentrations ranging from 4.6 

to 2100 ppb and a geometric mean of 40 µg/1. Specific VOC concentrations and estimated 

contours, based on 1996 data, are depicted in Figures 3-5, and 3-6. 

3.5 Remedial Alternatives 

The primary objective in remediating the SGZ is to minimize the impact of its 

contamination on water quality of the underlying regional aquifer. However, the extremely 

low yield to wells in the SGZ makes its remediation difficult. Careful evaluation of various 

remedial alternatives has led to the selection of dual-phase extraction, groundwater extraction, 

groundwater recharge and enhanced bioremediation as the remedial technologies for this site 

(Hargis+ Associates, 1996). 

The SGZ has been divided into the northwest, central and southeast regions (Figures 

3-5 & 3-6). The higher contamination of the southeast region warranted initial remediation 

via dual-phase extraction (DPE). This technology extracts both groundwater and soil vapor 

from a single extraction well. The remaining northwest and cental portions of the SGZ began 

remediation via enhanced in situ bioremediation. It was anticipated that the injection of 
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groundwater amended with various compounds would promote in situ biodegradation of the 

voes thereby reducing their concentrations in the SGZ. Extraction wells in these two areas 

would increase amendment circulation as well as ensure voe containment. 

3.6 Bioremediation Treatability Studies 

Two bench-scale column studies were performed in an effort to assess the feasibility 

of aerobic in situ voe biodegradation at the APP #44 site. The purpose of the studies was 

to determine if the indigenous microbial populations of the site were capable of TeE 

degradation. Soil columns were constructed using site soils, and under semi-continuous 

conditions, injected with contaminated site groundwater (1,360 to 1,175 µg/1 TeE and 149 

to 123 µg/11,1-DeE) amended with various cometabolic inducers, an electron acceptor (H202 

at 25 mg/1), and nutrients ( ammonium phosphate as N and P at 25 mg/1) (Wee, 1996). 

The soils utilized in the first study were collected at depths varying from 2 to 4.5 feet 

bgs in the vicinity of the following 4 wells: S-10, S-30, P-3, and S-24 (Figure 3-5). The soil 

samples were composited, aseptically sieved to :s; 4.75 mm, and packed into low pressure 

glass chromatography columns. Preliminary soil analysis showed the soil composite 

containing less than 50 µg/kg ofTeE and 1,1-DeE (Wee, 1996). 

The first study evaluated contaminant reduction rates due to biotic processes without 

the addition of cometabolic inducers, as well those influenced by methanol (50 mg/1) and 

tyrosine (100 µM) as primary substrates (Wee, 1996). A 20% loss of the TeE was 

attributed to abiotic factors, such as sorption to soil column surfaces and volatilization into 

column pore spaces, via the use of a sterile column. The study concluded that although the 
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methanol column demonstrated a slightly greater removal rate of both TCE and 1, 1-DCE 

during the final 1-day exchange periods ( 42-48% and 45-51 % reduction attributable to 

biological degradation respectively, as opposed to 25-41 % and 20-42% reduction ofTCE and 

1,1-DCE in the tyrosine column, and 28-35% and 15-28% in the column explicit of any 

cometabolic inducer), the overall rate ofTCE removal in the non-sterile columns was similar 

regardless of the potential cometabolic inducer amended (Figure 3-7, and 3-8). The 

researchers suggested that under aerobic conditions the site soil/groundwater contains a 

natural cometabolic inducer which may compete with methanol as a carbon source, thus 

resulting in higher initial normalized effluent TCE concentrations in the methanol column. 

The second laboratory study was performed to evaluate the feasibility of in situ 

bioremediation using subsurface soil. Soil samples were collected from Site 3 of the AFP #44 

property, at depths of 80 and 126 feet bgs (WCC, Oct., 1996) These soils consisted of clay 

with some sand (sample M73-80), and sandy silt with some clay (sample M-73-126) 

respectively. A mixture of67% M-73-126 and 33% M-73-80 soil was composited and sieved 

~ 4.75 mm and packed into columns. Only the role of methanol (40 mg/1) as the primary 

substrate was evaluated in this study. The contaminated site groundwater run through the 

columns was bioaugmented with 3.9 x 106 CFU/ml of indigenous laboratory cultured 

microorganisms. The results of this study concurred with those of the first with TCE and 1, 1-

DCE biodegradated between 47% - 54% and 43% - 44% respectively (WCC, Oct, 1996). 

Site groundwater samples were sent to Oak Ridge National Laboratories for further 

analysis regarding the presence of the hypothesized natural cometabolic inducer. Toluene 

dioxygenase (TOD) was identified as present in SGZ groundwater via gene probe analysis. 
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Additionally, the University of Arizona, Department of Chemical and Environmental 

Engineering, tested site groundwater for the presence of methane monooxygenase. One of 

the two wells tested demonstrated MMO activity. Specifically soluble methane 

monooxygenase (sMMO) was detected (WCC, September 10, 1996). Of the two major 

forms of MMO, the soluble MMO demonstrates a broader substrate range and appears to be 

more effective at TCE oxidation when under copper-limiting conditions than its particulate 

(pMMO) counterpart (Oldenhuis et al., 1989). 

3. 7 SGZ Pilot In Situ Bioremediation Application 

SGZ bioremediation operations began in April of 1997 and lasted through April of 

1998. For the first three months, only treated groundwater was injected into the subsurface. 

Amendment injection began in July, 1997, and consisted ofhydrogen peroxide as an oxygen 

source, diammonium phosphate as both nitrogen and phosphorous sources, and methanol as 

a potential cometabolic inducer and/or a carbon source (WCC, 1998). The injection of the 

hydrogen peroxide and methanol was pulsed: hydrogen peroxide was amended for 24 out of 

each 36 hours at a concentration of 38 mg/1, followed by methanol for the remaining 12 out 

of 36 hours at a concentration of 75 mg/1. Diammonium phosphate was delivered 

continuously at 15 mg/1. During the life span of this project, a total of 670 gallons of a 50% 

hydrogen peroxide, 1,030 gallons of 3 pounds per gallon diammonium phosphate solution, 

and 680 gallons of 50 percent methanol solution were utilized. The total volume of water 

recharged and extracted from the SGZ was 8,903,440 and 3,951,402 gallons respectively 

(Montgomery & Associates, 1998). The bioremediation operations ceased in May, 1998 
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when it became apparent that the technology aided in the contamination of the SGZ with 

tetrachloroethene (PCE) via a contaminated shipment of methanol obtained between February 

and April of that year. 
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4.0 OTHER BIOREMEDIATION SITES 

Five sites involved in pilot-scale in situ aerobic bioremediation ofVOCs, specifically 

TCE, were selected for analysis in this study. Their geographical locations range form 

California, South Carolina, and Arizona. At one site, three different bioremediation studies 

were conducted. The duration of these seven projects varied form 1.1 to 14.3 months. These 

studies also varied in area, and in number of monitoring and extraction wells. Significant 

parameters of each bioremediation project are listed in Table 5-1. 

4.1 Savannah River Site 

The Savannah River Site (SRS) is located in Aiken, South Carolina and owned by 

the U.S. Department of Energy. Groundwater at this site is encountered at 41.1 m below bgs. 

The aquifer is heterogeneous, comprised of medium to coarse sand with clay beds (Colorado 

Center for Environmental Management (CCEM), 1995). The estimated hydraulic 

conductivity representative of the sediment type is 1 X 10-2 cm/sec (Freeze and Cherry, 1979). 

Radial groundwater velocity is approximately 1.25 to 8.35 cm/ day, and vertical flow rates 

were estimated to be 0.167 to 0.668 cm/day (CCEM, 1995). The aquifer was contaminated 

with PCE and TCE at 3 to 14 µg/1 and 10 to 1031 µg/1 respectively (CCEM, 1995). 

Of the seven studies selected for this analysis, the SRS is the only site which utilized 

horizontal injection of gaseous amendments to the subsurface. A horizontal injection well 

was placed below the groundwater at a depth of 53.34 m with a screened length of 94.5 m 

(CCEM, 1995). This well was used to deliver air, methane, and nutrients (nitrogen and 

phosphorous as gases) to stimulate methanotrophic microbial activity within the aquifer. The 
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air and nutrients (nitrous oxide and triethyl phosphate) were continuously injected while 

methane injection was pulsed for better subsurface distribution as well as to reduce 

competitive inhibition between this primary substrate and TCE. The advantage of using this 

type of well is that the increased surface area of the well offers better delivery of nutrients 

thereby expanding the area targeted for decontamination and minimizing biofouling (Hazen 

et al., 1995). The bioremediation technology at this site was coupled with soil vapor 

extraction. A parallel upper horizontal extraction well was placed in the vadose zone (24.4 

m bgs with a screened length of 62.5 m) for the extraction of VOC contaminated vapor 

(CCEM, 1995). 

Biodegradation was demonstrated via a decrease in TCE concentrations with 

simultaneous increase in CO2, chloride ion, and microbial enumerations. As expected, 

biostimulation occurred first in wells closest to the injection point and later in more distant 

wells. Methanotrophic enumerations increased from 1 x 101 to 1 x 106 cells/ml throughout 

the course of the study (Travis et al., 1997). Phospholipid fatty acid analyses indicated that 

the stimulated methanotrophs became the dominant population in the total microbial 

community. Nucleic acid probe analyses showed that the methanotrophs stimulated were 

those possessing soluble methane monooxygenase, the form of MMO most active in TCE 

oxidation (Hazen et al., 1994). . 

During the 384 days of operation, this coupled technology removed 17,000 lbs of 

VOCs. 12,096 lbs were removed via vacuum extraction, and 4,338 lbs were attributed to 

bioremediation (CCEM, 1995). The soil gas concentrations decreased by more than 99% and 

the overall groundwater TCE contamination was reduced by 95%. However only a 26% 
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overall reduction was associated with microbial mineralization (Travis et al., 1997). 

4.2 Moffet Field Naval Air Station 

Three different pilot scale in situ bioremediation studies were performed at Moffet 

Field Naval Air Station located in Mountain View, California. The studies varied in the 

cometabolic inducer utilized, as well as the presence of other VOCs and their effects on TCE 

degradation. The 4 m test zone can be described as a shallow confined aquifer 1.4 m thick 

located about 5 m bgs. The aquifer material has a hydraulic conductivity of 1.2 x 10-1 cm/sec 

and a natural gradient of0.32 in a northerly direction (Roberts et al., 1990). Using a porosity 

of 33%, an estimated groundwater velocity for the site is 91.4 cm/day. The aquifer is 

confined above and below by a silty clay layer oflow permeability. All three studies utilized 

vertical injection wells, extraction wells and monitoring wells all screened within the sand and 

gravel aquifer. 

The first Moffet Field in-situ bioremediation field study assessed the degradation of 

several VOCs (TCE, cis-1,2-DCE, trans-1,2-DCE and VC) via the stimulation of 

methanotrophic bacteria. Methane was used as the cometabolic inducer, and along with 

dissolved oxygen, was pulse injected into the aquifer to minimize clogging of the injection 

well and to achieve as uniform a distribution of microbial growth as possible throughout a 

substantial portion of the aquifer. The aforementioned VOCs were injected on a continual 

basis, at concentrations less than or equal to 150 µg/1 (Semprini et al., 1991). The results of 

this study revealed that methanotrophic degradation rates of halogenated aliphatic 

hydrocarbons was dependent on the structure of the compounds, with less chlorinated 
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compounds more rapidly transformed. The degree ofbiotransformation of the voes was as 

follows: 95% ve, 90% t-DeE, 50% c-DeE, and 20% TeE (Semprini et al., 1991). 

Additionally, the study concurred that methane does competitively inhibit the transformation 

of the chlorinated aliphatic compounds in question. 

The following in situ bioremediation project at Moffet Field concentrated only on the 

degradation of TeE at concentrations ranging from 60 to 1000 ppb (Hopkins et al., 1993). 

The degradation effects of a new cometabolic inducer, phenol, were evaluated. Water 

continuously amended with varying concentrations of the contaminant, dissolved oxygen, 

and pulsed with phenol, was injected into the aquifer. The average concentration of DO in 

the monitoring wells throughout the study was 12.5 mg/I (30% of injected concentration). 

TeE removal rates during this two-month-long study varied from 77 to 90% and appeared 

dependent on both the amount of substrate and contaminant present, increasing with an 

increase in the substrate concentrations (Hopkins et al., 1993). 

The last bioremediation demonstration at Moffet Field evaluated the degradation rates 

of the following voes: TeE, c-DeE, t-DeE, ve, and 1,1-DeE. Both phenol and toluene 

were utilized as primary substrates and their removal efficacy was evaluated. The water 

injected into the aquifer was continuously amended with 250 µg/1 ofTeE, and 32 mg/1 DO, 

and pulsed with various other voe and the two primary substrates (Hopkins et al., 1995). 

The removal efficiencies for TeE, cis-1,2-DeE, trans-1,2-DeE and Ve were 90%, 90%, 

74% and 90% respectively when either phenol or toluene was used as the primary substrate 

(Hopkins et al., 1995). The addition of 1,1-DeE however, reduced TeE transformation 

induced by phenol to 50% and only 50% of the added 1,1-DeE was degraded (Hopkins et al., 
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1995). This study therefore demonstrated that the presence of 1,1-DCE inhibits TCE 

degradation when phenol is used as primary substrate. 

4.3 Edwards Air Force Base 

Edwards AFB is located in the Mojave Desert, about 60 miles north of Los Angeles. 

A 480 m2 portion of this facility, contaminated with 500 to 1200 µg/1 ofTCE, was selected 

for studies evaluating in situ TCE degradation (McCarty et al., 1998). The contaminated 

study area contains two aquifers: an upper unconfined aquifer about 8 m thick, and a lower 

confined 5 m thick aquifer, separated by a 2 m thick aquitard. The aquifer material is 

heterogeneous consisting of fine to medium size sand with some silt. The hydraulic 

conductivity of the site ranges from 1.5 X 10-3 to 5 .50 X 10-3 cm/sec. The groundwater 

velocity is estimated at 6.9 cm/day to the east southeast (McCarty et al., 1998). 

The in situ bioremediation study at Edwards AFB differs from the other sites 

discussed in this study in the well design by which amendments were delivered to the 

contaminated aquifer. Vertical circulation wells were used in delivering toluene, oxygen ( and 

later hydrogen peroxide), and dissolved salts of nitrogen and phosphorous to the contaminated 

study area. Each well was screened in both the upper and lower aquifers. Contaminated 

groundwater was then withdrawn from one of the screened intervals, pumped through the 

well, mixed with nutrients in the well bore, and the mixture reintroduced into the aquifer from 

the second screened interval. An advantage of using this well design over the traditional 

vertical injection is that the contaminated groundwater becomes mixed with amendments 

necessary for biotransformation. Vertical injection of amended groundwater into an aquifer 



43 

displaces the contaminated water, and mixing is then restricted to the boundaries of the 

nutrient and contaminant plumes, where diffusion/dispersion processes play a role (McCarty 

et al., 1993). The soluble contaminant ultimately becomes separated from the stimulated 

bacterial populations thus reducing bioremediation efficiency. 

The use of toluene as a primary substrate, oxygen and hydrogen peroxide as electron 

acceptors, and vertical circulation wells for their delivery appeared to be very efficient in 

decreasing the TCE concentrations within the study site. The groundwater leaving the study 

site had average TCE concentrations of 18-24 µg/1 as opposed to 1000 µg/1 entering the 

treatment zone. This correlates to a total TCE removal of 97 - 98% (McCarty et al., 1998). 

4.4 Chico Municipal Airport 

The Chico Municipal Airport, located in Chico, California, is the only site in this 

study where bioaugmentation ( addition of microorganisms to the subsurface) was 

implemented. The test area consist of a heterogenous aquifer comprised of cobbles and finer 

grained material and contaminated with 425 ppb TCE (Duba et al., 1996). Presence of any 

other groundwater contaminants was not detected. The groundwater was encountered at 

25.88 m bgs and had a horizontal velocity of 30 cm/day (Duba et al., 1996). Based on the 

estimated permeability of 3 µm2
, the estimated hydraulic conductivity for this site is 1 X 10-3 

cm/sec (Freeze & Cherry, 1979). 

Bioaugmentation was implemented at this site to avoid competitive inhibition 

between primary substrate and TCE for the oxygenase enzyme, and to eliminate separation 

of the contaminant from bacteria as previously observed by the displacement of the 
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contaminant water via the injection of clean water with amendments. Methylosinus 

trichosporium OB3b, a naturally occurring nonpathogenic methanotroph was grown in 

surface bioreactors, separated from growth media, re-suspended in an aqueous solution devoid 

of growth nutrients and injected (under batch conditions) into the subsurface. Vertical 

injection wells (screened below the water table) were utilized for this injection and the 

injected water/OB3b suspension was devoid of TCE. However, it was amended with a 

phosphate solution to buffer pH. 

Fifty percent of the injected microorganisms sorbed to the sediment material forming 

a in-situ fixed-bed bioreactor of unknown geometry. Groundwater flow delivered the 

contaminant to the biofilter region, resulting in biodegradation. During the first 48 hours of 

the study, TCE concentrations in the extracted water decreased from 425 to less than 10 ppb 

(Duba et al., 1996). This correlates to a 98% reduction of the contaminant. Because primary 

substrate was not amended, and because no energy is generated from TCE oxidation, TCE 

concentrations gradually increased, approaching the baseline concentration at 40 days of the 

experiment. About 40% of the total contaminant influx over the 40-day duration of the 

experiment was removed (Duba et al., 1996). 

4.5 Motorola 56th Street 

The Motorola 56th Street facility is located in Phoenix, Arizona. The aquifer is 

contaminated with TCE and PCE. TCE is the primary contaminant with aqueous 

concentrations ranging from 1 to 24000 ppb (WCC,1993). The aquifer material is 

heterogenous, consisting of sandy, gravelly clay to clayey sandy gravel with a hydraulic 
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conductivity of 1.52 X 10-2 cm/sec (Wee, 1994). Groundwater is encountered at 3 to 7.6 m 

bgs and has a horizontal velocity of 23.1 cm/day (Wee, 1994). 

Previous laboratory analysis of this site revealed that a unidentified, naturally 

occurring cometabolic inducer of the toluene dioxygenase enzyme is present at this site ( 

wee, 1993). Therefore, the in situ bioremediation pilot study at Motorola did not include 

the amendment of a primary substrate. Basically, the operation consisted of the extraction of 

contaminated groundwater, bypassing the ex situ treatment system, continuously amending 

the water with oxygen (hydrogen peroxide) and nutrients (nitrogen and phosphorous dissolved 

salts), and re-injecting the water back to the aquifer via injection wells (Wee, 1996). All 

wells in this study were screened below the water table (Wee, 1996). The bypassing of ex 

situ treatment was performed to eliminate dilution as a means of reduction in the contaminant 

concentrations. 

Although laboratory column studies demonstrated biodegradation rates as high as 

89%, the eight-month pilot in situ demonstration resulted in removal rates ranging from 34 

to 46% (Wee, 1993 & 1996). Dissolved oxygen levels measured in monitoring wells 

averaged between 10 to 20 mg/1 throughout the study, and microbial enumerations were 

significant, ranging from 1 x 103 to 2 x 106 eFU/ml (Wee, 1996). These parameters imply 

good transport of nutrients and therefore, an associated reduction in TeE due to 

mineralization. Although no explanation was given for the lower removal rates, one possible 

explanation is heterogeneity of the in situ site. 
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5 .1 Evaluation of Other Bioremediation Sites 

5.1.1 Defining Success 
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Success of any remediation technology is primarily determined by the amount of the 

contaminant in question removed/remediated by that technology. Time also plays a 

significant role in determining success, as success is not just defined by the quantity of a 

contaminant remediated, but also by how quickly the remediation can occur. Natural 

attenuation, or intrinsic bioremediation, is frequently determined infeasible not because the 

naturally occurring microorganisms are unable to reduce contaminant concentrations, but 

because the reduction is too slow and therefore deemed not efficient. This efficacy is 

increased, however, in engineered bioremediation via the installation of systems designed 

to supply microbe-stimulating materials ( electron acceptors, substrates, and nutrients) into 

the subsurface. Lastly, cost is an important parameter in determining success. Not only is 

the cost of the technology installation a factor, but the longer the technology is utilized the 

higher its overall expense (higher operation and maintenance costs), and the lower its 

efficacy and success. 

In evaluating the seven in situ bioremediation field projects of this study a range of 

percent TCE removal was identified, varying from 20% at Moffet Field to 98% at Edwards 

Air Force Base (Table 5-1). Since time required for bioremediation plays a role in the 

technology's effectiveness, it was also analyzed. The duration of the projects were found to 

range from 1.1 months at the 1991 Moffet Field project to 13. 7 months at Edwards AFB and 

even 14.3 months at the Savannah River site. Additionally, the size of each study area was 
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Site 

Savannah 
River 

Edwards AFB 

Moffet Field 

199 1 study 

1993 study 

1995 study 

Motorola, 56th 
St. 

Chico 
Municipal 
Airport 

AFP #44, SGZ 

Soil Type K (cm/sec) 

medium to 1.0 X 10-2 b 

coarse sand w/ 
clay beds b 

fine-medium 1.5 X 10-3 to 
size sand w/ 5.5 X 10 -3 i 

some si lti 

sand & gravel 1 1.2 X 10-I m 

Sandy, gravelly 1.52 X 10-2 i 
clay to clayey 
sandy gravel J 

cobbles & finer- 1.00 X 10-3
• 

grained materiale 

clay to sandy 1.47 X 10-5 to 
clay wl fine sand 1.77 X 10-4 f 

lenses1 

Table 5-1 

Significant Parameters of In Situ Bioremediation 

Depth to GW Heterogeneity Contaminants [TCE] 
water velocity (ppb) 

table (m) (cm/day) 

41.1 b 1.25 - yes b TCE, PCE b 10 -
8.35 b 1031 b 

9 i 6.9 i yes i TCE i 500 -
1200 I 

4.3 - 5.8 1 91.4 a yes 1 

TCE, cis-1 ,2- ~150 
DCE, trans- (46) m 

1,2-DCE, VC m 

TCE 0 60 - 100 n 

TCE, cis-1 ,2- 250 ° 
DCE, trans-

1,2-DCE, VC, 
1,1-DCE 0 

3 - 7.6 J 23 .l j yes J TCE, PCE i 1 - 2400 i 

25 .88 e 30 e yes e TCE e 425 e 

18.3 - 0.12 - yes 1 TCE, 1,1,DCE 4.6 -
24.4 1 1.22 f 2100, 

Xa=40 1 

Well Screen HPC 
Design Interval (CFU/ml) 

Location 

horizontal saturated 1 X 101 to 1 X 

injection b zone b 106 

methanotrophsc 

vertical saturated 0-32 mg/I, 3.4 
circulation zone i mg/I average i 

wellsi 

vertical saturated 
injection m zone m 

vertical saturated 
injection° zone n 

vertical saturated 
injection ° zone 0 

vertical saturated 1.0 X 103 to 2.0 
injection i zonei X 106 k 

vertical saturated 2.7 X 109 

injection e zone e sorbed e 

vertical vadose & 7.3 X 102 to 
injection 1 saturated 5.70x la5 1 

zones g 
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Site 

Savannah Ri ver 

Edwards AFB 

Moffet Field 

1991 study 

1993 study 

1995 study 

Motorola, 56'h St. 

Chico Mw1icipal 
Airport 

AFP#44, SGZ 

DO (mg/I) 

I - 25 i 

5 - )3 m 

12.5 
average n 

18° 

10 - 20 k 

5 +/- 2 e 

0.9- 6.3 h 

Induced 
Enzyme 

sMMOd 

TO i 

MMO m 

TO" 

T0 ° 

TODk 

sMMO e 

TOD& 
sMMO I 

Table 5-1 - continued 

Significant Parameters of In Situ Bioremediation 

Cometabolic 
Inducer 

b CH4 gas 

toluene i 

dissolved CH4 m 

phenol n 

toluene & phenol 0 

naturally occuning, 
unidentified k 

none 

naturally 
occurring, 

unidentified, & 
CHPH f 

Oxygen 
Source 

air b 

02 gas, H202 
1 

DO m 

DO n 

DO/H202 ° 

H202 k 

none e 

H
1
0

1 
I 

Nutrients (N 
& P) 

N & P gas b 

N & P dissved 
salts 1 

N&P 
dissolved salts 

k 

p only e 

N&P 
dissolv<yl salts 

Groundwater 
Injected 

NIA b 

recirculated 
contaminated i 

clean amended w/ 
cocs m 

clean amended w/ 
TCE n 

clean amended 
w/COCs 0 

recirculated 
contaminated k 

clean e 

clean I 

Bioaug
mentation 

no b 

no 

no m 

no n 

no 0 

k no 

yes e 

no I 

Duration 
(months) 

14.3 b 

13.7 i 

I.I m 

2" 

2.8 ° 

8 k 

1.3 e 

13 (JO 
amendment 
injection) P 

Size of 
Area (m2

) 

- 2,280 b 

480 i 

4 m " 

4 m" 

4 m 0 

- 1,681 k 

4m e 

-217,551 I 

Percent 
Reduction(%) 

Overall > 95, 26 
bio, 71 SVE b 

97 - 98 i 

* 20 m 

77 - 90 n 

** >90 ° 

46 - 34 k 

98 1" 48 hrs, 40 
thereafter e 

41 overall, 14 bio 

Sources: a) Freeze & Cherry, 1979. b) CCEM, 1995. c) Travis et al. , 1997. d) Hazen et al. , 1994. e) Duba, et al. , 1996. f) Hargiss+ Associates, 1996. g) Table 6-5. h) WCC, (AFP#44) 1998. i) McCarty, et al. , 1998. 
j) WCC, (Motorola), 1993. k) WCC, (Motorola) 1996. I) Roberts, et al. , 1990. m) Semprini, et al. , 1991. n) Hopkins., et al. , 1993. o) Hopkins et al. , 1995. p) Montgomery & Associates, Inc., 1998. 

*20% TCE, 50%cis-1,2-DCE, 90% trans-1,2-DCE, & 95 % VC reduction ** >90 TCE, cis-1,2-DCE, VC, 74%trans-1,2-DCE reduction. Presence of 1,1-DCE 
inhibited TCE degradation reducing its reduction to 50%. The 1,1-DCE was 
reduced by 50%. 
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also variable, ranging from 4 meters at Moffet Field, to 480 squared meters at Edwards Air 

Force Base. Generally, larger sites like the 2,280 m2 Savannah River and 1,681 m2 Motorola 

site, demonstrated lower percent TCE reductions relative to their smaller counterparts (Table 

5-1). 

The method of defining TCE removal was also found to be variable throughout the 

projects. The Savannah River site defined removal as total mass of contaminants removed 

in addition to change in concentrations measured in monitoring wells. In two out of 13 

monitoring wells at the site, TCE concentration in the water declined by more than 90%, to 

below 2 ppb (Hazen, et al., 1994). Out of the total mass removed however (17,000 lbs), 

bioremediation played a lesser role (4,338 lbs) than the vacuum extraction component 

(12,096 lbs.; Table 5-1 ). 

The other four sites defined TCE removal based only on concentrations measured in 

monitoring wells. Generally, the results were based on data obtained from the best well. For 

example, all three Moffet Field studies evaluated data from the 3 monitoring wells located 

at that site. Ultimately, however, the percent TCE removed for all three studies was based 

on averaged values of 1 monitoring well (Semprini et al., 1991; Hopkins, et al., 1993; 

Hopkins et al., 1995). The Chico study also only presented data resulting from one out of 

three wells monitored at that site (Duba et al., 1996). The Edwards AFB facility 

accommodated a total of 14 monitoring wells (McCarty et al., 1998). However, site TCE 

removal was represented by concentration differences at any given time between the vertical 

circulation wells and one monitoring well. The reduction in contaminant concentrations for 

the Motorola site was based on data from two out of four monitoring wells. The other two 
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wells showed either no change or had an increase in the TCE concentrations. (WCC, 

Motorola, 1996). 

Defining success versus failure at any of the seven analyzed projects is therefore quite 

difficult. The studies differed not only by length of time, but by size as well as number of 

wells, and even in definition of TCE removal. Questions arise, therefore, as to whether 

success should be defined based on one versus all monitoring well data. Should it be defined 

over space ( 4 m to 2.17 x 105 m2
) and time (1.1 versus 14.3 months)? Should contaminant 

removal be defined in terms of mass removed or concentrations in monitoring wells? 

Perhaps the TCE concentrations should be spatially averaged so as to represent the site as 

a whole. For the purpose of this study, therefore, the projects were only referenced as 

demonstrating lower or higher contaminant removal relative to each other. Key parameters 

leading to higher contaminant removal were further evaluated. 

5 .1.2 Important Parameters of Bioremediation Sites 

The 1991 Moffet Field project and the Savannah River project demonstrated the 

lowest contaminant removal of the seven analyzed studies (20% and 26% respectively) 

(Table 5-1 ). Both projects utilized methane as a primary substrate inducing the methane 

monooxygenase enzyme in methanotrophic bacteria. Additionally, both studies were 

remediating numerous contaminants. 

The pnmary Moffet Field study demonstrated that methanotrophic 

biotransformations ofVOCs are higher for the less chlorinated species (20% TCE, 50% cis-

1,2-DCE, 90% trans-1,2-DCE, and 95% VC reduction; Table 5-1 ). Therefore, the presence 

of cis and trans-1,2-DCE and VC, in addition to TCE, will play a limiting role in the 
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effectiveness of TCE degradation by methanotrophic populations. 

The PCE at the Savannah River site was believed to be degraded via reductive 

dehalogenation in anaerobic niches throughout the site (Hazen et al., 1994). Therefore, its 

presence will not affect methanotrophic degradation of TCE. 

The 1991 Moffet Field study showed that competitive inhibition occurred between 

the degradation of methane and chlorinated solvents by methanotrophic populations. Since 

the microorganisms are unable to obtain any energy from the degradation of solvents and 

only degrade them due to the broad substrate specificity of the oxygenase enzyme, this 

phenomena is true for any primary substrate. However, this issue was overcome in the pilot 

studies used in this analysis via the pulse injection of the primary substrate (CCEM, 1995; 

Semprini et al., 1991; Hopkins et al., 1993; Hopkins et al., 1995; McCarty et al., 1998). 

Methanotrophic oxidation of TCE proved more effective at the Chico Municipal 

Airport site, demonstrating 98% of TCE removal in the first 48 hours followed by a 40% 

reduction of the contaminant concentrations thereafter (Table 5-1 ). The competitive 

inhibition issue was overcome at this site via bioaugmentation with Methylosinus 

trichosporium OB3b, a naturally occurring nonpathogenic methanotroph. More importantly, 

TCE was the only contaminant at this site. Therefore, methanotrophic oxidation of TCE 

cannot be considered a primary parameter leading to low TCE degradation. The competitive 

inhibition between the primary substrate (methane) and TCE for MMO can be overcome via 

pulse injection of the cometabolic inducer or by bioaugmentation. However, the presence 

ofless chlorinated solvents in conjunction with MMO activity, has been shown to lower the 

technology's success. 
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The presence of cis and trans-1,2-DCE and VC did not appear to affect the oxidation 

of TCE via the toluene oxygenase enzyme induced by either toluene or phenol in the 1995 

Moffet Field study (>90% TCE, cis-1,2-DCE, VC, and 74% trans-1,2-DCE reduction; Table 

5-1). It is interesting to note, however, that the presence of 1,1-DCE did inhibit TCE 

degradation by this enzyme (reducing the TCE degradation from 90 to 50%), and is therefore 

a limiting parameter. 

Microbe-stimulating materials, nutrients and electron acceptors, were found to be of 

variable importance. The addition of nutrients (N and P) appeared to be site specific and 

dependent on the geochemistry of each site. The geochemistry of the Moffet Field site did not 

call for the addition of nutrients during any of this site's studies. Since the necessary viable 

microbes were injected into the subsurface at Chico Municipal Airport, nutrient injection at that 

site was also not necessary. However, a phosphate solution was added to buffer pH. 

Additionally, oxygen was not limiting at the Chico site. It was a limiting factor in the 

remaining four sites and therefore amended. The dissolved oxygen concentrations in monitoring 

wells of the sites ranged from 1 to 25 mg/1 (Table 5-1). TCE concentrations at the 5 sites were 

far below the microbial toxic levels of 6000 µg/1 or above, ranging form 1 to 2400 ppb. 

Edwards AFB, the 1993 and 1995 Moffet Field projects, and the Motorola 561
h Street 

site utilized the toluene oxygenase enzyme (induced by toluene and/or phenol) and 

demonstrated percent TCE reductions ranging form 34 to 98% (Table 5-1 ). The Motorola site 

was the largest of the four (1,681 m2), and demonstrated the lowest relative TCE percent 

reduction of 34 to 46%. Increased site heterogeneity attributable to the increased study size, as 

well as desorption and diffusion out of lower permeability zones most certainly played a role 
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in that outcome. Edwards AFB came second in size ( 480 m2
) and demonstrated TCE removal 

between 97 and 98%. 

In four out of the five bioremediation studies demonstrating TCE removal of more than 

26% (Edwards AFB, 1993 and 1995 Moffet Field studies, Motorola 56th Street, and Chico 

Municipal Airport, Table 5-1 ), vertical injection wells were implemented for the delivery of 

amendments to the subsurface. All the wells were screened below the water table (Table 5-1 ). 

Edwards AFB was the only facility to use vertical circulation wells. These wells, also screened 

below the water table, recirculated amended contaminated aquifer water between two aquifers 

separated by a two-meter-thick aquitard. The advantage of such wells, as already mentioned, 

was that they allowed for mixing of contaminated water with the necessary amendments within 

the well, therefore minimizing displacement and dilution of contaminated water caused by the 

usual vertical injection of clean amended water into the contaminated study area (McCarty et 

al., 1993 &1998). The use of this type of well may have accounted for higher TCE removal 

in this relatively bigger study area (97 to 98% reduction; Table 5-1 ). Additionally, vertical 

circulation wells are effective in flushing out low permeability areas (Brusseau, personal 

communication). It is unclear if the aquitard in this study was a contaminant source and if and 

how it would be remediated. 

The issue of separating the dissolved contaminant from the stimulated bacterial 

populations was not an concern in the aforementioned studies utilizing vertical injection (Table 

5-1). The 1993 and 1995 Moffet Field studies amended their injected water with not only the 

primary substrate and oxygen, but also with the compounds of concern, thereby allowing 

mixing and ultimately increasing bioavailability. The Motorola 56th Street facility injected 



54 

contaminated water amended with nutrients via by-passing the ex-situ treatment system. Not 

only did this limit dilution factors, but it reduced bioavailability issues as well. The Chico 

facility eliminated problems associated with separation of the contaminant from the stimulated 

bacteria induced by vertical injection wells via bioaugmentation. 

In order to have displacement of water for the transport of oxygen, nutrients or 

microbes, the site has to have favorable hydraulic parameters, primarily permeability. Although 

the aquifer material of the sites demonstrating higher than 26% TCE removal (Edwards AFB, 

1993 and 1995 Moffet Field Studies, Motorola 56th Street, and Chico Municipal Airport) was 

heterogenous, it consisted primarily of sand and gravel. The hydraulic conductivity of the sites 

ranged from 3.4 x 10-3 cm/sec at Edwards AFB, to 1.2 x 10-1 cm/sec at the Moffet Field facility 

(Table 5-1 ). Estimated groundwater velocities of the sites ranged from 6.9 cm/day at Edwards, 

to 91.4 cm/day at Moffet Field. Although flow at each site will occur in the path of least 

resistance, the representative hydraulic conductivities and groundwater velocities allowed for 

an overall transport of amendments within the aquifer. This was demonstrated in the elevated 

dissolved oxygen levels encountered in the site's monitoring wells. 

It is important to mention that the projects analyzed in this study performed intensive 

site characterization prior to the initiation of the in situ bioremediation field applications. Most 

importantly, the hydraulic parameters were studied in detail. Numerous tracer tests were 

performed and coupled with computer models to determine flow paths as well as flow rates 

throughout the site. Additionally, site material was used to determine the contaminant's sorptive 

component. Numerous laboratory studies were performed to indicate the presence of intrinsic 

microorganisms capable of the degradation in question. Furthermore, degradative rates were 
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not only calculated from laboratory studies, but also via computer models using parameters 

obtained in site characterization. 

5.1.3 Summary oflmportant Parameters 

In summary, the analysis of the in situ TCE bioremediation studies has shown trends 

in the following four categories: 1) presence of other contaminants, 2) efficacy of the 

cometabolic inducers, 3) technology design, and 4) site soils and hydraulics. 

The presence of cis ortrans-1,2-DCE and/or VC at the 1991 Moffet Field study reduced 

TCE degradation via methanotrophic oxidation. TCE oxidation induced by toluene or phenol 

was not inhibited by the aforementioned compounds in the 1995 Moffett Field project. Phenol

induced mineralization of TCE was, however, inhibited by the presence of 1,1-DCE. The 

presence of PCE at the Savannah River site did not seem to have any affect on aerobic TCE 

degradation. 

TCE degrading microorganisms prefer to metabolize the primary substrates as opposed 

to the contaminant itself. This problem is overcome via substrate pulsing and/or 

bioaugmentation. The injection, or bioaugmentation, of methanotrophic microorganisms has 

shown to be very effective in degrading TCE at Chico Municipal Airport . When amendments 

are delivered to the subsurface, however, the use of toluene and phenol as cometabolic inducers 

was more effective in TCE degradation (as seen in Edwards AFB, the 1993 and 1995 Moffet 

Field studies, and Motorola) than methane (Savannah River and 1991 Moffet Field study, Table 

5-1). 

Four of the five projects demonstrating greaterthan26% TCEreduction(1993 and 1995 

Moffet Field, Motorola 56th Street, Chico Municipal Airport) used vertical injection wells, 
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screened below the water table, for subsurface amendment delivery. Issues of contaminated 

water displacement resulting in lack of bioavailability or dilution were accounted for as 

previously discussed. The vertical circulation wells utilized at Edwards AFB, the fifth site, 

were also screened within the saturated zone. 

Ultimately, the hydraulic parameters were found to be the most limiting factors in 

assessing feasibility and success of the bioremediation technology. Without adequate 

permeability and flow within the aquifer, there is no transport of the amended oxygen, nutrients 

or substrates, and therefore, no microbial stimulation resulting in poor biotransformation. 

Furthermore, bioaugmentation becomes completely unfeasible. Therefore, soils demonstrating 

high specific yield, such as gravel and sands are the most favorable for the application of 

bioremediation. Tight materials, such as clays are the least favorable because specific retention 

is higher for finer soils. Fine-grained soil particles generally demonstrate greater surface area 

and porosity (Freeze and Cherry,1979). However, the pore diameter in these soils is relatively 

small and on the orders of 1 - 10 µm (Lewandowski et al., 1998). Therefore, most of the water 

in this type of soil is adsorbed and immobile. Bio films involved in biodegradation are located 

in the adsorbed water, however, they depend on diffusion from the fluids migrating past the 

adsorbed water for the delivery of oxygen and other growth supplements. Therefore, the 

thickness of the adsorbed water or the distance from these migrating fluids determine the 

delivery rates of the amendments and ultimately the effectiveness of the bioremediation 

technology. 

Extensive site characterization is imperative in determining whether a site will be a 

good candidate for the bioremediation technology. Both the National Research Council (1993) 
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and Bouwer (1994) recommend a hydraulic conductivity of at least 1 x 10-4 cm/sec for 

bioremediation to be feasible. However, studies analyzed here demonstrating higher than 26% 

TCE removal had sandy/gravely environments with hydraulic conductivities ranging from 1.2 

x 10-1 to 3.4 x 10 -3 cm/sec (Table 5-1). 

5.2 Methods for Interpreting the In Situ AFP # 44 Bioremediation Project 

The above established parameters were used in performing various evaluations of the 

AFP #44 bioremediation project results of which are discussed in the following chapter. 

Specific calculations included obtaining geometric mean values ( XG=(X1 x X2 x .... Xn) Jin 

) ofTCE, 1, 1-DCE, and water level elevations for each monitoring well representative of a time 

period before and during the technology operation. This data was used in evaluating the general 

change in the contaminant concentrations and water level elevations resulting from the 

implementation of this technology per well. TCE, 1,1-DCE and water level elevation data of 

each monitoring well was also used to construct a mean value of each parameter representative 

of the whole SGZ for a period of time starting in March of 1994 through April of 1998. This 

data gave insight to the performance of this technology as a whole. As described later, well

specific evaluation of the technology as affected by site heterogeneity was also assessed. 

Heterotrophic plate count (HPC) and dissolved oxygen (DO) data per monitoring well were 

assessed to determine the extent of microbial activity and therefore its contribution to the 

change in contaminant concentrations. 

Well-specific chloride data was utilized to determine dilution occurring in each 

monitoring well during the operation of the bioremediation project. The following equation was 

(1) 
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where Cc = final detected chloride concentration 

Ca= injected clean water chloride concentration 

Cb= the initial chloride concentration before the onset of the bioremediation project 

x = volume fraction= V/Va+ Vb, where Va= volume of injected clean water, 

Vb= volume of initial contaminated water 

A geometric mean of the dilution factors was calculated and further applied in determining 

dilution representative of the SGZ as a whole, thereby aiding in evaluating the overall outcome 

of the in situ bioremediation at this site. 

Darcy's law was used in determining various hydraulic parameters pertinent to the 

assessment of the bioremediation technology at this site: Q = -K dh/dl A 

where Q = volumetric flux 

K = hydraulic conductivity 

dh/ dl = hydraulic gradient 

A = cross-sectional area 

(2) 

Linear velocity was determined from average volumetric flux and representative cross-sectional 

area: v = Q/nA = -Kin dh/ dl 

where v = average linear velocity, and n = porosity 

Analysis of diffusive flux into clay was performed using Fick's First Law: 

F = -n D* (dC/dx) 

where F = mass flux of solute per unit area per unit time 

n = porosity 

n* = effective diffusion coefficient Dctw 

(3) 



D d = diffusion coefficient (L 2/T) 

w = coefficient related to tortuosity 

C = solute concentration (M/L3
) 

dC/dx = concentration gradient (M/L3/L) 

The solution to the above equation was also used: Clx,t) = C0erfc x/2(D*t)°.s 

where Ci = the concentration at distance x from the source at time t since diffusion began 

C0 = the original concentration, which remains a constant 

erfc = the complementary error function 

59 

(4) 
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6.0 RESULTS AND DISCUSSION 

It is important to note that although AFP #44 data supports various trends, accurate, 

statistically significant conclusions cannot be drawn given the limited data pool available for 

this analysis. 

6.1 AFP #44 Bioremediation Feasibility Studies 

The only initial assessment ofbioremediation feasibility at the SGZ of AFP #44 were 

laboratory column studies utilizing site soils and groundwater. However, for reasons 

discussed below, these studies were not representative of site conditions. Therefore, the 

accurate application of their results to a field operation is questionable. 

The soils used in the first study were collected at depths varying from 2 to 4.5 feet 

bgs in the vicinity of the following four wells: S-10, S-30, P-3, and S-24. The geology of 

each well is described in Table 6-1, and a geologic cross section depicted in Figure 6-1. It 

is evident that the surface soils in the vicinity of well S-24, and S-30 are comprised of clayey 

sand or clayey gravel. The top soil in the vicinity of well S-10 appears to be clay. Since the 

soils utilized in the columns were composited and sieved through a 4. 7 5 mm sieve, they were 

not representative of the contaminated fine-grained subunit in need of remediation. The 

columns packed with these soil composites had a higher hydraulic conductivity, greater flow 

rates, and ultimately increased flushing potential. Therefore, the transport of amendments 

through the soil column in this study was not applicable to transport of the same nutrients 

in the field. Additionally, surface soils tend to have a higher organic carbon concentrations, 
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Table 6-1 
SGZ Well Identification Data 

well # location well type screen interval baseline depth pump geology 
(feet) to GW (ft bgs) rate 

(GPM) 

S-24 Northwest injection 60 - 1003 89.672 SM(0-36), CL(36-44), SM (44-63), CL (63-100)4 

S-28 Northwest injection 80 - 1002 85 .982 SM(0-8),SW(8-36),CL(36-40),SM(( 40-43 ),CA( 43-45),SM( 45-57),CL(57-
71 ),SM(7 l -80), SW(80-83),CL(83-l 00)4 

SR-7 Northwest extraction 50 - 1002 90.72 ---I ML(O- l 5),SM(l 5-80),CL(80-l 05)2 

SR-29 Northwest extraction 50 - 1002 88.22 ---I SM(0-30),SW(30-45),CL( 45-100)2 

SR-8 Northwest extraction 50 - 101 1 93 .31 ---I ML(0-10), SM(l 5-80),CL(80- l 05)1 

SR-28 Northwest extraction 44 - 95 1 80.91 3.91 ML(0-1 0), SM(l0-75), CL(75-98), SW(98-105)1 

P-6 Northwest monitoring 96 - 101 2 92 .692 CL(0-9),SW(9- l l),CL(l l-20),CA(20-23), CL(23-29), CA(29-30), SM(30-44), 
CA(44-46), SM(46-56), CL(56-60), SW(60-68), SM(68-1 00)4 

SM-5 Northwest monitoring 42-62, 80-902 81.1 2 SM(0-65), CL(65-90)2 

P-4 Northwest monitoring 94 - 993 84.73 CL(0-19),SM(l9-36),CL(36-38), SW(38-40), SM(40-43), SW(43-50), SM(60-73), 
SW(73-86), CL(86-99)4 

S-26 Central injection 60 - 1002 dry2 SM(O-70), CL(70-84 ), SM(84-88), CL(88- l 00)2 

SR-16 Central injection 51 - 1022 872 --- I ML(O-70), CL(70-l 05)2 

S-29 Central injection 60 - 1003 75 .93 SM(0-6), CA(6-8), SM(8-23), CL(23-28), SM(28-33), CL(33-48), SM(48-
68),SW(68-75), CL(75-100)4 

SR-17 Central injection 51 - 1011 83.81 --- I ML(0-15), SM(l5-65), CL(65-105)1 

SR-15 Central inj ection 51 - 1022 63.42 1.31 ML(0-1 5), SM(l5-65), CL(65-1 05)2 

SR-12 Central injection 51-1 01 1 64.71 1.41 SM(0-60), CL(60-105)1 

S-30 Central injection 60 - 1003 74.63 SM(0-7), CA(7-l l), SM(l l-27), CA(27-29), SM(29-42), CL(42-51), SM(51-72), 
CL(72-100)4 



N 
\0 

well # location well type 

SR-6 Central extraction 

S-31 Central extraction 

SM-4 Central monitoring 

P-3 Central monitoring 

S-23 Central monitoring 

S-27 Central monitoring 

S-32 Northwest perimeter 

S-33 Northwest perimeter 

P-7 Northwest perimeter 

P-2 Central perimeter 

P-5 Central perimeter 

P-1 Cental perimeter 

screen interval 
(feet) 

41 - 92 1 

60 - 963 

45-65, 90-1002 

96 - 101 2 

60 - 802 

60 - 101 3 

90 - 1003 

95 - 1005 

94 - 995 

96 - 1015 

Table 6-1 - continued 
SGZ Well Identification Data 

baseline depth pump 
to GW (ft bgs) rate 

(GPM) 

dry I --- I SM(O-7 5), CL(7 5-99) 1 

geology 

74.33 SM(0-31 ), CL(3 l-45), SM( 45-58), CL(58- l 00)4 

93.42 SM(O-70), CL (70-100)2 

91.282 SM(O-70), CL(70-l 00)2 

68.682 

67.22 

96.633 

dry3 

dry3 

84.83 

dry 

dry 

1. Hargis +Associates, Inc , Woodward-Clyde Consultants , 1997. Final Draft Shallow Groundwater Zone Removal Action Implementation Report 6 May 1997, US AFP #44, Hughes Missile Systems Company, Tucson, Arizona. 

2. Woodward-Clyde Consultants, 1998. Draft Report Shallow Groundwater Zone Bioremediation System Operation Report March 1997 through March 1998, US AFP #44, Raytheon, Tucson Arizona. 

3. Groundwater Resources Consultants, Inc., 1998. Summary of Well Field Reclamation Operations and Changes in Groundwater Conditions January 1997 through December I 997, US AFP #44, TIAA Supe,fund Site. 

4. Hargis+Associates, Inc., Woodward-Clyde Consultants, 1996. Final Draft Shallow Groundwater Zone Removal Action Engineering Evalutaion!Cost Analysis 18 June 1996, US AFP# 44, Tucson, Arizona. 

5. Groundwater Resources Consultant, Inc., 1997. Groundwater Reclamation Project Report, January 1996 through December 1996, AFP #44, Tucson Arizona. 

SM= Silty Sand 
CL=Clay 
SW= Well graded sand 
ML=Silt 
CA=Caliche 
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and tend to be more aerobic. Thus the microbial populations encountered in surface soils are 

not only higher in numbers, but also physiologically different than those found in the deeper 

subsurface. 

Although the second study used subsurface soils, the mixture used in packing the 

columns again did not represent the contaminated area, consisting of 67% sandy silt with 

some clay and 33% clay with some sand and silt. Furthermore the site groundwater was 

bioaugmented with laboratory-cultured indigenous microbes. Therefore, although the 

degradation rates of both TCE and 1,1-DCE were similar to those of the first study, their 

validity and correlation to a field application are uncertain. 

The role of methanol in the field application is unclear. Soluble methane 

monooxygenase was detected in groundwater sampled from the southeast portion of the SGZ 

undergoing remediation via dual-phase extraction, but not from the groundwater sampled in 

the central portion undergoing in situ bioremediation (WCC, September, 1996). The 

conclusion from the laboratory column studies along with gene probe analysis was that an 

unidentified, naturally-occurring cometabolic inducer is present in the SGZ soil-groundwater 

matrix, and competes with methanol as a carbon source. Furthermore, the TOD enzyme 

which it induces will most likely be responsible for the anticipated field TCE degradation 

(Hargis+Associates/WCC, 1996). Since this inducing compound is unidentified, it cannot 

be replenished. It is possible therefore, that its concentrations in the SGZ are finite, resulting 

in its complete utilization. This will result in a decrease in oxygenase productivity and 

ultimately no bi ode gradation. It is unclear if the purpose of the methanol injection was to 

stimulate the low enumerations of methanotrophs so that TCE degradation continues once 
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the naturally-occurring inducer is completely utilized. However, it would appear that the 

presence of methanol would only inhibit the degradation rates of the TOD enzyme. 

Additionally, as demonstrated in the Moffet Field studies, TCE oxidation via sMMO is much 

less efficient than its oxidation via the toluene oxygenase system. 

The presence of 1,1-DCE reduced toluene oxygenase oxidation ofTCE from 90 to 

50% when the enzyme was induced using phenol in the 1995 Moffet Field study. 

Additionally, only 50% of the 1,1-DCE itself was degraded in the study. The identity of the 

substance inducing the TOD enzyme in the SGZ is unknown. However, both bench scale 

studies showed similar degradation of both compounds ( 42-48%, and 45-51 % reduction in 

TCE and 1,1-DCE respectively in the first study, and 47-54% and 43-44% reduction in the 

second study) (WCC, 1996, & Oct., 1996). Although a correlation between the laboratory 

studies and the Moffet study may be made, it is somewhat uncertain due to the unknown 

effects of methanol and thus degradation due to MMO. However, it may be assumed that 

if TOD is the primary enzyme degrading the compounds of concern (COC) in the SGZ, the 

rate ofTCE degradation may be impeded by the presence of 1, 1-DCE ( <50 ppb; Figure 3-6). 

6.2 Pilot Operations 

6.2.1 Contaminant Concentration Trends and Hydrogeologic Processes 

Appendix 1 contains baseline TCE, 1, 1-DCE and water level elevation data for each 

SGZ monitoring well representative of the time frame before the onset of the bioremediation 

project (March, 1994 - March, 1997). A geometric mean of each parameter per well is also 

calculated. Appendix 2 contains the same data representative of the time frame during 

bioremediation operations (April, 1997 - May, 1998). Geometric mean data for each 
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monitoring well from both appendices is given in Table 6-2. 

Although the mean TCE and 1, 1-DCE concentrations have decreased in some 

monitoring wells during the bioremediation project, they appear to have increased in others. 

The TCE concentrations in monitoring well P-3 have decreased from a mean value of 105 

ppb before the bioremediation operations to 88 ppb thereafter. Although the 1,1-DCE 

concentrations in this well declined during the duration of this project, the mean values 

remained relatively the same at 4 ppb. Additionally, the mean water level elevation in this 

well has increased by 14 feet. A similar trend can be seen in monitoring well P-4 where the 

TCE and 1,1-DCE concentrations decrease from 77 and 18 µg/1 to 45 and 11 µg/1 

respectively. No noticeable change in the mean water level elevations was noticed in this 

well. Monitoring well P-6, however showed a different trend. The contaminant 

concentration increased from a baseline mean value of 109 ppb TCE and 3 ppb 1,1-DCE to 

167 and 8 ppb respectively. 

During the 13 months of operation, the in situ bioremediation technology recharged 

3 x 107 liters of water into the SGZ (Montgomery & Associates, Inc., 1998). The total 

volume of water in the SGZ, excluding the southeast portion, has been calculated to be 1.56 

x 108 L (Hargis+Associates, Inc., 1996). Therefore, 0.15 pore volumes of water were 

flushed through the sediments of this site. With the introduction of the recharged water into 

the aquifer, dilution and desorption of the TCE could have played a significant role in the 

above-mentioned change in contaminant concentrations. Due to the heterogeneity of the 

aquifer, these processes could be spatially variable. 

Figure 6-2 shows a chronological trend in TCE concentrations in the SGZ monitoring 



c--
\0 

Table 6-2 

Geometric Mean1 of Monitoring Well Contaminant Concentrations & Water Level Elevations Before (3/94 - 3/97) and 
After (4/97 - 5/98) Bioremediation Project at AFB #44, Tucson, Arizona 

Well# Mean Mean Mean Mean Mean [TCE] Mean [1,1- Mean WL Mean 
Baseline Baseline [1,1- Baseline WL Baseline after bio DCE] after elevations depth to 
[TCE] DCE] elevations depth to (ppb) bio after bio GW after 

(ppb) (ppb) (msl) GW (ppb) (msl) bio 
(ft bgs) (ft bgs) 

P-6 108.90 2.76 2475.40 91.49 166.91 7.79 2474.80 92.10 

P-4 77.09 18.18 2481.18 85.12 44.90 10.75 2480.87 85.43 

SM- 2483.08 83.79 53.03 6.48 2481.82 85.00 
05D 

P-3 105.43 4.15 2480.91 89.54 87.98 4.27 2494.66 75.49 

S-27 0.61 0.54 2502.44 71.00 2506.20 67.76 

SM- 2473.72 96.1 153.62 22.72 2481.04 88.75 
04D 

S-23 (0.5 (0.5 2503.34 69.95 (0.5 (0.5 2506.95 66.50 

1Mean data calculations presented in Appendices 1 and 2 
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well and perimeter wells as influenced by surface water infiltration. The data extends as far 

back as 1991. As discussed by others (Montgomery & Associates, 1998), it is evident that 

surface infiltration results in fluctuation of the contaminant concentrations. What is 

significant with respect to the bioremediation project is the initial sharp increase in TCE 

concentrations resulting from the onset of the technology operations. This initial increase 

could most likely be attributed to instantaneous desorption of sorbed phase TCE caused by 

injection of clean water. The concentrations ofTCE in the wells tend to decrease thereafter 

as expected due to dilution and/or bioremediation. 

6.2.2 Chloride Data Dilution Factors 

Appendix 3 lists TCE, 1, 1-DCE and chloride concentrations for each monitoring well 

obtained before and during the operations of the bioremediation technology. The substantial 

variation in the initial chloride concentrations throughout the SGZ (770 mg/I in monitoring 

well P-6 to 55 mg/I in SM-05 in February of 1997) is indicative of significant aquifer 

heterogeneity. The chloride concentrations within each monitoring well also varied 

throughout the duration of the bioremediation project. This variability, coupled with the 

conservative nature of chloride, and its known concentration of21 mg/I in the injected water, 

allowed the use of well chloride concentrations to determine dilution attributed to mixing 

between the clean and contaminated waters (Equation 1). The specific calculations for each 

monitoring well are listed in Appendix 4. Based on these calculations, groundwater in the 

SGZ was diluted from 1.02 to 100 times (Table 6-3). 

For monitoring well SM-04D, the chloride data showed that 51 % of the total mixture 



Table 6-3 

SGZ Monitoring Well Dilution Factors1 

Well# % Clean H20 % Contaminated 

SM-04D 51 

P-3 99 

P-4 93 

SM-OSD 15 

P-6 2.13 

X 2 
G 27.2 

1 Calculations presented in Appendix 4 
2geometric mean 

H20 

49 

1 

7 

85 

97.9 

72.8 

Dilution 

1: 2.04 

1 : 100 

1 : 14.3 

1: 1.18 

1 : 1.02 

1 : 1.37 

70 

Dilution 
Factor 

2.04 

100 

14.3 

1.18 

1.02 

1.37 
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of water was attributed to the clean injected water, with the remaining 49% correlating to the 

initial contaminated water. More specifically, the chloride concentrations in this well were 

diluted about 2 times; a 1 :2 dilution. Groundwater in monitoring well P-3 appeared to be 

completely flushed out based on this well's chloride data. Ninety nine percent of the total 

water in this well appeared to be due to clean infiltrated water, resulting in a 1: 100 dilution 

of the chloride concentrations. The baseline chloride concentrations encountered in 

monitoring well P-4 appeared to be diluted about 14 times (1: 14 dilution) during the time 

span of the bioremediation project (93% of the mixed water was attributed to clean 

infiltrating water with the remaining 7% corresponding to the initial contaminated water). 

The calculated dilution factor for monitoring well SM-05 indicated that only 15% of the 

water mixture could be attributed to the clean injected water, with the remaining 85% 

corresponding to the initial contaminated water. Lastly, only about 2% of the water within 

monitoring well P-6 could be attributed to injected water infiltration. This well appeared to 

be only slightly affected by dilution with the remaining 98% of the total water mixture 

correlating to the initial contaminated water. It most be noted that the validity of the dilution 

calculations for the last two wells is somewhat questionable due to the small difference in 

their initial and final chloride concentrations (Appendix 3). However, the range of dilutions 

seems representative of the heterogeneities encountered within this site. 

Wells which expressed the greatest dilution of chloride concentrations, (P-3, P-4, 

Table 6-3) also appeared to demonstrate a decrease in the mean contaminant concentrations 

during the bioremediation project (Table 6-2). It is possible that low infiltration of the 

injected water in well P-6 would cause some contaminant desorption as demonstrated by the 
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increase in mean TCE and DCE concentrations during the bioremediation project (Table 6-

2). These infiltration rates could be too low for significant dilution to occur, however (Table 

6-3). 

The chloride-derived dilution factor of each of the SGZ monitoring wells may further 

be applied to calculate the change in contaminant concentrations attributed to dilution. 

Dividing the baseline TCE concentration of well SM-04D by 2 for example, implies that a 

decrease in the TCE concentration from the initial 480 ppb (Figure 6-3a) to around 240 ppb 

may be attributed to dilution. A decrease of 1,1-DCE within this well from 88 ppb (Figure 

6-3b) to 44 ppb may also result from dilution. However, the detected TCE and 1,1-DCE 

concentrations within this well in April of 1998 were 140 and 25 ppb respectively, 

significantly lower than due to dilution alone (Figure 6-3a-b ). 

Figure 6.3c shows dissolved oxygen (DO) and heterotrophic plate count (HPC) for 

this well respectively. The microbial enumerations for this well throughout the study ranged 

from 1.2 x 103 to 1.93 x 104 CFU/ml and increased to a 5.70 x 10 5 CPU/ml in April of 1998. 

The correlated decrease in dissolved oxygen in April as well as the slight increase in the 

chloride concentrations (Figure 6-3a-b) implies biological activity. However, bacterial 

speciation determining specific bacterial types was never performed to support this theory 

for any site wells. 

Applying the calculated dilution factor of 100 to the initial TCE and 1, 1-DCE 

concentrations of225 and 12 ppb respectively detected in well P-3 (Figure 6-4a-b) results 

in a contaminant concentration of 2 and 0.1 ppb respectively attributed to dilution. The 

detected TCE and DCE concentrations in this well were 30 and 2 ppb respectively, however 
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FIGURE 6-3. Monitoring well SM-04D data. A: TCE & chloride concentrations. B: 
1,1-DCE & chloride concentrations. C: Dissolved oxygen & heterotrophic plate count. 
Lines are for visual aid only. 
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(Figure 6-4a-b ). The increase in the contaminant concentrations may be attributable to 

desorption, which may have been significant in this well due to the significant infiltration of 

water (Table 6-3). 

Figure 6-4c depicts the DO and HPC for monitoring well P-3. As the contaminant 

concentrations decreased from 201 to 54 ppb TCE and 11 to 3 ppb 1, 1-DCE in October of 

1997, the microbial populations increased from 7.3 x 102 to 4.1x103 CFU/ml. Additionally, 

the highest DO level detected in this well (6.3 mg/1) was also during this month. Therefore, 

microbial degradation of the dissolved phase contaminants may not be ruled out for this well. 

The significant infiltration into this well, as evidenced in the chloride data, may play a 

substantial role not only on instantaneous but also rate-limited contaminant desorption. 

Therefore, higher concentrations of VOCs may have been biodegraded and/or diluted than 

for which have been accounted. 

Applying the chloride calculated dilution factor of 14 to the initial TCE and 1, 1-DCE 

concentrations (77 and 35 ppb respectively) in monitoring well P-4, results in concentrations 

of 6 and 3 ppb respectively. Figure 6-5a-b shows, however, that the detected concentrations 

of these contaminants was 35 and 8 ppb respectively. This well demonstrates a trend similar 

to that of well P-3 mentioned above. Contaminant desorption could contribute to 

concentrations higher then anticipated. Figure 6-5c depicts the DO and HPC for this well. 

It is probable that microbial activity was a factor in the reduction of the VOC concentrations 

in this well. 

What is interesting about this well is that as TCE concentrations decrease from 77 

to 38 ppb in June of 1997, 1,1-DCE concentration remain relatively the same. However, as 
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the 1,1-DCE concentration decrease significantly from 18 to 6 ppb in January of 1998, the 

TCE concentration increase to 65 ppb. This may be implicit of 1, 1-DCE inhibition on TCE 

degradation. 

The expected concentrations ofTCE and 1, 1-DCE in monitoring well SM-05D, based 

on the well's chloride data derived dilution factor of 1.2, are 83 and 35 ppb respectively. As 

depicted in Figure 6-6a-b, however, the concentrations of the contaminants detected are 

lower, 74 and 4 ppb TCE and 1,1-DCE respectively. 1,1-DCE concentrations continue to 

significantly decrease within this well throughout the duration of the bioremediation project, 

while the TCE concentrations show an increase after June of 1997. This, coupled with the 

slight increase in the chloride concentrations from 35 mg/1 to 50 mg/1 (indicative of VOC 

biodegradation), may again be implicit of 1,1-DCE inhibition on TCE degradation. Figure 

6-6c supports this hypothesis. The lowest detected DO level in this well (0.9 mg/1) is 

correlated with the highest HPC (1.47 x 104 CFU/ml) in January of 1998, therefore 

demonstrating microbial utilization of the electron acceptor necessary for degradation. 

Well P-6 is the well in which mean contaminant concentrations increased during the 

bioremediation project relative to baseline mean concentrations (Table 6-2). Based on the 

1.02 chloride dilution factor, as calculated in Appendix 4, the initial TCE and 1,1-DCE 

concentrations of 109 and 3 ppb should have remained relatively the same at 107 and 2.94 

ppb respectively. However, as depicted in Figure 6-7a-b, the detected concentrations were 

155 ppb TCE and 11 ppb 1,1-DCE. As previously discussed, slow infiltration into this well 

would result in instantaneous contaminant desorption. Since a significant amount of clean 

water does not make its way into this well, dilution is minimal. Microbial activity, as 
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demonstrated in Figure 6-7c, is also recognizable in this well. 

6.2.3 Determining Overall Effectiveness of the Bioremediation Project at AFP#44 

TeE, 1, 1-DeE, and water elevation data from each monitoring well involved in the 

bioremediation project was used to construct a geometric mean value for each parameter 

representative of the whole SGZ for each period of time starting in March of 1994, through 

April of 1998. The data and calculations are listed in Appendix 6. The purpose of obtaining 

this information was to determine the overall effectiveness of the bioremediation technology 

at the AFP #44 site. 

Most projects evaluated in this study only focused on the effectiveness of one best 

well, and did not assess the overall effectiveness of the in situ bioremediation at each study 

site. Since the SGZ monitoring wells showed an overall decrease in voe concentration, this 

approach was considered valid. Figure 6-8 shows the mean values of the three parameters 

for the variable periods in time. Error bars depict standard deviation and represent voe 

spacial distribution. A negative y axis is used to show symmetry of error bars only. 

A geometric mean of the SGZ monitoring well chloride established dilution factors 

is depicted in Table 6-3. This value states that 27% of the total water sampled via the 

monitoring wells at this site is due to clean injected water, while 73% of the total mixture is 

comprised of the site contaminated water. The result is approximately a 1: 1.4 dilution. 

Applying this dilution factor to the mean contaminant concentrations prior to the onset of the 

bioremediation project at this site shows how much of the reduction in concentrations in the 

whole SGZ may be due to dilution. 
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Looking at Figure 6-8, the mean baseline TCE and 1,1-DCE concentrations 

representative of the whole SGZ ranged from a low of 83 and 5 ppb respectively in March 

of 1996 to a high of 105 and 7 in September of 1996. Using the latter value and applying 

the aforementioned dilution factor, one can expect the contaminant concentrations 

representative of the whole site to decrease to 77 ppb TCE and 5 ppb 1,1-DCE. What is 

actually seen is a decrease in the TCE to 90 ppb and an increase to 16 ppb DCE in June of 

1997. Both contaminants decreased to 80 and 9 ppb respectively in October of 1997. 

However, in January of 1998, TCE concentrations increased to 103 ppb while 1,1-DCE 

concentrations decreased to 5 ppb. In April of 1998, TCE concentrations decrease 

significantly to 62 ppb while the DCE concentrations slightly increase to 7 ppb. 

Only in June of 1997, did the concentrations of both contaminants decrease 

simultaneously. Otherwise, TCE concentrations within the SGZ would increase while the 

concentrations of 1, 1-DCE would decrease, or vice versa. The final TCE concentration ( 62 

ppb in April, 1998) was 15 ppb less than anticipated due to dilution alone. However, the 1, 1-

DCE concentration was 2 ppb greater than anticipated (7 ppb as opposed to 5 ppb ). This 

implies that if biological degradation did play a role in reducing the contaminants in 

question, inhibition between 1, 1-DCE and TCE degradation might have occurred. 

The spatially-averaged SGZ TCE concentrations decreased by a total of 41 % at the 

end of the in situ bioremediation project ( decreased from 105 ppb to 62 ppb; Figure 6-8). 

However, a 27% decrease in TCE concentrations (66% of the total reduction) might have 

been attributed to dilution based on chloride data representative of the site (Table 6-3). 

Therefore, only a 14% reduction of this contaminant (34% of the total TCE reduction) may 
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be due to biological degradation. Heterotrophic plate counts support microbial activity in 

the SGZ. However, specific bacterial speciation was never performed to determine if the 

microbes utilizing the carbon at this site are concurrently degrading the VOCs. 

6.2.4 Hydraulic Parameters 

Shallow groundwater level counter maps dated June of 1995 and February of 1997 

(Figure 6-9 & 6-10), were used to determine a hydraulic gradient and ultimately the average 

linear groundwater velocity prior to the startup of the SGZ remediation system operations. 

The hydraulic gradient was calculated at 0.04 ft/ft and the general groundwater flow 

appeared to be in the north and northwest direction. Assuming a porosity of 50% and using 

an estimated average hydraulic conductivity of0.5 ft/day, Darcy's law (Equation 2) was used 

to calculate groundwater flow for the SGZ of 0.04 ft/day (1.2 cm/day). This is equivalent 

to a flow rate of 1.2 ft/month. 

It is imperative, however, to mention again that the contaminants of the SGZ are 

encountered within fine-grained sediment. The average hydraulic conductivity of the SGZ 

was based on short-term pumping, injection response tests, and specific capacity data 

obtained via numerous wells many of which were screened in overlying coarser-grained 

sediment (Table 6-4)(GRC, 1993). Therefore, the estimated average hydraulic conductivity 

is very much influenced by the overlying sand lenses and not representative of the clay. 

Taking the geometric mean of specific capacity and short-term pump test data from 

wells where the water was encountered within the clay unit (S-24 and -30), the estimated 

average hydraulic conductivity of the SGZ fine-grained unit is 4.2 x 10-2 ft/day or 1.5 x 10-5 
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Table 6-4 

Estimates of Hydraulic Conductivity 

Well# From Specific From Short-
Capacity 
(ft/day) 

M-2A 0.12 

S-24 0.09 

S-25 0.04 

S-26 0.13 

S-27 0.08 

S-30 0.1 

S-31 1.3 

B-1 ----

B-2 ----

P-3 ----

XG 0.13 

* Data obtained from Table 6-5 
a Based on injection in well S-31 
b Based on injection in well S-26 

Term 
Pumping 

Tests 
(ft/day) 

----

0.023 

4.0 

----

0.086 

0.015 

11 

----

----

0.26 

Sources: GRC, 1993 & HMSC, 1994 

SM = Silty Sand 
CL= Clay 
SW = Well Graded Sand 
ML= Silt 
CA= Caliche 

From *Baseline *Depth 
Injection Depth to of Screen 
Response GW Interval 

(ft/day) (ft bgs) ( ft bgs) 

---- ---- ----

---- 89.67 60 - 100 

---- ---- ----

---- dry 60 - 100 

---- 67.2 60 - 101 

---- 74.6 60 - 100 

---- 74.3 60 - 96 

8.7a ---- ----

8S ---- ----

2.5b ---- ----

6.6 
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*Geology 

-----

SM(0-36), CL(36-
44),SM(44-63), CL(63-
100) 

-----

SM(0-70), CL(70-84), 
SM(84-88), CL(88-100) 

----

SM(0-7), CA(7-l l), 
SM(l 1-27), CA(27-29), 
SM(29-42), CL( 42-51 ), 
SM(51-72), CL(72-l 00) 

SM(0-31 ), CL(3 l-45), 
SM(45-58), CL(58-100) 

----

----

----
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cm/sec. This value is an order of magnitude smaller than the above mentioned average 

hydraulic conductivity of 1.8 x 10-4 cm/sec or 0.5 ft/day. Although the latter value fits the 

lower limit of 1 x 10-4 cm/sec recommended for in situ bioremediation to be feasible, the 

former value representative of the fine-grained contaminated unit is an order of magnitude 

less than the recommended value. Furthermore, it is orders of magnitude less than the 

hydraulic conductivities of the most effective bioremediation projects evaluated in this study 

( 1 x 10-1 
- 1 x 10-3 cm/sec, Table 5-1 ). Using this smaller value, the estimated groundwater 

velocity within the contaminated clay is a low 3.9 x 10-3 ft/day (0.12 cm/day) or 0.12 

ft/month. 

6.2.5 Well Design 

As previously discussed, Table 6-1 depicts the screen intervals, associated geology, 

and baseline depth to groundwater of all the injection, extraction, monitoring, and perimeter 

wells utilized in the AFP #44 in situ bioremediation study. It is interesting to note that the 

injection and extraction wells utilized in this technology are screened above as well as within 

the contaminated groundwater (Table 6-1, Figure 6-11 ). The purpose behind this design was 

to inject the amended water into the more permeable sediment where it would follow the 

path of least resistance, spreading horizontally and slowly infiltrating vertically into the 

contaminated clay (Montgomery and Associates, 1998). 

To prevent contaminant infiltration to the underlying regional aquifer, wells in the 

SGZ penetrate the same depth. Therefore calculating vertical groundwater flow into the 

underlying contaminated clay is not possible. However, it may be assumed that the rate will 
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an order of magnitude smaller than the already low calculated horizontal flow, therefore 

ranging from 1.2 x 10-1 to 1.2 x 10-2 cm/day. This is based on the fact that hydraulic 

conductivity is greatest in the direction parallel to the sediment bedding which is lateral in 

the SGZ (WCC, 1998). Therefore, molecular diffusion will be an important mechanism of 

transport of the amended microbe-stimulating materials into the contaminated clay. 

Using Fick's first law and 1.28 x 10-5 cm2 sec -I as the diffusion coefficient of 

methanol (CRC, 1996), the mass flux of this more conservative solute into the clay was 7.9 

x 10-14 g cm-2 sec-1
, or 6.9 x 10-9 g cm-2 day-1

• Assumptions made included porosity of 50%, 

empirical coefficient ( w) of 0.1 (Perkins and Johnson, 1963), and a constant source methanol 

concentration. Specific calculations are listed in Appendix 8. 

Using the solution to Fick's First Law (Equation 4) an error function, erfc, of 53 was 

calculated indicating that in the 10-month period of amendment injection, zero percent of the 

78 mg/1 methanol concentration diffused over a the 6.1 meters of clay. In 250 years diffusion 

over the 6.1 meter distance would yield a concentration of 0.002% of the original methanol 

concentration. The diffusive flux for diammonium phosphate was not calculated. However, 

it is assumed to be less than that of methanol due to the nutrients strong tendency to sorb to 

clay. 

AFP #44's well design is very different from that of the evaluated sites, which were 

all screened within the aquifer of study. Due to the very slow vertical groundwater velocity 

and diffusion into the contaminated clay at the SGZ, it is likely that the injected amended 

water stimulated microbes within the higher permeability sediments of the site. The nutrients 

most likely were consumed in the higher permeability zones and never arrived to the 
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contaminated clay. Thus it is hypothesized that the stimulated microbes were in the higher 

permeability sediments and not in the clay (where the VOCs are located). The injection of 

clean water did, however, flush any sorbed contaminants in the overlying more permeable 

environment where they became bioavailable and most likely further biodegraded. 

Monitoring wells P-3, SM-04D, P-4, and SM-05D are screened in the contaminated 

fine-grained sediment (Table 6-1 ). Yet as discussed in the previous sections, samples taken 

from these wells demonstrated desorption, dilution, and microbial activity. This is clearly 

attributable to leakage into the wells from overlying more permeable sediments. Injection of 

the amendments into the overlying sandy vadose zone, may have led to their transport and 

utilization within such sediments. Depending on the overlying hydrogeology of each 

monitoring well, therefore, the injected groundwater with any stimulated microbes as well as 

newly desorbed contaminants could leak into the well, resulting in an increase in contaminant 

concentrations, their dilution and/or degradation as previously discussed. The amended 

ammonium phosphate and methanol were not detected in the monitoring wells (Appendix 5) 

because they were most likely microbially utilized in the more permeable overlying 

environments. Additionally, both ammonium and phosphate would tend to sorb to the clay 

via cation or ligand exchange, respectively (Foth, 1984). 

Monitoring well P-6 is screened within silty sand (Table 6-1 ). Based on chloride data 

from this well, the infiltration rate into this well is low, however (Table 6-3). This implies 

that leakage into this well is impeded by lower permeability material. Upon infiltration, 

contaminants desorb quickly, as demonstrated by the increase in contaminant concentration 

during this project (Table 6-2, Figure 6-7). Due to slow infiltration, contaminant dilution is 
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minimal as previously discussed. 

The accidental injection of PCE into the aquifer at the end of this project served to 

confirm the above-stated hypothesis. Figure 6-12 depicts the SGZ groundwater level altitude 

contours as of March, 1998. Figure 6-13 shows the change in groundwater levels in the SGZ 

between February 1997 to March 1998. In the central portion of this site where most of the 

recharge occurred, water levels have increased by as much as 20 feet. Referring back to 

Table 6-1, it is evident that the geology of this newly saturated sediment is much more 

permeable than the underlying contaminated clay. It is within this sediment that the injected 

PCE most likely traveled. 

It is believed that the PCE was introduced into the aquifer for no more than three 

months. Yet, as depicted in Figure 6-14, the PCE traveled as far as 1000 feet from injection 

well SR-06 to perimeter well P-2 during that time frame. This is equivalent to a groundwater 

velocity of 11 ft/day and not representative of groundwater velocities estimated for this site 

( 0.04 ft/day to 3.86 X 10-3 ft/day). 

The PCE data also correlates with the variation of the chloride dilutions depicted 

within the SGZ monitoring wells (Table 6-5). For example, well # P-3 demonstrated the 

highest dilution factor representative of the site. It also had the highest concentration of PCE 

(7 4 ppb) of all the SGZ monitoring wells. In fact, the PCE concentrations within this well are 

higher than those detected in both its neighboring injection wells (S-26 and SR-16, 41 and 58 

ppb PCE respectively). The distance between P-3 and either of these wells is approximately 

188 ft (Figure 6-14). Therefore an estimated groundwater flux in this well is 2.1 ft/day; a 

value certainly not representative of clay. 
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Table 6-5 

SGZ Monitoring Well Dilution Factors and Highest PCE Concentrations 

MWell Dilution 
# Factor 

P-3 100 

P-4 14.3 

SM-04D 2.04 

SM-05D 1.18 

P-6 1.02 

M = Monitoring Well 
I = Injection Well 

Highest M Well 
[PCE] (ppb) 

74 

38 

25 

20 

2.7 

Neighboring I Highest I Well 
Well# [PCE] (ppb) 

S-26, SR-16 41,58 

S-28 40 

S-26 41 

S-28 40 

S-24 33 
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Monitoring well# P-4 demonstrated the second highest dilution factor and a correlated 

second highest PCE concentration representative of the SGZ monitoring wells: 14.3 and 38 

ppb respectively (Table 6-5). The distance between this well and its neighboring injection 

well (S-28) is approximately 250 ft (see Figure 6-14), thus resulting in a estimated 

groundwater velocity of 3 ft/day. 

Monitoring well SM-04D has the next highest PCE concentration (25 µg/1) as well as 

the third highest dilution factor (Table 6-5). Well # P-6 has the lowest detected PCE 

concentration of the SGZ monitoring wells as well as the lowest chloride dilution factors 

(2.7 ppb PCE and 1.02 respectively). Since this well is screened in silty sand (Table 6-1), 

its flow is likely to be impeded by overlying lower permeability material. 
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7.0 SUMMARY AND RECOMMENDATIONS 

Various factors played a role in the low effectiveness of the bioremediation technology 

at AFP #44. Microbial laboratory studies not representative of site conditions, coupled with 

insufficient site characterization, were the initial and perhaps the most significantly 

overlooked factors. Neither transport studies determining groundwater velocities nor sorption 

studies assessing the mass of the contaminants sorbed were conducted. The purpose of the 

injected methanol was never clearly established, as this compound was found to compete as 

a carbon source with a "naturally-occurring cometabolic inducer." The presence of 1, 1-DCE 

appeared to play an inhibiting role in the degradation of TCE. However, because the field

sampled microbial enumerations were not further speciated during this project, proving that 

any reduction in the concentrations of the contaminants in question was due to biological 

mineralization remains difficult. Measurement of stable carbon isotope ratios in soil CO2 

(1 3C/12C), in addition to bacterial speciation, would have further substantiated bioremediation 

efficacy at this site. 

Well design also contributed to low bioremediation effectiveness at this site. The 

injection of amendments into the more permeable environment encountered in the overlying 

vadose zone most likely resulted in their utilization within these sediments. The injected 

water flushed any sorbed contaminants encountered, leading to bioavailability and 

biodegradation in the newly saturated sediment. Because mass balance calculations were not 

performed, there was no differentiation between desorbed and biodegraded contaminant 

quantities. 
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Soil type, however, was the most limiting component of the bioremediation project 

at AFP #44. The contamination at this site was encountered within a saturated, fine-grained 

unit. The hydraulic conductivity and horizontal groundwater velocity representative of the 

contaminated clay are 1.5 x 10-5 cm/sec and 0.12 cm/day, respectively. Utilization of the 

aforementioned well design and thereby the dependence on transport via "vertical 

infiltration," only decreased, by at least an order of magnitude, the already unfavorably low 

values of these parameters. 

Given the low groundwater velocity in this soil, diffusion becomes an important 

mechanism of transport. However, engineered bioremediation success is dependent upon 

effective transport of amendments (nutrients, electron donors and acceptors) and contaminants 

to necessary microorganisms capable of their degradation, as well as removal of waste 

products away from such cells. This is accomplished by relatively fast groundwater flow. 

Diffusion and/or slow advection are clearly too slow a process to make a clay contaminated 

site feasible for the in situ bioremediation technology. Additionally, the charged nature and 

large surface of clays increases their affinity for nutrient adsorption, further decreasing their 

transport. 

The in situ TCE bioremediation field project at AFP #44 concurred with the laboratory 

mineralization studies of various other compounds in that biodegradation in clay occurs at 

much lower rates than in sandy environments, therefore making the technology ineffective 

in such soils. The results of this study correlate such inhibition to poor transport associated 

with clay soils. Clay aquifer permeability can be enhanced via the use of geoprobe fracturing. 

However, only transport within the fractures becomes increased and the efficacy and 
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feasibility of this technology within clay sediments is not significantly affected. The most 

effective bioremediation sites evaluated in this study demonstrated hydraulic conductivities 

ranging from 1.2 x 10-1 to 5.5 x 10-3 cm/sec (Table 5-1). Therefore, based on these sites, 

geologic formations with hydraulic conductivities of 10-3 cm/sec or greater are recommended 

as most amenable to bioremediation. 
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8.0 CONCLUSIONS 

The cometabolic nature ofTCE biodegradation requires supplementation of primary 

substrates for the growth and energy needs of the degrading bacteria. However, many of these 

cometabolic inducers, like phenol, toluene, and methanol for example, are toxic chemicals 

themselves. Furthermore, the injection of water amended with these substrates (and other 

nutrients and electron acceptors necessary for degradation), displaces and dilutes the 

contaminant concentrations. Biostimulation field studies conducted without a tracer in the 

injection package are therefore ambiguous because of the inability to discriminate between 

dilution and biodegradation. 

Having a firm understanding of the physical and chemical processes that control the 

fate of the TCE is critical in biodegradation. For example, ignoring the mass of the 

contaminant sorbed to the aquifer material will result in underestimated clean-up times and 

technology effectiveness as unanticipated mass of the desorbing contaminant finds its way 

into the aqueous phase. Secondly, abiotic degradation processes must be understood so that 

the mass loss caused by biodegradation alone can be quantified. 

Accurate mass balances of contaminant abiotic processes at field site are often 

unknown and/or unattainable. Therefore, proving whether contaminant removal is due to 

biotic or abiotic processes is difficult, and generally only qualitative. Detection of specific 

degradative intermediates or metabolites can be used to aid in confirming biological 

degradation. in the anaerobic TCE degradativepathway, compounds like 1,2-DCE and vinyl 

chloride are easily detectable. However, the preferred aerobic pathway results in very short-
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lived and therefore undetectable metabolites ( epoxides ). 

Good site characterization is therefore imperative to the effectiveness of in situ 

bioremediation. Not only is site characterization necessary in determining whether 

bioremediation is even feasible at a site, but ultimately it enables quantifying biological 

degradation. Of the evaluated in situ projects in this study, the studies demonstrating higher 

effectiveness, or higher percent TCE removal, performed intensive site characterization. 

However, these projects generally encompassed small study areas. Large-scale applications 

appeared more significantly affected by heterogeneity and demonstrated relatively lower 

contaminant removal. Therefore, although proving aerobic in situ TCE biodegradation is 

attainable under laboratory or well-characterized small study areas with control over mass 

balances, it is quite difficult in large-scale, heterogeneous sites where often the contaminant 

abiotic processes are unknown and/or unattainable. 
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Well Well Location Date [TCE] [1,1-DCE] WL elevations Depth to GW 

# Type Sampled ppb ppb msl ft bgs 

P-6 M NW 3/22/94 110 4.2 

6/21 /94 120 3.8 

9/22/94 100 2.4 

12/1/94 120 2.2 

Jun-95 110 2.5 

1/22/96 2477.28 89.62 

3/26/96 86 1.7 2476.02 90.88 

6/19/96 110 3.1 2476.65 90.25 

9/30/96 120 3 2474.95 91.95 

12/19/96 2474.34 92.56 

1/28/97 2474.21 92.69 

2121 /97 2474.87 92.03 

3/24/97 2474.88 92.02 

Geometric Mean 108.90 2.76 2475.40 91.49 

P-4 M NW 3/22/94 98 30 

6/21 /94 110 22 

9/21 /94 80 12 

12/1/94 80 11 

Jun-95 59 14 

1/22/96 248 1.68 84.62 

3/25/96 67 18 2481.72 84.58 

6/19/96 75 32 2478 .55 87.75 

9/25/96 61 17 248 1.62 84.68 

12/19/96 2481.52 84.78 

1/28/97 2481.59 84.71 

2/21 /97 2481.50 84.80 

3/24/97 2481.24 85.06 

Geometric Mean 77.09 18.18 2481.18 85 .1 2 

SM-5S M NW 2/ 18/97 NO DATA DRY 0 

SM-5D M NW 2/18/97 NO DATA 2483.08 83.79 

P-3 M Central 3/22/94 66 2.7 

6/22/94 85 4.2 

9/22/94 110 4 .6 

12/13/94 92 2.8 

Jun-95 140 5.1 

1/16/96 2486 .90 83.60 

3/26/96 100 4.1 2484.94 85 .56 

6/20/96 120 3.8 2481 .23 89.27 

9/30/96 160 7.6 2477.56 92.94 

12/19/96 2478.87 91.63 

1/29/97 2479 .22 91.28 
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2/24/97 2478.85 91.65 

3/17/97 2479.69 90.81 

Geometric Mean 105.43 4.15 2480.91 89.54 

S-23 M Cental 5/11/94 -0.5 -0.5 2500 73 .59 

12/15/94 -0.5 -0.5 2506 67.61 

Apr-95 -0.5 -0.5 

1/22/96 2504.65 68 .94 

4/10/96 -0.5 -0.5 2495 .21 78.38 

10/14/96 -0.5 -0.5 2509.29 64.30 

12/18/96 2507.43 66.16 

1/28/97 2504.91 68.68 

2/18/97 2503 .55 70.04 

2/21/97 2502.59 71.00 

3/25/97 2501.82 71 .77 

Geometric Mean -0.5 -0.5 2503 .54 69.95 

S-27 M Central 3/10/94 2.1 0.9 2508* 66 .13 

6/23/94 -0.5 -0.5 2496* 78 .13 

9/22/94 -0.5 -0.5 2494* 80.13 

12/12/94 -0.5 -0.5 2515* 59.13 

Jun-95 -0.5 -0.5 2504* 70.13 

1/22/96 2504.99 69.19 

3/7/96 0.6 0.5 2486.16 87.99 

6/25/96 -0.5 -0.5 2494.18 80 

9/27/96 -0.5 -0.5 2509.83 64.35 

12/18/96 2507.9 66.28 

1/28/97 2506.96 67.22 
2/18/97 2505.25 68 .93 
2/21 /97 2504.96 69.22 
3/25/97 2501.82 72.36 

Geometric Mean 0.61 0.54 2502.44 71 .00 

SM-4 S M Cental 2/18/97 NO DATA DRY 0 
SM-4 D M Central 2/18/97 2473 .72 96.1 

B-1 M SE 3/21 /94 120 160 
6/20/94 120 84 

9/21 /94 73 65 

11/30/94 63 63 
Jun-95 43 52 

1123/96 2500.50 73.00 

3/18/96 8.6 7.8 2500.88 72.62 

5/1 /96 11 5.5 2502.94 70.56 

6/18/96 8.7 8.8 2502.98 70.52 

9123/96 8.3 8.9 2502.60 70.90 
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Geometric Mean 

M = monitoring 

(-) less than detection limit 

* = estimated values 

Data obtained from: 

12/18/96 

1/23/97 
2/20/97 

3/24/97 

29.96 27.70 

2501.41 

2500.03 
2499.19 
2498.04 

2500.95 

1. Groundwater Resources Consultants, Inc ., 1997. Groundwater Reclamation Project Report, January 

1996 through December, 1996, US AFP #44, Tucson Arizona. 

72.09 

73.47 

74.31 

75.46 

72.53 

2. Hargis+Associates, Inc., Woodward-Clyde Consultants, 1996. Final Draft Shallow Groundwater Zone 

Removal Action Engineering Evaluation/Cost Analysis 18 June 1996, US AFP #44, Tucson, Arizona 

3. Groundwater Resources Consultants, Inc., 1998. Summary of Well Field Reclamation Opertions and 

Changes in Groundwater Conditions January 1997 through December 1997, US AFP #44, TIAA Superfund 

Site. 
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SGZ Monitor Well TCE/1, 1-DCE Concentrations and Water Level Elevations 105 
During Bioremediation Project 

Well Well Location Date [TCE] [1, 1-DCE] WL elevations Depth to GW 
# Type Sampled ppb ppb msl ft bgs 

P-6 M NW 4/30/97 2474.56 92.34 
5/30/97 2474.44 92.46 
6/20/97 2474.41 92.49 
7/30/97 2474.20 92.70 
8/8/97 2474.16 92.74 

9/26/97 2474.11 92.79 
10/15/97 150 7.4 2474.34 92.56 
11 /24/97 2474.01 92.89 
12/31/97 2475.17 91.73 
1/27/98 200 5.8 2476.23 90.67 
3/31/98 2476.47 90.43 
4/14/98 155 11 2475.35 91.55 
5/1/98 2474.89 92.01 

Geometric Mean 166.91 7.79 2474.80 92.10 

P-4 M NW 4/30/97 2481.33 84.97 
5/30/97 2481.10 85.20 
6/4/97 38 16 2481.28 85.02 

6/20/97 2481.17 85.13 
7/30/97 2481 .03 85.27 
8/8/97 2480.72 85.58 

9/26/97 2480.50 85.80 
10/15/97 47 18 2480.52 85.78 
11 /24/97 2480.58 85.72 
12/31/97 2480.41 85.89 
1/27/98 65 5.8 2480.64 85.66 
3/31/98 2480.76 85.54 
4/14/98 35 8 2480.95 85.35 
5/1 /98 2481.2 85.1 

Geometirc Mean 44.90 10.75 2480.87 85.43 

SM-5S M NW 4/97 - 5/98 NO DATA DRY 0 

SM-5D M NW 4/9/97 DRY 
4/15/97 2479.33 87.54 
4/30/97 2481.01 85.86 
5/15/97 DRY 
5/19/97 2477.09 89.78 
6/4/97 38 10 2479.66 87.21 

7/30/97 DRY 
8/21/97 DRY 
10/6/97 DRY 

11 /24/97 DRY 
1/27/98 74 4.2 2484.09 82.78 
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During Bioremediation Project 

3/2/98 DRY 
3/31/98 2484.27 82.6 
4/14/98 2484.32 82.55 
5/1/98 2484.83 82.04 

Geometric Mean 53.03 6.48 2481.82 85.00 

P-3 M Central 4/30/97 2485.70 84.80 
5/7/97 213 14 2486.06 84.44 

5/28/97 2487.34 83.16 
6/4/97 201 11 2487.78 82.72 
7/9/97 2487.60 82.90 
8/8/97 2495.08 75.42 

8/21/97 2499.86 70.64 
9/26/97 2499.01 71.49 
10/16/97 54 3.3 2501.26 69.24 
11 /24/97 2502.27 68.23 
12/31/97 2502.18 68.32 
1/27/98 76 1.4 2502.23 68.27 
1/30/98 2484.78 85.72 
3/2/98 2484.55 85.95 

3/31/98 2501.04 69.46 
4/14/98 30 2 2501.20 69.30 
5/1/98 2501.41 69.09 

Geometric Mean 87.98 4.27 2494.66 75.49 

S-23 M Central 4/30/97 2502.51 71.08 
5/15/97 2501.40 72.19 
5/30/97 2500.39 73.20 
6/4/97 0.5 <.5 2500.67 72.92 

7/29/97 2506.57 67.02 
9/8/97 2509.52 64.07 

9/26/97 2510.73 62.86 
10/16/97 <.5 <.5 2509.84 63.75 
11/24/97 2505.59 68.00 
12/31/97 2505.05 68.54 
1/27/98 <.5 <.5 2507.84 65.75 
3/31/98 2511.61 61.98 
4/14/98 <.5 <.5 2513.64 59.95 
5/1 /98 2512.02 61.57 

Geometric Mean 0.5 0.5 2506.95 66.50 

S-27 M Central 4/21/97 NO DATA 2499.36 74.82 
5/15/97 2497.23 76.95 
8/2/97 2506.67 67.51 
9/8/97 2507.08 67.10 

9/26/97 2508.57 65.61 
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11 /24/97 2502.05 72.13 
12/31/97 2502.99 71.19 
1/30/98 2504.63 69.55 
3/2/98 2516.21 57.97 

3/31/98 2511.43 62.75 
5/1/98 2512.00 62.18 

Geometric Mean 2506.20 67.76 

SM-4S M Central 4/30/97 DRY 
5/28/97 DRY 
6/20/97 DRY 
7/16/97 2509.51 60.33 
7/30/97 2510.50 59.34 
8/8/97 2510.65 59.19 
9/8/97 DRY 
10/6/97 2509.36 60.48 

11 /24/97 2510.52 59.32 
3/31/98 DRY 
4/14/98 40 4 2507.64 62.20 
5/1/98 2506.23 63.61 

Geometric Mean 2509.20 60.62 

SM-4D M Central 4/30/97 2478.95 90.87 
5/28/97 2477.64 92.18 
6/4/97 226 41 

6/20/97 2475.26 94.56 
7/25/97 2480.2 89.62 
7/30/97 2481.94 87.88 
8/21/97 2481.57 88.25 
9/26/97 2483.32 86.5 
10/16/97 110 16 2483.09 86.73 
11 /24/97 2482.97 86.85 
12/31/97 2481.04 88.78 
1/27/98 160 15 2483.03 86.79 
3/2/98 2481.87 87.95 

3/31/98 2480.8 89.02 
4/14/98 140 25 2482.19 87.63 
5/1/98 2481.72 88.1 

Geometric Mean 153.62 22.27 2481.04 88.75 

B-1 M SE 4/30/97 2496.41 77.09 
8/2/97 2494.50 79.00 

9/26/97 2494.31 79.19 
11 /24/97 2493.77 79.73 
1/28/98 76 44 2493.27 80.23 
4/13/98 40 61 2493.15 80.35 
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5/1/98 2489.41 84.09 

Geometric Mean 55.14 51.81 2493.54 79.93 

Data obtained from: 

1. Errol L. Montgomery & Associates, Inc., December 10, 1998. Evaluation of Shallow Groundwater Zone 

Bioremediation Project, US AFP #44, Tucson, Arizona. 

2. Groundwater Resources Consultants Inc., 1998. Summary of Well Field Reclamation Operations and 
Changes in Groundwater Conditions January 1997 through December 1997, US AFP #44, TIAA Superfund 
Site. 
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Well# Date [TCE] Chloride Well# Date [1, 1-DCE] Chloride 
Sampled ppb mg/I Sampled ppb mg/I 

P-6 P-6 

Feb-97 109 770 Feb-97 3 770 
Jul-97 876 Jul-97 876 
Oct-97 150 750 Oct-97 7.4 750 
Jan-98 200 815 Jan-98 5.8 815 
Apr-98 155 786 Apr-98 11 786 
Jun-98 Jun-98 

P-4 P-4 
Feb-97 77 148.31 Feb-97 18.18 148.31 
Jun-97 38 31 Jun-97 16 31 
Jul-97 26 Jul-97 26 
Oct-97 47 33 Oct-97 18 33 
Jan-98 65 27 Jan-98 5.8 27 
Apr-98 35 30 Apr-98 8 30 
May-98 May-98 

SM-50 Feb-97 100 55 SM-50 Feb-97 42 55 
Jun-97 38 40 Jun-97 10 40 
Jan-98 74 35 Jan-98 4.2 35 
Apr-98 50 Apr-98 50 
May-98 May-98 

P-3 Feb-97 225 110 P-3 Feb-97 12.00 110 
May-97 213 103 May-97 14 103 
Jun-97 201 101 Jun-97 11 101 
Aug-97 125 Aug-97 125 
Oct-97 54 30 Oct-97 3.3 30 
Jan-98 76 22 Jan-98 1.4 22 
Apr-98 30 22 Apr-98 2 22 
May-98 May-98 

SM-40 Feb-97 480 100 SM-40 Feb-97 88 100 
Jun-97 226 138 Jun-97 41 138 
Jul-97 132 Jul-97 132 
Oct-97 110 70 Oct-97 16 70 
Jan-98 160 53 Jan-98 15 53 
Apr-98 140 60 Apr-98 25 60 
May-98 May-98 

Data obtained from : 
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1. Appendix 1 

2. Errol L. Montgomery & Associates, Inc., December 10, 1998. Evaluation of Shallow Groundwater Zone 

Bioremediation Project, US AFP #44, Tucson, Arizona. 

3. Groundwater Resources Consultants, Inc., 1998. Summary of Well Field Reclamation Operations and 
Changes in Groundwater Conditions January 1997 through December 1997, US AFP #44, TIAA Superfund 
Site. 

4, Groundwater Resources Consultants, Inc., 1996. Summary of Wellfield Reclamation Operations and 
Changes in Groundwater Conditions April 1987 through December 1995, US AFP #44, Tucson, Arizona. 

5. Woodward-Clyde Consultants, 1998. Draft Report Shallow Groundwater Zone Bioremediation System 
Operating Report, March 1997 through March 1998. 



Appendix 4 
Chloride Data Dilution Calculations 

Cc =Cax + Cb(l-x) 
where c = final detected chloride concentration 

a = injected clean water chloride concentration 
b = the initial chloride concentration before the onset of the bioremediation 
project 
X =V/Va+ vb (V= water volume) 
1-x=ViVa+Vb 

Monitorine Well# SM-04D Monitorine Well # P-3 

111 

60 mg/1 = 21 mg/1 x + 100 mg/1(1 - x) 
AO mg/1 = -79 mg/1 x 

22 mg/1 = 21 mg/1 x + (l-x)l 10 mg/1 
-88 mg/1 = -89 mg/1 x 

x = AO mg/1 ;- 79 mg/1, x = 0.51 
:. 0.51 of 11 of water is clean 
:. 0.49 of 1 1 total is contaminated 
0.49: 1 =2.04~ 1 :2.04 dilution 

Monitorine Well # P-4 

30 mg/1 = 21 mg/1 x + 148.3 mg/1 (1 - x) 
-118.31 mg/1 = -127 .31 mg/1 x 
x =-118.31 mg/1 I -127 .31 mg/1, x = 0.93 
:. 0.93 of 1 1 of water is clean 
:. 0.07 of 1 1 total water is contaminated 
0.07 : 1 = 14.3 ~ 1 : 14.3 dilution 

Monitorine Well # P-6 

786 mg/1 = 21 mg/1 x + (1- x) 770 mg/1 
16 mg/1 = -749 mg/1 x 
x = 16 mg/1 ;-749 mg/1, x = 2.13 X 10-2 

:. 0.0213 of 1 1 total water is clean 
:. 0.98 of 1 1 total water is contaminated 
0.98 : 1 = 1.02 ~ 1 : 1.02 dilution 

x = -88 mg/1 I -89 mg/1, x =0.99 
:. 0.99 of 1 1 total is clean water 

:. 0.01 of 1 1 total is contaminated 
0.01 : 1 = 100 ~ 1 : 100 
dilution 

Monitorine Well# SM-05D 

50 mg/1 = 21 mg/1 x + (1 - x) 55 mg/1 
-5 mg/1 = -34 mg/1 x 
x =-5 mg/1 I -34 mg/1, x = 0.15 

:. 0.15 of 1 1 water is clean 
:. 0.85 of 1 1 total is contaminated 
0.85: 1 = 1.18 ~ 1: l.18dilution 

XG = (0.51 X 0.99 X 0.93 X 0.15 X 0.0213) 115 

XG = 0.272 of total mixture is clean, :. 0.728 of total mixture is contaminated 
0.728 : 1 = 1.37 ~ 1 : 1.37 dilution 
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Well# Location Date DO HPC p NH4 MEOH 
Sampled mg/I CFU/ml mg/I mg/I mg/I 

P-3 central 5/7/97 NA NA NA NA NA 
6/4/97 2.2 1.47E+03 <0.6 <0.1 <1.0 

7/29/97 2.2 7.30E+02 <0.6 <0.1 <1.0 
10/16/97 6.3 4.10E+03 <0.6 <0.1 <1.0 
1/27/98 3.2 2.70E+03 <0.6 <0.1 <1.0 
4/14/98 2.6 1.20E+03 <0.6 0.2 <1.0 

P-4 NW 5/12/97 NA NA NA NA NA 
6/4/97 3.5 1.20E+03 <0.6 <0.1 <1.0 

7/28/97 NA 4.25E+02 <0.6 0.1 <1.0 
10/15/97 3.1 1.50E+04 <0.6 <0.1 <1.0 
1/27/98 2.7 2.20E+04 <0.6 <0.1 <1.0 
4/14/98 1.7 5.80E+03 <0.6 0.4 <1 

P-6 NW 5/13/97 NA NA NA NA NA 
7/28/97 1.8 2.38E+03 <0.6 <0.1 <1.0 
10/15/97 4.6 6.90E+03 <0.6 <0.1 <1.0 
1/27/98 3.4 1.10E+04 <0.6 <0.1 <1.0 
4/14/98 3.7 7.90E+03 <0.6 <0.1 <1.0 

S-23 central 6/4/97 3.2 6.10E+03 <0.6 <0.1 <1.0 
7/29/97 4.6 1.16E+03 <0.6 <0.1 NA 
10/16/97 7.5 8.10E+02 <0.6 <0.1 2.1 
1/27/98 2.7 1.10E+03 <0.6 <0.1 
4/14/98 5.3 1.90E+04 <0.6 <0.1 

SM-040 central 6/4/97 NA 1.93E+04 <0.6 <0.1 <1.0 
7/29/97 3.2 1.19E+03 <0.6 <0.1 NA 
10/16/97 4.4 5.20E+04 <0.6 <0.1 <1.0 
1/27/98 2.6 1.20E+04 <0.6 <0.1 <1.0 
4/14/98 3.1 5.70E+05 <0.6 0.8 <1.0 

SM-50 6/4/97 3.1 9.90E+03 <0.6 <0.1 <1.0 
1/27/98 0.9 1.47E+04 0.6 <0.1 <1.0 
4/14/98 3.4 2.20E+03 7.5 1.5 <1.0 

Sources: 
Errol L. Montgomery & Associates, Inc., 1998. Evluation of Shallow Groundwater Zone Bioremediation Project 
US AFP #44, Tucson, Arizona 
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Date Well# [TCE] St. Dev. [1, 1-DCE] St. Dev. Water Level St. Dev. 
ppb ppb Elevations (msl) 

3/22/94 P-6 110 4.2 

3/22/94 P-4 98 30 

3/22/94 P-3 66 2.7 

Geometric Mean 89.27 22.74 6.98 15.35 

6/21/94 P-6 120 3.8 

6/21/94 P-4 110 22 

6/21/94 P-3 85 4.2 

Geometric Mean 103.91 18.03 7.05 10.39 

9/22/94 P-6 100 2.4 

9/22/94 P-4 80 12 

9/22/94 P-3 110 4.6 

Geometric Mean 95.83 15.28 5.10 5.03 

12/1/94 P-6 120 2.2 

12/1/94 P-4 80 11 

12/1/94 P-3 92 2.8 

Geometric Mean 95.94 20.53 4.08 4.92 

Jun-95 P-6 110 2.5 

Jun-95 P-4 59 14 

Jun-95 P-3 140 5.1 

Geometric Mean 96.86 40.95 5.63 6.03 

3/26/96 P-6 86 1.7 2476.02 

3/26/96 P-4 67 18 2481 .72 

3/26/96 P-3 100 4.1 2484.94 

Geometric Mean 83.21 16.56 5.01 8.80 2480.89 4.52 

6/19/96 P-6 110 3.1 2476.65 
6/19/96 P-4 75 32 2478.55 

6/19/96 P-3 120 3.8 2481.23 

Geometric Mean 99.67 23.63 7.22 16.49 2478.81 2.30 

9/30/96 P-6 120 3 2474.95 

9/30/96 P-4 61 17 2481.62 

9/30/96 P-3 160 7.6 2477.56 

Geometric Mean 105.41 49.80 7.29 7.14 2478.04 3.36 

Date Well# [TCE] ppb St. Dev. [1, 1-DCE] St. Dev. Water Level St. Dev. 
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ppb ppb Elevations (msl) 

6/4/97 P-4 38 16 2481.28 

6/4/97 SM-50 38 10 2479.66 

6/4/97 P-3 201 11 2487.78 

6/4/97 SM-40 226 41 

Geometric Mean 89.99 101.84 16.39 14.57 2482.90 4.30 

10/15/97 P-6 150 7.4 2474.34 

10/15/97 P-4 47 18 2480.52 

10/15/97 P-3 54 3.3 2501.26 

10/15/97 SM-40 110 16 2483.09 

Geometric Mean 80.44 48.80 9.16 6.98 2484.78 11 .57 

1/27/98 P-6 200 5.8 2476.23 

1/27/98 P-4 65 5.8 2480.64 

1/27/98 P-3 76 1.4 2502.23 

1/27/98 SM-40 160 15 2483.03 

1/27/98 SM50 74 4.2 2484.09 

Geometric Mean 103.19 61 .14 4.95 5.11 2485.23 9.97 

4/14/98 P-6 155 11 2475.35 

4/14/98 P-4 35 8 2480.95 

4/14/98 P-3 30 2 2501 .2 

4/14/98 SM-4S 40 4 2507.64 

4/14/98 SM-40 140 25 2482.19 

Geometric Mean 61.94 61.95 7.06 9.08 2489.43 14.08 

Data obtained from Appendix 1 and 2 
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Sampling Point 4-Apr-98 4-May-98 8-May-98 14-May-98 21-May-98 25-Jun-98 30-Jul-98 21-0ct-98 

SP-SGZ 61.0 31.0 15.0 6.1 5.8 8.6 

S-26 16.0 26.0 32.0 41.0 20.0 1.6 

S-30 37.0 43.0 38.0 21.0 25.0 31.4 

SR-11 2.0 2.3 2.0 0.6 1.0 -0.5 

SR-12 19.0 33.0 39.0 40.0 41.0 -0.5 

SR-15 12.0 8.6 5.8 4.7 4.7 1.5 

SR-16 25.0 37.0 58.0 35.0 34.0 9.0 

SR-17 14.0 8.7 6.8 4.8 3.7 0.9 

SR-28 49.0 140.0 44.0 38.0 18.0 4.8 

SM-040 25.0 20.0 18.0 23.0 26.2 

P-3 43.0 60.0 67.0 74.0 33.5 

P-4 37.0 35.0 38.0 22.0 7.5 

P-6 2.0 -2.5 2.7 -2 .5 -3.3 

S-23 -0.5 -0.5 -0.5 -0.5 

SR-07 -0.5 -0.5 -0.5 -0.5 -0.5 

S-31 28.0 27.0 17.0 8.1 6.5 

S-28 35.0 40.0 34.0 30.0 

SM-050 20.0 15.0 

S-32 1.5 -3.3 

P-2 0.6 

B-3 0.9 

B-2 0.8 

B-1 0.6 

SR-28 -10 

SR-3 -1 .2 

SR-4 -1.2 

S-29 8.1 

S-24 33 8.9 

SP-800 43 -0.5 

SP-755 -0.5 

MEOH TK432 120000.0 

MEOH TK433 440000.0 

EW-17 -0.5 

EW-23 -1.0 

EW-24 -0.5 

Sources: Raytheon Missile Systems, 1999 
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Analysis of Diffusive Flux 

F = - n D* (dC/dx) 

Assumptions: 

116 

Dd(methanol) = 1.28 X 10-5 cm2 sec-1 (CRC, 1996) 
x = 6 .10 x 102 cm 
C = 7.5 x 10-5 g cm-3 

w = 0.1 (Perkins & Johnson, 1963) 
n = 0.50 
constant source methanol 
concentration 

n* = (0.1) (1.28 x 10-5 cm2 sec-1
) = 1.28 x 10-6 cm2 sec-1 

F = (0.50) (1.28 x 1 o-6 cm2 sec-1
) (7 .5 x 10-5 g cm-3 /6.1 Ox 102 cm) 

where F = mass flux of solute per unit area per unit time 
n = porosity 
D* = effective diffusion coefficient = Dctw 
D ct = diffusion coefficient (L 2 /T) 
w = coefficient related to tortuosity 
C = solute concentration (M/L3

) 

dC/dx = concentration gradient (M/L3/L) 

where Ci = the concentration at distance x from the source at time t since diffusion began 
C0 = the original concentration, which remains a constant 
erfc = the complementary error function 

CIC0= erfc (6.10 m)/ 2 (1.28 x 10-10 m2 sec-1 x 2.6 x 107 sec ) 112 

CIC0= erfc(53)~0 

Therefore in the 10-month period of amendment injection, zero percent of the 78 mg/1 
methanol concentration diffused over a the 6.1 meters of clay 



REFERENCES 

Aelion, C.M. 1996. Impact of aquifer sediment grain size on petroleum hydrocarbon 
distribution and biodegradation. Journal of Contaminant Hydrology. 22:109-121 

117 

Agency for Toxic Substance and Disease Registry, 1989. Toxicological Profile for 
Trichloroethylene. U.S. Department of Health and Human Services, U.S. Public Health 
Service, Atlanta. 1-29. 

Aggarwal, P., Hinchee, R. 1991. Monitoring in situ biodegradation of hydrocarbons by 
using stable carbon isotopes. Environ. Sci Technol. 25: 1178-1180. 

Bouwer, E.J., 1994. Bioremediation of Chlorinated Solvents Using Alternative Electron 
Acceptors. Handbook of Bioremediation, Robert S. Kerr Environmental Research 
Laboratory. Lewis Publishers, Boca Raton. 149-175. 

Broholm K., Jensen, B.K., Christensen, T.H., Olsen, L. 1990. Toxicity of 1,1,1-
trichloroethane and trichloroethene on a mixed culture of methane-oxidizing bacteria. 
Appl. Environ. Microbial. 56(8): 2488-2493. 

Brusseau, M. L. Personal Communications. University of Arizona, Department of Soil 
Water and Environmental Science, Tucson, Arizona. 

Ceding, T.E. 1984. The Stable Isotopic Composition of Modem Soil Carbonate and its 
Relationship to Climate. Earth Plant Sci. Lett. 71 :229-240 

Chapelle, P.H., Lovely, D.R. 1990. Rates of bacterial metabolism in deep coastal-plain 
aquifers. Applied and Environmental Microbiology. 56: 1865-187 4. 

Colorado Center for Environmental Management, and Hazardous Waste Remedial Action 
Program, Martin Marietta Energy Systems. 1995. In Situ Bioremediation Using 
Horizontal Wells: Innovative Technology Summary Report. Demonstrated at U.S. 
Department of Energy, M Area, Savannah River Site, Aiken SC. April, 1995. 

CRC Handbook of Chemistry and Physics, 1996. 77th Eedition, CRC Press, Ohio. 

Duba, A.G., Jackson, K.J., Jovanovich, M.C. Knapp, R.B., Taylor, R.T. 1996. TCE 
remediation using in situ resting-state bioaugmentation. Environ. Sci. Technol. 30(6): 
1982-1989. 

Ensley, B.D. 1991. Biochemical diversity of trichloroethylene metabolism. Annu. Rev. 
Microbial. 45 :283-99. 

Foth, H.D. 1984. Fundamental of Soil Science, 7th edition. John Wiley & Sons, New 



York. 

Freeze, R.A., Cherry J.A. 1979. Groundwater. Prentice Hall Inc., Englewood Cliffs, 
New Jersey. 

118 

Groundwater Resources Consultants, Inc., (GRC). 1993. Drilling, Construction and 
Testing of Perched Zone Extraction Wells S-24 Through S-31 , US. Air Force Plant No. 
44, Tucson, Arizona. May 12, 1993. 

Groundwater Resources Consultants, Inc., (GRC). 1996. Summary of Well Field 
Reclamation Operations and Changes in Groundwater Conditions April 1987 through 
December 1995, US AFP #44, Tucson, Arizona. 

Groundwater Resources Consultants, Inc., (GRC). 1997. Groundwater Reclamation 
Project Report, January 1996 through December 1996, AFP #44, Tucson, Arizona. 

Groundwater Resources Consultants, Inc., (GRC). 1998. Summary of Well Field 
Reclamation Operations and Changes in Groundwater Conditions January 1997 through 
December 1997, US AFP #44, TIAA Superfund Site. 

Hargis + Associates, Inc. 1996. Final Draft Shallow Groundwater Zone Removal Action 
Engineering Evaluation/Cost Analysis, United States Air Force Plant No. 44, Hughes 
Missile Systems Company, Tucson, Arizona. 18 June, 1996. 

Hargis+ Associates, Inc. 1997. Final Draft Shallow Groundwater Zone Removal Action 
Implementation Report, United States Air Force Plant No. 44, Hughes Missile Systems 
Company, Tucson, Arizona. 6 May, 1997. 

Hazen, T.C., Lombard, K.H., Looney, B.B., Enzien, M.V., Dougherty, J.M., Fliermans, 
C.B., Wear, J., Eddy-Dilek, C.A. 1994. In-Situ Remediation: Scientific Basis for 
Current and Future Technologies. Thirty-Third Hanford Symposium on Health and the 
Environment. Part 1. Pasco, Washington, U.S.A. November 7-11, 1994. Battelle Press, 
Columbus. 

Hazen, T.C., Lombard, K.H., Looney, B.B., Enzien, M.V., Dougherty, J.M., Fliermans, 
Eddy-Dilek, C.A. 1995. In situ bioremediation of chlorinated solvents with natural gas. 
Savannah River Technology Center. US. Department of Energy. 

Hicks, R.J., Fredrickson, J.K. 1989. Aerobic metabolic potential of microbial population 
indigenous to deep subsurface environments. Geomicrobiology Journal 7:67-78. 

Hopkins, G.D., Munakata, J., Semprini, L., McCarty, P.L. 1993. Trichloroethylene 
concentration effects on pilot field-scale in situ groundwater bioremediation by phenol-



119 

oxidizing microorganisms. Enviorn. Sci. Technol. 27(12): 2542-2547. 

Hopkins, G.,D., McCarty, P.L. 1995. Field evaluation of in situ aerobic cometabolism of 
trichloroethylene and three dichloroethylene isomers using phenol and toluene as the 
primary substrates. Enviorn. Sci. Technol. 29(6): 1628-1637. 

Hughes Missile Systems Company, (HMSC). 1995. Draft Final Shallow Groundwater 
Zone Remediation Feasibility Study, United States Air Force Plant No. 44, HMSC, 
Tucson, Arizona. January 31, 199 5. 

Leake, S.A., Hansen, R.T. 1987. Distribution and Movement of Trichloroethylenr in 
Ground Water in the Tucson Area, Arizona. U.S. Geological Survey Water-Resources 
Investigation Report 86-4313. 

Lewandowski, G.A., Defilippi, L.J. 1998. Biological Treatment of Hazardous Wastes, 
John Wiley & Sons, Inc. New York. 191-262. 

Litchfield, C.D., 1993. In Situ Bioremediation: Basis and Practices, M.A. Levin and 
M.A. Gealt, Eds., McGraw-Hill, New York, 167-196. 

Little, C.D., Palumbo, A.V., Berbes, S.E., Lidstrom, M.E., Tyndall, R.L., Gilmer, P.J. 
1988. Trichloroethylene biodegradation by a methane-oxidizing bacterium. Applied and 
Environmental Microbiology. 54( 4):951-956. 

Mackay, D.M., P.V. Roberts, and J.A. Cherry. 1985. Transport of organic contaminants 
in groundwater. Environ. Sci. Technol. 19(5):384-392. 

Madsen, E.L. 1991. Determining In Situ Biodegradation: Facts and Challenges. 
Environ. Sci. Technol. 25(10): 1663-1673 

McCarty, P.L., Semprini, L. 1993. Engineering and hydrogeological problems 
associated with in situ treatment. Hydrological Sciences. 38(4): 261-272. 

McCarty P.L., Semprini L., 1994. Groundwater Treatment for Chlorinated Solvents. 
Handbook of Bioremediation, Robert S. Kerr Environmental Research Laboratory. Lewis 
Publishers, Boca Raton. 87-116. 

McCarty, P.L., Goltz, M.N., Hopkins, G.D., Dolan, M.E., Allan, J.P., Kawakami, B.T., 
Carrothers, T.J. 1998. Full-scale evaluation of in situ cometabolic degradation of 
trichloroethylene in groundwater through toluene injection. Environ. Sci. Technol. 
32(1 ): 88-100. 

Mihelcic, J.R. and R.G. Luthy. 1991. Sorption and microbial degradation of naphthalene 
in soil-water suspensions under denitrification conditions. Environ. Sci. Technol. 



25(1):169-177. 

Mihelcic, J.R., Lueking, D.R., Mitzell, R.J., Stapleton, M.J. 1993. Bioavailability of 
sorbed-and separate-phase chemicals. Bioremediation. 4: 141-153. 

120 

Montgomery & Associates, Inc. 1998. Evaluation of Shallow Groundwater Zone Bio
Remediation Project, US. Air Force Plant No. 44, Tucson, Arizona. December 10, 1998. 

National Research Council. 1993. In Situ Bioremediation: When Does It Work? 
National Academy Press, Washington, D.C. 16-84. 

Oldenhuis, R., Vink, R.L.J., Janssen, D.B., Witholt, B. 1989. Degradation of chlorinated 
aliphatic hydrocarbons by Methylosinus trichosporium OB3b expressing soluble methane 
monooxygenase. Applied and Environmental Microbiology. 55(11 ):2819-2826. 

Parada, C.B., Long, A., Davis, S. 1983. !sot. Geosci. 1: 219-236 

Paul, E.A., Clark, F.G. 1989. Soil Microbiology and Biochemistry, Academic Press, San 
Diego. 

Pavlostathis, S.G., Geeyerpuram N.M. 1992. Desorption Kinetics of Selected Volatile 
Organic Compounds from Field Contaminated Soils. Environ. Sci. Technol. 26: 532-
538. 

Perkins, T. K., Johnson, O.C. 1963. A review of diffusion and dispersion in porous 
media. J Soc. Petrol. Eng. 3: 70-83. 

Pullen, R.M., 1992. Some Effects of Clay Particles on the Microbial Degradation of 
Naphthalene. Ph.D. dissertation. Department of Civil Engineering, University of 
Tennessee. Knoxville, Tennessee. 

Rittman, B.E., Seagren E., Wrenn, B.A., Valocchi, A.J., Chittaranjan, R., Lutgarde, R. 
1994. In Situ Bioremediation, Second Edition, Noyes Publications, New Jersey. 38-45, 
123-132. 

Roberts, P.V., Hopkins, G.D., Mackay, D.M., Semprini, L. 1990. A field evaluation of 
in-situ biodegradation of chlorinated ethenes: part 1, methodology and field site 
characterization. Ground Water. 28(4): 591-604. 

Schwarzenbach, P.R., Gschwend, P.M., Imboden, D.M. 1993. Environmental Organic 
Chemistry, John Wiley & sons, Inc., New York. 

Semprini,L., Hopkins, G.D., Roberts. P.V., Grbic-Galic, D., McCarty, P.L. 1991. A field 
evaluation of in-situ biodegradation of chlorinated ethenes: part 3, studies of competitive 



121 

inhibition. Ground Water. 29(2): 239-250. 

Sinclair, J.L., Ghiorse, W.C. 1989. Distribution of aerobic bacterial, protozoa, algae, and 
fungi in deep subsurface sediments. Geomicrobiology Journal. 7: 15-32. 

Stotzky, G. 1972. Activity, ecology, and population dynamics of microorganisms in soil. 
Critical Rev. Microbial. 2:59-137. 

Suchomel, K., Long A., 1990. Production and transport of carbon dioxide in a 
contaminated vadose zone: a stable and radioactive carbon isotope study. Environ. Sci. 
Technol. 24(12): 1824-1831. 

Thomas, J.M., Ward, C.H. 1989. In situ biorestoration of organic contaminants in the 
subsurface. Environ. Sci. Technol. 23:760-766. 

Travis, B.J., Rosenberg, N.D. 1997. Modeling in situ bioremediation ofTCE at 
Savannah River: effects of product toxicity and microbial interactions on TCE. 
degradation. Environ. Sci. Technol. 31 (11):3093-3102. 

United States Geological Survey. 1997. Contamination of Ground Water at the Tucson 
International Airport Area Superfund Site, Tucson, Arizona-Overview of Hydrogeologic 
Considerations, Conditions as of 1995, and Cleanup Efforts. U.S. Geological Survey 
Water-Resources Investigations Report 97-4200. 

Verschueren,K. and M.J. Visschers. 1988. The bioavailability of chemicals in waste 
products and in polluted soil. Toxicol. Environ. Chem. 16:245-258. 

Vogel, T.M., Criddle, C.S., McCarty, P.L. 1987. Transformation of halogenated 
aliphatic compounds. Environ. Sci. Technol. 21(8):722-736. 

Woodward-Clyde Consultants (WCC). 1993. Feasibility Study: In Situ Bioremediation 
For Trichloroethylene, Motorola 561

h Street Facility, Phoenix, Arizona. January 11, 
1993. Reference 914X271A. 

Woodward-Clyde Consultants (WCC). 1993. Tetrachloroethylene (PCE) and 
Trichloroethylene (TCE) Bench-Scale Study Report. Motorola, 56th Street, Phoenix, 
Arizona. May 7, 1993. Reference No. 914X271E. 

Woodward-Clyde Consultants (WCC). 1994. Pilot-Scale Work Plan, Motorola 561
h 

Street, Phoenix, Arizona. April, 1994. Project No. 914X271I Task 204. 

Woodward-Clyde Consultants (WCC). 1996. Motorola 481
h Street Pilot-Scale Treatment 

Facility Operating Mode II Data Report, Phoenix, Arizona. March 29, 1996. 



122 

Woodward-Clyde Consultants (WCC). 1996. Addendum to the Final Draft Shallow 
Groundwater Zone Removal Action Engineering Evaluation/Cost Analysis, United States 
Air Force Plant No. 44, Tucson, Arizona. 25 October, 1996. 

Woodward-Clyde Consultants (WCC). 1996. Bioremediation Treatability Study: Final 
Draft Shallow Groundwater Zone Removal Action Engineering Evaluation/Cost Analysis, 
United States Air Force Plant No. 44, HMSC, Tucson, Arizona. 18 June, 1996. 

Woodward-Clyde Consultants (WCC). 1996. sMMO Study Results, Shallow 
Groundwater Zone, US. Air Force Plant No. 44, Tucson, Arizona. September 10, 1996. 
Reference No. 95Al59-103. 

Woodward-Clyde Consultants (WCC). 1998. Draft Report Shallow Groundwater Zone 
Bioremediation System Operation Report March 1997 Through March 1998, United 
States Air Force Plant No. 44, Raytheon, Tucson, Arizona. 


	azu_td_hwr_0019_pg001_m
	azu_td_hwr_0019_pg002_m
	azu_td_hwr_0019_pg003_m
	azu_td_hwr_0019_pg004_m
	azu_td_hwr_0019_pg005_m
	azu_td_hwr_0019_pg006_m
	azu_td_hwr_0019_pg007_m
	azu_td_hwr_0019_pg008_m
	azu_td_hwr_0019_pg009_m
	azu_td_hwr_0019_pg010_m
	azu_td_hwr_0019_pg011_m
	azu_td_hwr_0019_pg012_m
	azu_td_hwr_0019_pg013_m
	azu_td_hwr_0019_pg014_m
	azu_td_hwr_0019_pg015_m
	azu_td_hwr_0019_pg016_m
	azu_td_hwr_0019_pg017_m
	azu_td_hwr_0019_pg018_m
	azu_td_hwr_0019_pg019_m
	azu_td_hwr_0019_pg020_m
	azu_td_hwr_0019_pg021_m
	azu_td_hwr_0019_pg022_m
	azu_td_hwr_0019_pg023_m
	azu_td_hwr_0019_pg024_m
	azu_td_hwr_0019_pg025_m
	azu_td_hwr_0019_pg026_m
	azu_td_hwr_0019_pg027_m
	azu_td_hwr_0019_pg028_m
	azu_td_hwr_0019_pg029_m
	azu_td_hwr_0019_pg030_m
	azu_td_hwr_0019_pg031_m
	azu_td_hwr_0019_pg032_m
	azu_td_hwr_0019_pg033_m
	azu_td_hwr_0019_pg034_m
	azu_td_hwr_0019_pg035_m
	azu_td_hwr_0019_pg036_m
	azu_td_hwr_0019_pg037_m
	azu_td_hwr_0019_pg038_m
	azu_td_hwr_0019_pg039_m
	azu_td_hwr_0019_pg040_m
	azu_td_hwr_0019_pg041_m
	azu_td_hwr_0019_pg042_m
	azu_td_hwr_0019_pg043_m
	azu_td_hwr_0019_pg044_m
	azu_td_hwr_0019_pg045_m
	azu_td_hwr_0019_pg046_m
	azu_td_hwr_0019_pg047_m
	azu_td_hwr_0019_pg048_m
	azu_td_hwr_0019_pg049_m
	azu_td_hwr_0019_pg050_m
	azu_td_hwr_0019_pg051_m
	azu_td_hwr_0019_pg052_m
	azu_td_hwr_0019_pg053_m
	azu_td_hwr_0019_pg054_m
	azu_td_hwr_0019_pg055_m
	azu_td_hwr_0019_pg056_m
	azu_td_hwr_0019_pg057_m
	azu_td_hwr_0019_pg058_m
	azu_td_hwr_0019_pg059_m
	azu_td_hwr_0019_pg060_m
	azu_td_hwr_0019_pg061_m
	azu_td_hwr_0019_pg062_m
	azu_td_hwr_0019_pg063_m
	azu_td_hwr_0019_pg064_m
	azu_td_hwr_0019_pg065_m
	azu_td_hwr_0019_pg066_m
	azu_td_hwr_0019_pg067_m
	azu_td_hwr_0019_pg068_m
	azu_td_hwr_0019_pg069_m
	azu_td_hwr_0019_pg070_m
	azu_td_hwr_0019_pg071_m
	azu_td_hwr_0019_pg072_m
	azu_td_hwr_0019_pg073_m
	azu_td_hwr_0019_pg074_m
	azu_td_hwr_0019_pg075_m
	azu_td_hwr_0019_pg076_m
	azu_td_hwr_0019_pg077_m
	azu_td_hwr_0019_pg078_m
	azu_td_hwr_0019_pg079_m
	azu_td_hwr_0019_pg080_m
	azu_td_hwr_0019_pg081_m
	azu_td_hwr_0019_pg082_m
	azu_td_hwr_0019_pg083_m
	azu_td_hwr_0019_pg084_m
	azu_td_hwr_0019_pg085_m
	azu_td_hwr_0019_pg086_m
	azu_td_hwr_0019_pg087_m
	azu_td_hwr_0019_pg088_m
	azu_td_hwr_0019_pg089_m
	azu_td_hwr_0019_pg090_m
	azu_td_hwr_0019_pg091_m
	azu_td_hwr_0019_pg092_m
	azu_td_hwr_0019_pg093_m
	azu_td_hwr_0019_pg094_m
	azu_td_hwr_0019_pg095_m
	azu_td_hwr_0019_pg096_m
	azu_td_hwr_0019_pg097_m
	azu_td_hwr_0019_pg098_m
	azu_td_hwr_0019_pg099_m
	azu_td_hwr_0019_pg100_m
	azu_td_hwr_0019_pg101_m
	azu_td_hwr_0019_pg102_m
	azu_td_hwr_0019_pg103_m
	azu_td_hwr_0019_pg104_m
	azu_td_hwr_0019_pg105_m
	azu_td_hwr_0019_pg106_m
	azu_td_hwr_0019_pg107_m
	azu_td_hwr_0019_pg108_m
	azu_td_hwr_0019_pg109_m
	azu_td_hwr_0019_pg110_m
	azu_td_hwr_0019_pg111_m
	azu_td_hwr_0019_pg112_m
	azu_td_hwr_0019_pg113_m
	azu_td_hwr_0019_pg114_m
	azu_td_hwr_0019_pg115_m
	azu_td_hwr_0019_pg116_m
	azu_td_hwr_0019_pg117_m
	azu_td_hwr_0019_pg118_m
	azu_td_hwr_0019_pg119_m
	azu_td_hwr_0019_pg120_m
	azu_td_hwr_0019_pg121_m
	azu_td_hwr_0019_pg122_m

