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Assessment of the Potential for Biodegradation of Petroleum Hydrocarbons in the Railroad Industrial Area, Fairbanks, Alaska, 1 993-94
 By Joan F. Braddock, Peter Catterall, and Sharon A. Richmond
 Abstract
 Many technologies for the clean-up of petroleum-hydrocarbon contaminated sites depend on microbial degradation of the pollut- ant. In these technologies the site may be mod- ified to enhance microbial activity, or may simply be monitored for naturally occurring microbial activity. In either case, an important aspect of site assessment for these technologies is to determine if the microorganisms present at the site have the potential to break down con- taminants under the prevailing environmental conditions. We examined the numbers and activity of hydrocarbon-degrading microor- ganisms in ground water collected from petro- l e u m - h y d r o c a r b o n c o n t a m i n a t e d and uncontaminated wells at the Railroad Industrial Area near Fairbanks, Alaska. We found that the population of gasoline-degrading microorgan- isms in ground water was correlated to the degree of contamination by benzene, toluene, ethylbenzene and xylenes (BTEX). We also found that these organisms could actively min- eralize these types of compounds in laboratory mineralization assays. Increasing temperature and adding nutrients both enhanced the rate of mineralization in the laboratory, but measur- able degradation still occurred under condi- tions similar to those found in the field. Dissolved oxygen in ground water at this site ranged from 0 to 3.6 milligrams per liter. Therefore, oxygen may not always be available to microorganisms as a terminal electron acceptor. Preliminary geochemical evidence
 from the field indicates that alternative electron acceptors such as Fe(III), sulfate, or nitrate may be used, contributing to degradation of contam- inants at this site.
 INTRODUCTION
 Background
 Many organic contaminants, including petroleum hydrocarbons, can be degraded by microorganisms. Biodegradation can include everything from minor changes to a complete breakdown of the starting compound. When a complete breakdown to inorganic components (such as carbon dioxide and water) of the orig- inal compound occurs, the process is called mineralization. At some contaminated sites, conditions are favorable for microbial break- down of contaminants. If the biodegradation at such a site is proceeding at an acceptable level, human intervention may not be necessary. This situation is called "natural attenuation" or "intrinsic bioremediation." Generally, intrinsic bioremediation is monitored with time and the only action a site may require is a sampling schedule. At other sites, some intervention may be necessary to enhance the biodegradation to an acceptable level. This is generally termed "enhanced bioremediation." Many systems have been designed to improve the level of microbial activity in breaking down contami- nants.
 Introduction 1

Page 6
                        

To understand what factors might be fully assess bioremediation. To address this important in optimizing the conditions for problem, in 1993, the National Research Coun- bioremediation, it is necessary to understand cil (NRC) convened a Committee on In Situ something about the reasons why microorgan- Bioremediation (NRC, 1993). This committee isms break down organic contaminants. The produced a set of guidelines to assess bioreme- types of microorganisms that biodegrade diation success. Their recommendations are as organic contaminants do so because they can follows: use these compounds to produce energy for growth and carbon to build new cells. New cells are primarily made up of carbon, nitrogen, phosphorus, and several other mineral nutrients in lower concentrations. To complement the large amounts of carbon available from organic contaminants, a source of nitrogen or phospho- rus may be important at many sites to allow microbial growth and, in turn, increase the rate at which the organic contaminant is broken down. Contaminant-degrading microorgan- isms also generally need oxygen or an alternate electron acceptor as a reactant in the process of producing energy from organic contaminants. At some environmental sites, such as in ground water, oxygen is commonly found only at low levels. Many bioremediation-enhancement strategies are based on increasing the concen- tration of oxygen to increase biodegradation. It is now known that many petroleum hydrocar- bons, including some of the aromatic constitu- ents found in gasoline (such as benzene and toluene), can be broken down by microorgan- isms under anaerobic conditions. In the anaero- bic process, Fe(II1) and compounds such as nitrate and sulfate may substitute for oxygen. These anaerobic processes are commonly very important in ground-water systems. In addition to the chemical requirements of microorgan- isms, it may be necessary to consider other fac- tors at a particular site. These factors include the specific nature of the chemical pollutant and its concentration, and physical and chemi- cal factors such as temperature and pH.
 One major problem in using bioremedia- tion as a clean-up strategy for a contaminated site is that it can be difficult to establish that microorganisms are biodegrading the contami- nant and to what degree degradation is occur- ring. Currently, no one measure can be used to
 "No one piece of evidence can unambig- uously prove that microorganisms have cleaned up a site. Therefore, the Committee on In Situ Bioremediation recommends an evaluation strategy that builds a consistent, logical case for bioremediation based on converging lines of independent evidence. The strategy should include three types of information: (1) docu- mented loss of contaminants from the site, (2) laboratory assays showing that microorganisms from site samples have the potential to trans- form the contaminants under the expected site conditions, and (3) one or more pieces of infor- mation showing that the biodegradation poten- tial is actually realized in the field."
 The study described in this report was designed to document that microorganisms from the site have the potential to transform contaminants under site conditions. Changes in contaminant concentrations with time were monitored at the site in a complementary study (Lilly and others, 1996, see table 1).
 Location and Description of the Study Area
 The study area is located in the Railroad Industrial Area in Fairbanks, Alaska (fig. 1). Development in the vicinity began in the early 1900's, and the area, which still serves as the main railhead for Fairbanks, has been the loca- tion of commercial and industrial activities since that time. Previous studies have indicated the presence of petroleum hydrocarbons and chlorinated solvents in ground water in the area. Ground-water wells have been monitored since 1993 (Kriegler and Lilly, 1995), and the extent of the migration of these compounds is presented by Lilly and others (1996).
 2 Assessment of the Potential for Biodegradation of Petroleum Hydrocarbons in the Railroad Industrial Area, Fairbanks, Alaska, 1993-94
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 Figure 1. Location of Fairbanks, Alaska, and the Fairbanks Railroad Industrial Area (A), with monitoring well locations (B).
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Purpose and Scope
 The two major objectives in studying the Railroad Industrial Area were (1) to determine the relative degree to which contaminants are moving from a specified boundary area with time (Kriegler and Lilly, 1995; Lilly and others, 1996); and (2) to determine what kind of micro- organisms are present in contaminated and uncontaminated ground water at the site, deter- mine if those microorganisms can degrade petroleum hydrocarbons, and examine some of the factors that might influence the rate at which these microorganisms are able to break down petroleum hydrocarbons. The latter objective is the subject of this report.
 METHODS
 Samples were collected from monitoring wells purged with a peristaltic pump using 318-inch Teflon tubing (Lilly and others, 1996). During purging, the temperature, pH, specific conductance, and dissolved oxygen were con- tinuously monitored. When these properties had stabilized and at least three well casing vol- umes had been purged, samples were collected in sterile containers from a bailer for microbio- logical analyses. While microbial populations and activities associated with soil particles at the site may be different from those measured in well water, only well water was measured in this study due to difficulties in obtaining soil samples at the site.
 Most probable number (MPN) assays were used to estimate microbial populations of gasoline degraders and heterotrophs. A six- tube miniaturized MPN procedure was modi- fied from Brown and Braddock (1990), using 96-cell well plates. Tenfold serial dilutions of a ground-water sample were made in an isotonic (Ringer) solution (Collins and others, 1989). A multi-channel pipette was used to transfer 100 pL of each dilution to replicate wells con- taining 100 pL of either 415 strength mineral
 salts medium (Bushnell-Haas (BH); Atlas, 1993) amended with 0.025 g/L tetrazolium vio- let for gasoline degraders, or a heterotrophic culturing medium (R2A; Atlas, 1993) for het- erotrophs. Each well of the gasoline-degrader plates was then spiked with one drop of filter- sterilized gasoline. The plates were incubated for 14 days at room temperature before being scored for color development (gasoline degrad- ers) or turbidity (heterotrophs), indicating pos- itive growth.
 Radiorespirometry was used to assay the benzene-, naphthalene- and glutamate-mineral- ization potentials of microorganisms in ground- water samples (modified from Brown and oth- ers, 199 1). Radiolabeled benzene and naphtha- l e n e ( [U-14C] -benzene a n d [ l - 1 4 c ] - naphthalene) were used as representative aro- matic hydrocarbons. In a similar manner, het- erotrophic mineralization potentials were measured using [U-14C]-L-glutamic acid. To determine whether nutrient availability limits carbon-substrate mineralization, samples were diluted in both a nutrient-containing mineral salts medium (BH; Atlas, 1993) and in a saline solution containing no added nutrients (Ringer; Collins and others, 1989). Ground water was diluted 50 percent by adding 5 mL ground water to 5 mL of either BH or Ringer in 40-mL septa vials. Replicate vials of the diluted ground water were injected with 50 pL of a 2-glL solution (in acetone for benzene and naphthalene or water for glutamate) of radiola- beled substrate (about 50,000 dpm150 pL). The resulting initial concentration of added sub- strate was then 100 pg per vial (10 pglmL slurry). At the end of the designated incubation period, microbial activity was stopped by add- ing 1 mL 10 N NaOH to each vial. The samples were later re-acidified with 1.5 mL HCl after which the radiolabeled CO, was stripped into a C0,-sorbing scintillation cocktail and counted in a liquid-scintillation counter. All microbial assays were conducted under aerobic condi- tions.
 4 Assessment of the Potential for Biodegradation of Petroleum Hydrocarbons in the Railroad Industrial Area, Fairbanks, Alaska, 1993-94
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RESULTS AND DISCUSSION
 We sampled several ground-water wells in the Railroad Industrial Area four times dur- ing 1993-94 (table 1). We found populations of microorganisms (heterotrophs) that can break down organic molecules (not necessarily petro- leum hydrocarbons) in all the water samples measured (results not shown). More impor- tantly, we found specific populations of micro- o rgan i sms tha t deg rade the types of contaminants, such as gasoline, found in some areas of the site. Furthermore, the populations of microorganisms that can specifically biode- grade gasoline present in ground water at the site were found in numbers proportional to the amount of BTEX (benzene, toluene, ethylben- zene and xylenes) in the same water samples (fig. 2, table 2). In other words, water samples from sites that had high concentrations of BTEX also had high numbers of gasoline degraders. In contrast, uncontaminated water samples contained few, if any, gasoline-degrad- ing microorganisms. This correlation provided evidence that natural attenuation might be occurring in the Railroad Industrial Area.
 Table 1. Benzene, toluene, ethylbenzene, and xylenes (BTEX) concentrations measured in ground-water samples from wells in the Railroad lndustrial Area near Fairbanks, Alaska [pg/L, micrograms per liter]
 BTEX concentration (pg/L)
 Well Date sampled
 BTEX CONCENTRATION, IN MICROGRAMS PER LITER
 Figure 2. Most probable number (MPN) of gasoline-degrading microorganisms correlated (?=0.96) with the BTEX concentration in ground- water samples collected in September 1994 from the Fairbanks Railroad lndustrial Area.
 Table 2. The most probable number of gasoline- degrading microorganisms and the total benzene, toluene, ethylbenzene, and xylenes (BTEX) concentration in ground-water samples from wells in the Fairbanks Railroad lndustrial Area, in September 1994 [mL, milliliter; pgL, micrograms per liter]
 Gasoline BTEX Well Replicate degraders concentration
 (cells/mL) ( W L )
 h he BTEX concentration was not measured for well AR7 in September 1994; the BTEX value shown here and in figure 2 is the mean from the previous three samplings
 'well AR7 was not sampled for BTEX in September 1994
 Results and Discussion 5
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Once we determined that microorganisms contaminated wells in the Railroad Industrial that biodegrade gasoline were present in con- Area. taminated ground water from the Railroad Industrial Area, we sought to establish whether or not these microorganisms have the potential to completely break down (mineralize to car- bon dioxide and water) some of the chemical constituents found in gasoline. We used ground-water samples from three wells to examine the activity of the microbial popula- tion in laboratory assays. Ground water from two of these wells (AR44 and AR7) contained high levels of BTEX (about 10,000 pglL; table 1) and high numbers of gasoline-degrad- ing microorganisms (about 1,000 microorgan- ismslml; table 2). Ground water from one well (AR27) contained no measurable BTEX and very low (<30 microorganisms/mL; table 2) populations of gasoline-degrading microorgan- isms. After four days in a laboratory experi- ment conducted at room temperature (22 "C) , the microbial populations in ground water from AR44 and AR7 were able to mineralize 15 to 30 percent of the added benzene to carbon dioxide (fig. 3, table 3). The microorganisms in AR27 were unable to mineralize any measur- able quantity of the benzene in the same time period. These data show that acclimated micro- bial populations that can break down benzene, a toxic component of gasoline, are present in
 Several major factors have been found to control the rate and extent of natural attenua- tion in contaminated ground water. These fac- tors include temperature, nutrient availability (especially nitrogen and phosphorus), and the concentration of dissolved oxygen (or other chemical species, such as nitrate, sulfate, and Fe(II1)). The next step at the Railroad Industrial Area was to examine how these factors might affect the microbial activity at this particular site.
 TIME, IN HOURS
 Figure 3. Percent benzene mineralized over time in ground-water samples from contaminated and un- contaminated wells.
 Table 3. Benzene mineralization potentials and the total benzene, toluene, ethylbenzene, and xylenes (BTEX) concentration measured in ground water collected in April 1994 from the Fairbanks Railroad Industrial Area. Values for the benzene mineralization potentials are the means of duplicate analyses [pg/L, micrograms per liter]
 BTEX Benzene mineralization potential (percent mineralized)
 Well concentration Time (days) (PsJL) 0 0.5 1 2 3 4
 6 Assessment of the Potential for Biodegradation of Petroleum Hydrocarbons in the Railroad Industrial Area, Fairbanks, Alaska, 1993-94
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We first examined the effect of tempera- ture on the overall level of activity of microor- ganisms (total heterotrophs) in ground water from one uncontaminated and three contami- nated wells. Samples were incubated in the lab- oratory at different temperatures. The overall activity of heterotrophic microorganisms was measured by examining the mineralization of glutamate, a good energy and carbon source for many microorganisms.
 The natural temperature of the water in wells from the Railroad Industrial Area mea- sured in April, June, July, and September aver- aged between 4 and 5 "C. The water was slightly cooler in April and slightly warmer in September. When we examined the total activ- ity of the heterotrophic microbial population- as indicated by glutamate mineralization-after two-day incubations in the laboratory at 4, 10, 15 and 22 "C, we found no activity at 4 or 10 "C, and a large increase in activity between 15 and 22 "C (fig. 4, table 4). Samples run at 15 "C were incubated in a temperature-con- trolled chamber. Other samples were incubated at room temperature, which was approximately 22 "C. When we incubated samples for longer periods of time (6 days for glutamate and 10 days for naphthalene and benzene), we found activity at 10 "C. For example, when nutrient effects were measured at 10 "C (fig. 5, table 5), we found that microorganisms from contaminated wells AR44 and AR7 were able to completely break down 20 and 35 percent, respectively, of the naphthalene added. Ben- zene, another petroleum hydrocarbon, was also degraded after 10 days at 10 "C by microorgan- isms from the same two contaminated wells. Bradley and Chapelle (1995) reported that microorganisms in sediment samples from Adak, Alaska, where in situ temperatures were about 5 "C, could mineralize toluene when incubated at 5 "C. Therefore, rates of hydrocar- bon degradation may occur in cold ground-
 water systems at rates higher than previously thought.
 WELL
 Figure 4. Percent glutamate mineralized in ground water after incubation for two days at 22 "C and 15 "C for uncontaminated (AR27) and contaminat- ed wells. Mean BTEX concentrations for these wells can be found in table 1. Error bars represent standard error.
 Table 4. The effect of temperature on glutamate mineralization potentials (a measure of heterotrophic microorganism activity) for ground- water samples collected from the Fairbanks Railroad Industrial Area, in July 1994. Values shown are the means of triplicates ["C, degrees Celsius]
 Glutamate mineralization potential
 Well (percent mineralized)
 Results and Discussion 7
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 Figure 5. Mineralization of glutamate, naphtha- lene, and benzene in ground-water samples with and without nutrient addition. These laboratory as- says were incubated at 10 "C.
 Nutrient (nitrogen and phosphorus) addi- tions stimulated microbial activity in most of the laboratory experiments (fig. 5, table 5). The results shown in figure 5 indicate that nutrient additions might stimulate microbial activity in the field. However, it is important to note that microbial degradation of all three substrates was occurring even in the absence of added nutrients. This implies that while biodegrada- tion at the site might be increased by nutrient additions, naturally occurring nutrients are ade- quate for the microbial breakdown of petro- leum hydrocarbons.
 A third factor that can influence the rate of biodegradation is oxygen availability. We have not been able to clearly determine how great an effect oxygen concentrations have on biodegradation activity at the Railroad Indus- trial Area. Dissolved-oxygen concentrations in ground water from wells sampled in this study ranged from 0 to 3.6 mg/L (table 6) . Ground water from other wells sampled in the same area, during the same time period of this study, had dissolved-oxygen concentrations as high as 7 mg/L (well oxygenated). It is thought that aerobic microbial activity is greatly inhibited at dissolved-oxygen concentrations of less than
 Table 5. he effect of added nutrients on mineralization potentials for ground-water samples collected from the Fairbanks Railroad Industrial Area, in July 1994. All samples were incubated at 10 "C; samples for glutamate mineralization potentials were incubated for 6 days, and for naphthalene and benzene, 10 days. Values shown are the means of triplicates
 Mineralization potential (percent mineralized)
 Well Glutamate Naphthalene Benzene
 No nutrients No nutrients Nutrients added added No nutrients
 Nutrients added added Nutrients added added
 'values for benzene for well AR26 were not measured
 8 Assessment of the Potential for Biodegradation of Petroleum Hydrocarbons in the Railroad Industrial Area, Fairbanks, Alaska, 1993-94
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about 1-2 mg/L. However, under anaerobic conditions, other chemical species can be used by microorganisms as terminal electron accep- tors. We have measured the levels of sulfate, nitrate, and Fe(II1) (chemical species involved in the anaerobic breakdown of aromatic hydro- carbons; data not shown) in water from a few wells at the site. Preliminary evidence indi- cated that concentrations of sulfate were lower in ground water with measurable concentra- tions of BTEX than in water from uncontami- nated wells. This result would be expected if sulfate is involved in an anaerobic microbial process. These types of geochemical measures may be used in the future to provide additional evidence that natural attenuation is being real- ized at this site.
 Table 6. Dissolved oxygen measured in ground water from wells in the Fairbanks Railroad Industrial Area [mgIL, milligrams per liter]
 Dissolved oxygen (mg/L)
 Well Date sampled
 4/94 7/94 9/94
 This study focused on microbial indica- tors of natural attenuation at the Railroad Industrial Area near Fairbanks, Alaska. At this site we found that gasoline-degrader popula- tions in ground water were correlated with the degree of BTEX contamination. Uncontami- nated ground water contained few gasoline- degrading microorganisms while contaminated ground water had high numbers of gasoline- degrading microorganisms. These microorgan- isms also could mineralize benzene to carbon dioxide in laboratory mineralization studies. In
 water from contaminated wells, about 15-30 percent of added benzene was mineralized after four days of incubation. Benzene mineraliza- tion activity was negligible during the same time period in water from uncontaminated wells. This indicates that microbial populations in contaminated ground water at the site are acclimated to the presence of benzene and have the potential to mineralize this compound in the field. We also used laboratory assays to exam- ine how changes in temperature and nutrient supply might influence microbial activity. Increasing the incubation temperature increased the rate of mineralization of added substrates. However, measurable degradation of benzene and naphthalene was still achieved at 10 "C after 10-day incubations. Adding nutrients (N and P) generally stimulated micro- bial activity. But for at least one sample (AR44) with high levels of contaminants, mineraliza- tion rates were high even without nutrient addi- tions. Oxygen availability is likely limiting microbial activity at the Railroad Industrial Area site. Although we did not explore the effect of oxygen availability to microorganisms in great detail, we did conduct a preliminary survey of the presence of other potential elec- tron acceptors in well water from the site. We found preliminary evidence that other chemical species, such as sulfate, may contribute to microbial degradation of petroleum contami- nants at this site.
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