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ABSTRACT 

At the Lawrence Livermore National Laboratory (LLNL) in 
California, a records inspection in 1979 indicated an inven
tory of about 17,500 gal was missing from underground fuel 
tanks. A leak or leaks in the southernmost tank and/or pipe 
lines were suspected to be the source of the loss. All four 
tanks were taken out of service and filled with sand in 1980. 

The gasoline spill cleanup effort affords an opportunity to 
study the collective effect of fuel hydrocarbons (HCs) on 
the indigenous microbial population within the heteroge
neous alluvial subsurface environment. This paper presents 
die early results of an ongoing study to (1) characterize 
naturally acclimated microbial populations capable of 
transforming HCs and (2) understand the effects of environ
mental factors on these biotransformations. 

Uncontaminated sediments, collected 800 ft southeast of the 
Gasoline Spill vGS), have a limited total organic carbon 
(TOC) content (0.02-0.07%) and yield very low numbers of 
viable bacteria (filO3). Within the GS, much larger TOC 
concentrations (0.03-0.14%) are present and available as 
substrate for microbial growth. Aerobic bacteria add fungi 
capable of HC biodegradation generally initiate the oxida
tive utilization of such substrates by means of intracellular 
enzymes called oxygenases, which require molecular 
oxygen.1 Since microorganisms require nitrogen and 
phosphorus for cell division, the availability of these addi
tional raunentsu important for their growth. Therefore, 
tests were conducted to identify simple nutrients that would 
increase bacterial growth beyond that facilitated by the 
sediments. As a result, the amount of catalytkally active 
cell mass and the availability of oxygen determine the 
overall rate of aerobic HC biotransformation. 

• Wo* performed under the mspices of the US. Depnuncnl of Energy 
by the Lmence Livennore N4ioml Labortor/ mder contract 
NO.W-7405-ENG-48. 

METHODS 

Microbial samples were collected from borehole GSB-
710, located 45 ft north of the gasoline spill source, but well 
within ihe gasoline contaminated zone (Fig. 1). GSB-710 
was drilled using a hollow stem auger. The core sediment 
samples were assayed for bacterial counts or for benzene 
oxidation within one day to one week after their removal 
from the field sampling site. Those not assayed within 
one day were stored at 4°C. All dilutions, platings, and 
transfeis of core-sediment material were performed in a 
laminat flow hood. 

Aqueous suspensions of the sediment samples were 
prepared and serially diluted with sterile 0.1% sodium 
pyrophosphate. Aliquots of the resulting dilutions were 
spread-plated in triplicate on dilute 1% peptone, tryptone, 
yeast extract, glucose, and magnesium chloride agar me
dium (PTYG) with appropriate controls.2 The resulting 
microbial colonies were scored with an automatic plate 
counter (New Brunswick, Biotrans ID) or visually counted, 
and then reported as colony-forming units per gram of dry 
weight soil (CFU/gdw). 

Tctal microorganism counts [acridine orange direct 
count (AODC)] were determined by fluorescence micros
copy using a modified method of Hobbieev al? All stain 
and buffer solutions were pre-filtered though 25-mm, 
0.2-umpore size membranes. The slides were examined 
under oil immersion at a magnification of 1000X with 
the use of a Zeiss Axioplan microscope equipped for 
epifluotescence measurement. The epifluorescence system 
included a mercury HB050 light source, a 451860 fluores
cence illuminator, a 487910 blue exciter-barrier filter 
(450-490 SB) with an FT 510 chromatic beam splinter, and 
an LP 520 barrier filler. 

Wiighed samples of core-sediment material 
(100-300 mg) were assayed for their ability to catalyze 
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Figure 1. Wells and boreholes in Ihe Gasoline Spill area, July 1991. 

[U-14C]benzene conversion to [UM-C]phenol, both in the 
absence and presence of 20 mM sodium formate, z poienual 
electron donor for microbial reduced pyridine nucleotide 
regeneration.4 

Core material from borehole GSB-710 at the 64-ft 
depth was used to study the effects of various nutrient 
supplements on the sediment sample populations of viable 
microorganisms. Identical l:10dilutionsof sediment were 
made in sterile distilled water. The resulting slurries were 
transferred to autoclaved capped Erlenmeyer flasks. Nutri
ent additions were based on the concentration ranges that 
have been reported for these same agents in temperate 
surface mineral soils.5 Nutrient concentrations reported in 
Atlas and Banha were as follows: organic matter, 0.40-
10.0%; nitrogen, 0.02-0.05%; phosphorus, 0.01-0.2%; 
potassium, 0.17-33%; calcium, 0.07-3.6%; magnesium, 
0.12-1.5%; and sulfur, 0.01-0.2%. Sediments from three 
depths were analyzed for mineral nutrient elements in the 
GS CTable 1). Sodium sulfate, potassium phosphate, hydro
gen peroj.ide, urea, and distilled water each were added to 

the l:10diluted sediment suspensions. The flasks were 
incubated al room temperature for 2 days on t> shaker table 
setatl40rpm. Each of the samples was subsequently 
plated onto Bacto agar (n=10; controls n=15) at room 
temperature for 23 days. 

Representative sediment samples were analyzed for 
Total Petroleum Hydrocarbons (TPH) using U.S. Environ
mental Protection Agency (EPA) procedures (EPA 5030, 
preparation; EPA 8015/8020, analytical). Metals and 
mineral nutrient elements were analyzed by appropriate 
EPA methods (310.1.3253,353.2,6010,7196,7471, or 
9038). These analyses were conducted by certified contract 
laboratories. Samples were delivered to these laboratories 
on ice, usually just a few hours following their collection. 

RESULTS 

Both the CFU (1 % PTYG agar) and total (AODC) 
bacteria numbers were found to vary markedly throughout 
the borehole profile (Table 2). The highest concentration of 



Table 1. Chemical analysis of three sediments from borehole GSB-710.* 

Sediment sample concentration (mg/kg) 
Detection Detection Analysis 

Analyte 97.2 ft 100.8 ft 102.8 ft limit (mg/kg) methcj 
Nitrate <0.5 <0.5 < 0 j 0.5 EPA 353.2 
Potassium 1.100 650 930 3 EPA 6010 
Chloride 40 10 40 10 EPA 325.3 
Carbonate <50 <50 <50 50 EPA 310.1 
Bicarbonate 80 60 <50 50 EPA 310.1 
Sulfate <30 <30 40 30 EPA 9038 
Iron 9,800 8,600 8,700 1 EPA 6010 
Manganese 530 290 300 0.1 EPA 6010 
Calcium 2,600 2,600 2,600 1 EPA 6010 
Sodium 140 120 130 1 EPA 6010 
Magnesium 3.000 2.400 2.600 1 EPA 6010 
•Clayton Environmental Consultants, May 16,1991. 

Table 2. Bacterial counts and benzene-oxidation rale depth profile from borehole GSB-710. 

Colony-forming units P«C]Phenolc 

(CFUJ/gram Trophic 
Depth dry soil wt AODC/gram state With Without TPHd Benzene 

(ft) (gdw)» dry soil wt a <%)" formate formate (mg/kg) (mg/kg) 

4.2 2.65x10* 6.39 x lO 7 0.04 0 0 0 0 
10.2 8.3x103 8.28 x 1 0 s 0.01 — — — — 
17.3 130x103 3.63 x 10 s 0.10 1.4 0 0 0 
29.0 2 . 5 9 x l 0 2 9.39 xlO 7 0.04 1.3 1.8 0 0 
40.9 • s lx lO 2 — — 0 0 0 0 
53.6 1.88 x 10* — — 0 0 0 0 
60.5 7.75x10* 1.2 x 1 0 s 6.46 0 0.4 — — 
713 3.53x10* 5.73.x 10 s 6.16 1 1.6 0 0 
76.8 1.48x10* — — 0 0 0 . 0 
84.6 8.33x105 9.48 x 1 0 s 87.9 1.4 0 — — 
93.5 1.97 x l O 2 — — 0 0 — — 
97.5 1.53 x l O 2 — — 0 0 0.4 0.17 

100.5 3.97 xlfjS 1.02 x 1 0 s 38.92 1.4 0 0.8 0.058 
106.5 6.15 x 10 3 — — 1.2 1.0 0.3 0 
115.5 3.96 x 1 0 s Z81X10S 14.1 0 0 0.8 0.14 
12L5 1.38 x 10 2 6.81x10 s 0.002 0 0.7 300 3.00 
135.5 4.88 X10 2 3.82 x 1 0 s 0.13 0 0.7 0.3 0.005 

Note: dashes indicate analyses not run. 
* Average of triplicate spread plates in 1% PTYG agar medium. 
b Percenttrophic state is du ratio of [(CFU/gdw)AAODC/gdw)] x 100. 
c Listed data represent nmol forrned/15 min/100 mg dry soil wL 
" TPH, total petroleum hydrocarbons. 
Detection Limits: 
CFU: 100 CFU/gdw soil 
AODC: l x 10 s AODC/gdw soil 
TPH (gasoline fingerprint): 0.3 mg/kg 
Benzene: 0.2 mg/kg 



sediment TPH, 300 mg/kg al 122.5 ft, depressed the colony-
forming bacteria (138 CFU/gdw), but did not seem to 
influence the total microorganism number (6.81 x 10 s 

AODC/gdw). In fact, the presence of TPH and benzene did 
not significantly influence the total population numbers at 
any depth. GS sediment sample viable plate counts did not 
correlate, positively or negatively, with TPH or benzene 
concentrations by the Pearson correlation test. 

Oxidative benzene degraders were found in some of 
the GSB-710 sediment samples. However, their rates of 
benzene oxidation were not generally as high as those found 
in sediments from boreholes closer to the spill (unpublished 
data). The initial product being measured in this assay is 
twC-phenoI) from (,4C-benzenel. Formate is used as an 
oxidizable cosubstrate. Results from Table 2 show that 
sediment samples with active benzoic-oxidative bacteria (at 
depths of 173,29.0, and 106.5 ft) are not necessarily 
associated with the most highly populated areas (CFU/gdw 
and AODC/gdw values). Of the 16 sediment samples (hat 
were analyzed for benzene oxidation from GSB-710,9 had 
measurable benzene oxidative activity. Of these 9 samples, 
only 2 were from sediments with relatively high CFU/gdw 
(84.6 and 100.5 ft). Benzene oxidative activity also did not 
necessarily coincide with the occurrence of TPH (sediments 
from 17.3 and 29.0 ft). However, due to the ongoing vapor 
extraction operations in the GS, any gasoline at these 
depths, may have been removed by the extraction process, 
leaving an oxygen-rich environment with low or undetect
able TPH concentrations. 

Greater percent trophic states exist in the sediments 
between S3.6 and 115.5 ft than those above or below these 
depths. The percent trophic state is calculated by dividing 
the number of CFU by total number of microorganisms. 
Percent trophic state indicates the percentage of the micro
organisms that are metabolically active, whereas the re
maining percentage of the population is assumed to be 

either dormant or could not grow on the given culture 
medium. 

The increase in percent trophic values in the 53.6- to 
115.5-fl range may be due to the location of vapor extrac
tion screens and the subsequent air circulation in this zone. 
The screens are located in 5-ft sections at various depths, 
dependent on sediment grain size. Zone 3 is located at 53-
58 ft, zone 4 is located at 64-69 ft, and zone 5 is located at 
81-86 ft. The vapor extraction process added approxi
mately 10 to 14 mole % oxygen to the local area; a vapor 
sample from 56.3 ft indicated mole % oxygen increased 
from 5.01 to 19.16; and vapor samples from 80.2 ft indi
cated mole * oxygen increased from 0.56 to 11.04 (analysis 
by the Quantitative Mass Spectrometry Laboratory, LLNL; 
R. Bedford and R. Swansiger, analysts). 

Many enzymes require the addition of metal ions 
(Mg + 2, Mn *2. Fe + 2 , Zn + 2 , etc) in order to be activated. 
Magnesium, manganese, iron, and zinc were found in our 
sediment samples (Tables 1 and 3). The concentrations of 
heavy metals found in the sediment samples (Table 3) were 
in the low range of concentrations found by Lindsay (1979) 
in uncontaminated soils. 

The growth of indigenous bacteria from GSB-710 at 
the 64.0-ft depth increased from 9.15 x 10* to 3.64 x 10 4 

CFU/gdw (4-fold) with the addition of 0.5 M NH4C1 and 
to 4.46 x lO 4 (5-fold) with the addition of 0.02 M H^Oj 
(Fig. 2). All other nutrients were ineffective in increasing 
the viable plate counts. 

DISCUSSION 

This study was undertaken to study the influence of 
several subsurface parameters and TPH content on the 
acclimated indigenous microorganisms in a gasoline con
taminated plume. The viable bacterial populations existing 

Table 3. Analyses of metals in subsurface sediments from borehole GSB-710. 

Sample concentrations1 

(mg/kg) Limit of 
detection 
(mg/kg) 

EPA 
method 

Background 

Analyte 97.2 ft 102.8 ft 100.8 ft 

Limit of 
detection 
(mg/kg) 

EPA 
method (mg/kg) 

Chromium 11 10 12 1 6010 1-1,000 
Copper 19 12 11 1 6010 2-100 
Lead 8 6 7 1 6010 2-200 
Mercury <0.1 <0.1 <0.1 0.1 7471 0.01-0.3 
Nickel 22 17 24 1 6010 5-500 
Silver <0.5 <0J <0.5 0.5 6010 0.01-5 
Zinc 28 24 19 1 6010 10-300 
•Analysis by Clayton Environmental Consultants, May 16,1991. 
b Ranges of concentrations of metals found in uncontaminated soils by Lindsay.6 
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Figure 2. Increase in bacterial popi Jaiion with nutrient addition to sediments from borehole CSB-710 
from the 64-ft depth, followed by.", 2-day incubation on the shaker table at 140 rpm. Replicate samples 
were plated on Bacto agar (n=8) and incubated at 24°C for 23 days, then scored. Error bars are 'de 
standard deviation cf the mean of each sample. 

within the contamination plume are those that have presum
ably survived the gasoline spill. In the capillary fringe area 
and the saturated zone, the numbers of viable (heterotro
phic) aerobic bacteria were usually diminished. Several 
possibilities exist: the bacteria were exposed to toxic levels 
of TPH; the localized environment was anaerobic; or the 
routinely used 1% KDfQ agar jcrfeniqgJiif.fliiim did not 
furnish the micronutrients for the growth of many bacteria 
that exist in this area. 

The concentrations of heavy metals found in our 
sediment samples were below levels that could reduce soil 
enzyme activity.7 However, under certain anaerob'C condi
tions, the ionic forms of heavy metals may increase. The 
ionic forms of these metals, such as mercury, silver, and 
copper, are lethal or inhibitory to microorganisms.8 Copper 
sulfate (2 ppm) in water has been used to prevent algal 
growth.* Silver oxide or metallic silver is bacteriostatic or 
bactericidal.8 

All microorganisms require nitrogen for cellular 
growth. However, bacteria are diverse with respect to their 
nitrogen requirement Some can fix atmospheric nitrogen; 
some use inorganic nitrogen; and others may require one or 
more organic nitrogen compounds.' The GS had nitrate 

concentrations below detection limits in three samples from 
GSB-710 (Table 1). Among the nitrogen compounds tested 
thus far, ammonium chloride seemed to increase die sedi
ment bacterial population the most under the experimental 
conditions employed (Fig. 2). The addition of peroxide also 
resulted in a large apparent increase in bacterial numbers. 
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