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Abstract
Enhanced subsurface biorestoration is rapidly becoming recognized as a valuable tool for the restoration of

hydrocarbon-contaminated aquifers and sediments. Previous field and laboratory studies at a former wood creosoting
facility near Conroe, Texas, have indicated that insufficient oxygen is the primary factor limiting the biotransformation
of polynuclear aromatics (PNAs) in sediments and ground water at this site. A series of laboratory experiments and field
push-pull injection tests were performed as part of this project to: (1) study the effect of low oxygen concentrations on the
biotransformation of PNAs; (2) identify the minimum concentration of PNAs that could be achieved through the
addition of oxygen alone; (3) confirm that enhanced subsurface biorestoration is feasible at this site; and (4) test an
existing numerical model of the biotransformation process (BIOPLUME). The laboratory studies demonstrated that
biotransformation of the PN As was not inhibited at dissolved oxygen concentrations as low as 0.7 mg/L although this
work did suggest that there may be a minimum PNA concentration of 30 to 70 ug/L total PNAs below which
biotransformation was inhibited. The field push-pull tests confirmed that addition of oxygen was effective in enhancing
the subsurface biodegradation of the PN As. The minimum concentration achieved using oxygen alone was approximately
60 ug/L total PNAs. Minimal biotransformation of these compounds was observed without oxygen addition. The
- numerical model BIOPLUME was tested against monitoring data from the field experiments and appears to provide a
d approximation of the biodegradation process.

troduction : PNAs or chlorides and 2 to 3 mg/L DO; (2) a plume of
Microbial activity in subsurface environments con- contamination in which high chlorides and PNAs were
inated with organic chemicals can be limited by the found and non-detectable oxygen; (3) a zone of active
bility of inorganic nutrients and dissolved oxygen treatment where the chlorides were elevated, oxygen was

)), the absence of an acclimated microbial population, depleted, and the PNAs were reduced; and (4) a treated
e presence of toxicants (Thomas et al. 1987). At a zone where chlorides were higher than the background,
ntaminated with wood creosoting wastes near PNAs were greatly reduced, and low quantities of oxygen

e, Texas, DO appeared to be the major limitation were present. Additional monitoring at the creosoting
degradation once the microbial population had site demonstrated that the ability to degrade benzene,
ated to the contaminants (Lee and Ward 1985, toluene, and o- and m- xylene was correlated with elevated

1 et al. 1985). An active microbial population has levels of ATP (Wilson et al. 1986). This correlation may
yund in the creosote-contaminated aquifer material have been the result of increased microbial growth due to
nd water that is capable of rapidly degrading the presence of the organics. The creosote contamination

~of the contaminants including naphthalene, may have also affected the composition of the microbial
hylnaphthalene, dibenzofuran, fluorene, acenaph- population causing a reduction in the relative percentage
anthracene, and 1-methylnaphthalene in laboratory of Gram-positive organisms (Smith et al. 1985). Lee and
osms (Lee et al. 1984, Wilson et al. 1985). However, Ward (1985) demonstrated that the addition of inorganic

that have not been impacted by the creosote nutrients (nitrogen, phosphate, and trace metals) to
, the microorganisms in the subsurface material creosote-contaminated ground water did not increase the

acclimated to the contaminants and were unable rate of biotransformation of several aromatic compounds,

> the concentrations of a number of aromatics although the minimum concentration achieved by bio-
Icubation for eight weeks (Wilson et al. 1985). transformation was lower than that without nutrients.

t al. (1985) divided the creosoting site into the The field work and laboratory experiments described

2 four areas based upon the quantities of oxygen, in this paper were conducted at or using samples from the

and polynuclear aromatics (PNAs) found in the former creosoting site in Conroe, Texas. This facility was

fwater: (1) the pristine zone contained little or no operated by the United Creosoting Co. (UCC) _from 1946



until 1972. Wastes from the operation were disposed in
two unlined pits. This resulted in contamination of the
shallow aquifer beneath the site. In 1983, the site was
added to the National Priorities List of the Comprehensive
Environmental Response, Compensation and Liability
Act and is currently under investigation to determine the
appropriate remedial action for cleanup. The major
organic contaminants present in the ground water are
PNAs including naphthalene, dibenzofuran, phenan-
threne, 2-methylnaphthalene, and fluorene at concentra-
tions up to 3.5 mg/L. Other aromatic compounds are
found, but typically at lower concentrations. The geology
of the site is extremely heterogeneous with numerous and
rapid changes between relatively clean, well-sorted sand,
and sandy clay. Two separate water-bearing zones have
been identified: (1) alower permeability unconfined zone;
and (2) a slightly higher permeability semiconfined zone.
These two zones are separated by a thin semiconfining
layer. The push-pull tests were performed in the semicon-
fined zone approximately 250 feet (75m) south of the
former pits. The semiconfined zone is composed of
medium fine clayey sand with a permeability of approxi-
mately 3 ft/d (1 m/d). The gradient of the piezometric
surface in the area is low, resulting in a ground water
velocity of approximately 17 ft/yr (5 m/yr). Borden and
Bedient (1987) described a three-well injection-production
test at this site in which adsorption of naphthalene and
1,4-dichlorobenzene was found to be negligible.

Methods — Laboratory Biotransformation

Studies

Batch ground water biotransformation studies were
carried out to determine the effect of dissolved oxygen on
the rate of biotransformation and the minimum achievable
PNA concentration. Ground water used in these studies
was collected after pumping three or more well volumes
from existing monitoring wells. The incubation vessels
were replicate 25mL vials capped with Teflon®-lined septa
or 1-gallon amber glass bottles. Controls were prepared
by adding 1 percent sodium azide, a microbial respiration
inhibitor. The DO content of the water was adjusted by
purging the water with either air or nitrogen. Dissolved
oxygen levels were determined in triplicate using a YSI
probe and meter. Organic analyses were performed by
extracting a composite water sample using the Sep-pak
extraction procedures outlined by Wang et al. (1985).
Organic quantification was by gas chromatography using
a Hewlett-Packard ultra-performance silica capillary
column with cross-lined 5 percent phenyl methyl silicone
packing. Peak identifications are based on retention time
matching with the quantification based upon relative
peak response factors of known standards. The concen-
trations of the various PN As were determined over time.

Methods — Field Push-Pull Tests

Two push-pull tests were performed in the semicon-
fined zone of the shallow aquifer at the UCC site in order
to examine the effect of oxygen addition on the in situ

biotransformation of PN As present in the shallow aquifer
and to test an existing biotransformation model (BIQ.
PLUME, Borden and Bedient 1986). In the first testzi
anoxic ground water from a well in the contaminateq
zone (RU-2) was pumped into two 55-gallon (7.4 ft3 o
210 liter) drums, spiked with 280 mg/ L chloride, deoxy-
genated by bubbling with nitrogen for 30 minutes, and
injected rapidly into a well in the zone of active treatment
(RU-1). Water was withdrawn from this well at a rate of
0.11 ft3/hr (50 mL/min) and samples were taken periodi-
cally for determination of organics, DO, conductivity,
and chloride. A second test (aerobic) was conducted in
the same manner except that air was used to increase the
concentration of DO of the water to about 6.0 mg/L
prior to injection. Water samples were collected during
both tests by withdrawing water from the well through
approximately 30 feet (10m) of 0.25 in (0.6cm) Teflon
tubing using a peristaltic pump. Target organics were
analyzed by gas chromatography using the methods out-
lined previously. Chloride was determined by a Hach test
kit. Conductivity was measured with a YSI conductivity
meter. Oxygen was monitored at the surface with a YSI
meter and probe and by a Chemetrics test. During the
field tests, the minimum oxygen concentration observed
was 0.7 mg/L. This observed minimum is thought to
have been due to diffusion of oxygen through the Teflon
tubing during sample collection rather than a lower limit
of microbial activity. Holm et al. (1986) developed a
relationship for estimating the change in oxygen concen-
tration due to diffusion through Teflon tubing. Using this
relationship, approximately 0.8 mg/L oxygen would be
expected to enter the sample. Based on this analysis, the
analytical detection limit for DO has been assumed to be%

0.8 mg/L.

Laboratory Results

Laboratory experiments were conducted to determine
the effect of low oxygen and organic substrate concentra;
tions on the biotransformation of hazardous organig
compounds.

An experiment was designed to examine the effect of
oxygen concentration on the removal of the selected
aromatics. Water samples-from a contaminated welk
(RU-2) were purged with nitrogen or oxygen to adjust the
DO to 1.8 or 8.0 mg/L. Figures la and 1b show thé
decline in the sum of naphthalene, 2-methylnaphthaleneg
fluorene, phenanthrene, and dibenzofuran (Figure 12}
and oxygen (Figure 1b) concentrations for the sample§
with high levels of DO, the samples with low levels of DUs
and the sodium azide-amended controls. Rapid PNA
removal rates were observed for both the high and lo¥
DO samples, while less was removed from the sodiun
azide-amended control. The maximum rate of hydroca
bon removal in the microcosm with high DO levels wa
291 ug/L/d(Day0to 2, DO=6.5t09.0 mg/L), while thé
maximum removal rate in the microcosm with low D&
levels was 483 ug/L/d (Day 3 to 4, DO = 0.7 mg/ Lk
These data clearly demonstrate that DO is not a majok
limitagion at concentrations greater than 0.7 mg/L. Pré
vious studies have shown that at very low oxygen concef
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¢ 1. Effect of dissolved oxygen on biotransformation rates.
d concentrations of: (a) total PNAs (naphthalene,
naphthalene, fluorene, dibenzofuran, and phenanthrene);
h) dissolved oxygen.

ns, DO will limit the biotransformation of organics
and Ward 1985, Atlas 1981). In this study, the min-
1 DO concentration was apparently not low enough
gnificantly inhibit biotransformation. The one unex-
finding of this study was the apparent persistence
concentrations of organics in the microcosms.
al of the organics ceased at concentrations ranging
to 30 ug/L for the individual compounds. From
ntil the end of the experiment, the sum of the
remained essentially constant at 70 to 80 ug/L in
h DO microcosm even though 5 mg/L of oxygen
ed. The apparent persistence of these organics
s that there may be a minimum concentration
which biotransformation does not occur. Results
‘,:evious studies (Lee and Ward 1985) indicate that
ition of inorganic nutrients may reduce the level
As that can be achieved by microbial bio-
rmation.
cond experiment was performed to determine the
Im persistence of a more extensive variety of
glear aromatics. Ground water samples from a
linated well (RU-2) were incubated in amber
n glass bottles for 28 weeks. The total PNA con-
1on was calculated as the sum of the following
compounds: o-cresol, borneol, naphthalene,
ylnaphthalene, 1-methylnaphthalene, biphenyl,
lethylnaphthalene, acenaphthene, dibenzofuran,
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Figure 2. Total PNA concentration in ground water from RU-2
over a 28-week incubation period. Total PNA defined as the sum of
o-cresol, borneol, naphthalene, 2-methylnaphthalene, 1-
methylnaphthalene, biphenyl, 1,2-dimethylnaphthalene, acenaph-
thene, dibenzofuran, fluorene, dibenzothiophene, phenanthrene,
and carbazole.

fluorene, dibenzothiophene, phenanthrene, and carbazole.
The decline in the total PNA concentration during the
28-week incubation is shown in Figure 2 for the
unamended ground water and the sodium azide-amended
control. The total PNA concentration dropped rapidly in
the unamended ground water during the first three weeks
of the experiment before reaching a plateau of approxi-
mately 30 to 40 ug/ L. All of the compounds from o-cresol
to fluorene could be detected at Week 28 at concentrations
between 3 and 35 ug/ L (data not shown), which suggests
that the microorganisms cannot completely remove the
contaminants or that their activity is significantly reduced.
Dissolved oxygen levels in the sample were sufficient; 6.5
mg/L of oxygen was measured in the test sample after 13
weeks incubation. The small increase in total PNA con-
centration observed during Week 13 is thought to be
experimental error. Some disappearance of PNAs was
also detected in the sodium azide-treated ground water.
This may have been due to volatilization or sorption to
the bottle, or the organisms may have adapted to the
sodium azide inhibitor. Thomas et al. (1988) provide
information of the breakdown of individual PNAs.

Push-Pull Test Results

The chloride, conductivity, oxygen, and PNA con-
centrations observed during the two push-pull tests are
shown in Table 1. Direct comparison of data from the
two tests is complicated by differences in the injection
and background concentrations of the different com-
pounds. A convenient method of analyzing data under
these conditions is to plot the normalized concentration

(c") where

(observed concentration - background concentration)

: (injection concentration - background concentration)

For example, the normalized chloride concentration at
Day 1 for the anoxic test was (189-70)/(280-70) or ¢’ =
0.57. Normalized concentration curves for chloride, con-
ductivity and the sum of the four quantified PNAs
(naphthalene, 2-methylnaphthalene, dibenzofuran, and



TABLE 1
Push-Pull Test Results

Anoxic Test

Volume Chloride Conductivity Oxygen Total PNA
Day (cu. ft.) (mg/L) (umho) (mg/L) (mg/L)
0 0 280 830 0.9 k7S
1 2.76 189 580 <0.8 0.521
2 5.24 129 432 <0.8 0.270
3 7.38 99 370 <0.8 0.208
4 9.50 17 328 <0.8 0.156
6 9.50 83 322 <0.8 0.120
8 14.57 74 262 <0.8 0.170
Aerobic Test
Volume Chloride Conductivity Oxygen Total PNA
Day (cu. ft.) (mg/L) (umho) (mg/L) (mg/L)
0 0 290 905 4.0 0.936
1 2.18 229 700 0.8 0.075
2 4.33 166 540 <0.8 0.060
3 6.59 119 418 <0.8 0.121
5 P52 89 348 <0.8 0.106

fluorene) vs. total volume of water produced from the
well are shown in Figures 3 and 4 for the anoxic and
aerobic push-pull tests, respectively. These four organics
were selected because they occur in the highest concentra-
tions at the site and generally constitute 70 percent to
80 percent of the total hydrocarbons present. Oxygen
concentrations are not plotted here because there was
only one observation during the anoxic test and two
observations during the aerobic test that were above the
analytical detection limit of 0.8 mg/L. Injection and
background concentrations used in the calculations are
shown in Table 2.

Chloride concentration and conductivity decreased
rapidly during both tests, returning to background levels
after approximately 12.4 ft3 (354 L) had been produced.
This is somewhat surprising because approximately 14.7
ft3 (416 L) of water was injected during both tests. Classical
advection-dispersion theory would predict that the nor-
malized concentration of chloride and conductivity would
be greater than 0.50 until at least one injection volume
had been produced. Various hypotheses were examined
to try to explain this apparent inconsistency. The only
hypothesis found that adequately matched the chloride
and conductivity data assumes that a fraction of the
injection fluid was somehow lost. During the push-pull
tests, the injection rates were very high to avoid loss of the
organics during the injection phase (Reynold’s number =
10 at injection well). These high injection rates may have
forced some of the injection water through the semicon-
fining layer where it could not be recovered. In all further
data analysis, a fraction of the injection volume has been
assumed lost from the system.
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Figure 3. Anoxic push-pull test results. Variation in the normﬂlili
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During the anoxic test, there was a general decline in
the concentrations of the PN As, conductivity, and chloride
as they approached background levels due to dilution
with the less contaminated ground water. The chloride
and'cond'uctivity followeq each other well as expected.
The total PNA concentration dropped at aslightly greater
rate than chloride. Thls greater rate may be due to bio-
transformation resulting from the introduction of a small
amount of oxygen during the injection procedure.

During the aerobic test, there was a rapid decrease in
the concentrations of the organics and oxygen (Figure 4).
within 24 hours (2.18 ft3) the total PNA concentration
had dropped from 936 ug/ L to 75 ug/ L while the chloride
and conductivity decreased by only 15 percent. This
dramatic difference between the anoxic and aerobic tests
is evidence of: (1) the importance of oxygen addition in
the biotransformation of the PN As; and (2) the high rates
of biotransformation possible when both oxygen and an
adapted microbial population are present. After an addi-
tional 24 hours, the total PNA concentration was relatively
unchanged at 60 ug/ L. Mass balance calculations indicate
that at this time there should still have been oxygen
present in the formation. The minimal transformation of
the PNAs below a concentration of 60 to 75 ug/L corre-
sponds with the previous laboratory experiments, which
showed little biotransformation below a concentration of
approximately 30 to 40 ug/L for the sum of 13 PNAs.
From Day 2 to 5, a slight increase in the PN A concentra-
tion was observed as the injection water was diluted with
formation water containing elevated levels of organics
and no oxygen.
~ Hydrophobic adsorption cannot explain the large
loss of organics during the aerobic test because previous
field studies at this location have shown adsorption to be
minimal. Borden and Bedient (1987) found no retardation
naphthalene or para-dichlorobenzene relative to a
oride tracer (retardation factor = 1.0 + 0.08) using a
ee well injection-production test. This small amount
1ydrophobic adsorption is not unexpected because the
janic carbon concentration in this aquifer is very low
han 0.01 percent by weight).

erical Modeling of Push-Pull Tests

he transport and aerobic biodegradation of polynu-
a}r_omatic hydrocarbons during the push-pull tests
simulated using a general mathematical model
PLUME) developed by Borden and Bedient (1986).
model was modified to: (1) account for oxygen
nd during both cell growth and cell decay; (2) simu-
he apparent minimum degradable hydrocarbon
ntration (H,; ); and (3) simulate one-dimensional
flow away from the injection well. Transport of
organisms within the aquifer was assumed to be
ble. The final equations used in the simulations
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= total hydrocarbon concentration

= oxygen concentration
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= maximum hydrocarbon utilization rate per unit
mass microorganisms :
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3
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cell yield coefficient

bz
|

= ratio of oxygen to hydrocarbon consumed
during cell synthesis ‘
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N
|

ing cell decay
= hydrocarbon half saturation constant

~
==
I

Ko = oxygen half saturation constant

H_,, = minimum degfadable hydrocarbon
concentration ‘
ky = microbial decay rate.

The spatial derivatives were approximated using a fully
upwinded finite difference approximation. This resulted
in a series of ordinary differential equations that were
solved using a fourth-order Runga-Kutta solution.
Numerical dispersion was accounted for using the correc-
tion factor suggested by Lantz (1971). This procedure was
compared with the analytical solution of Gelhar and
Collins (1971) and closely agreed. Additional details on
the solution procedure can be found in Borden and Bedient
(1986).

The transport portion of the biodegradation model
was first calibrated by matching the chloride recovery
curves. The effective injection volume was estimated as
the produced volume where the normalized chloride con-
centration equaled 0.50. An effective injection volume
was used because of the apparent loss of a portion of the
injection fluid to the overlying unit. The longitudinal
dispersivity (a;) was then adjusted to match the observed
recovery curves. The best estimate of a; is 0.1 foot for
both the anoxic and aerobic tests. Simulated and observed

= ratio of oxygen td cell material consumed dur-
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chloride recovery curves are shown in Figures 5 and 6.

The majority of the microbiological parameters were
determined in laboratory studies at Rice University.
Oxygen was assumed to be the only electron acceptor.
The four monitored PNAs were assumed to constitute
70 percent of the total hydrocarbon. This percentage is
based on more detailed quantification of the contaminated
ground water performed by Bedient et al. (1984). The
ratio of oxygen to hydrocarbon consumed in cell synthesis
was estimated from the following equation:

7C,Hg+56 0, +4NO; +4 H* — 4 CsH,0,N + 16 H,0
+ 50 CO,.

The oxygen demand due to cell decay was calculated
assuming complete mineralization to carbon dioxide and
water. The initial microbial population was estimated by
matching the PNA recovery curve. The maximum
hydrocarbon utilization rate (k) and hydrocarbon half-
saturation constant (Ky;) were estimated from a series of
batch degradation studies in which the initial hydrocarbon
concentration was varied from 4.9 to 798 ug/ L (naphtha-
lene used as model hydrocarbon, Thomas et al. 1985).
The oxygen half saturation constant (K,) was estimated
from oxygen limitation studies described by Lee (1986).
The minimum degradable hydrocarbon concentration
was estimated to be 0.1 mg/ L (70 ug/ L of the four PN As)
based on the previously described laboratory studies. No
data could be obtained from the UCC site on the microbial
cell yield (Y), or decay coefficient (b). Values for these
were obtained from literature sources (Wodzinski and
Johnson 1968, Weston 1971). The physical and microbial
parameters used in all simulations are listed in Table 2.
The simulated total PNA concentrations closely
matched the observed values for both the anoxic and
aerobic push-pull tests (Figures 5 and 6). The H_;, function
incorporated into the biodegradation model was able to
closely match the presistent low PNA concentrations
observed during the aerobic field test. The simulated
oxygen concentrations could not be adequately tested
because of the high detection limit for oxygen. The model
as calibrated did not simulate the observed increase in
total PNAs during the end of the aerobic test. This
observed increase may have been due to incomplete re-

TABLE 2
Best Estimates of Physical and Microbial

Parameters at the UCC Site

Production rate (cu. ft./d)
Longitudinal dispersivity (ft)
Porosity
Saturated thickness (ft)
Background oxygen (mg/L)
Injection oxygen (mg/L)
Background microorganism
(mg/L)
Background hydrocarbon
(mg/L)
Injection hydrocarbon
(mg/L)
Background chloride (mg/L)
Injection chloride (mg/L)
Background conductivity
(umho)
Injection conductivity
(umho)
Maximum hydrocarbon
utilization rate (1/d)
Ratio monitored PNAs
to total hydrocarbon
Cell yield coefficient
Ratio oxygen to hydro-
carbon consumed in cell
synthesis
Ratio oxygen to cell
material consumed in
cell decay
Hydrocarbon half satura-
tion constant (mg/L)
Oxygen half saturation
constant (mg/L)
Minimum degradable
hydrocarbon (mg/L)
Microorganism decay
coef’ (1/d)

Anoxic Test Aerobic Test

245 247 - 4
0.1 0.1
0.3 03 !
5. 5.
0.01 0.01
0.9 4.0
1.5 1.5
0.143 0.143
1.679 1.337
70. 75.
280. 290.
248. 293.
830. 905.
2.0 2.0
0.7 0.7
0.5 0.5
2.0 2.0
2.0 2.0
0.1 0.1
0.6 06 {
0.1 01
0.01 0.01




sioval of the organics added to the formation during the

aoxic test, which resulted in a higher effective background
concentration during the aerobic test.

Discussion

The results from the field push-pull tests clearly dem-
énstrate that oxygen is the primary factor limiting bio-
transformation of hydrocarbons at the United Creosoting
Co. site. This is not surprising because: (1) the rate of
oxygen transfer in the subsurface is low; and (2) oxygen is
commonly assumed to be necessary for the biotransfor-
mation of most hydrocarbons.

A number of investigators have shown oxygen to be
the primary factor limiting biotransformation in other
aquifers. Ehrlich et al. (1982 and 1983) demonstrated that
anaerobic metabolism of phenolics was occurring at a
wood créosoting site in Minnesota. However, naphthalene
and other polynuclear aromatics persisted in the anaerobic
aquifer. They attributed this persistence to the absence of
molecular oxygen.

Barker et al. (1987) performed a detailed field exper-
iment to study the biotransformation of benzene, toluene,
and xylene (BTX) in a shallow aerobic aquifer. Their
monitoring data indicated a rapid loss of BTX during the
early portion of their test followed by a period of much
slower hydrocarbon loss. The period of slower hydrocar-
bon loss was attributed to the persistence of benzene in
anoxic layers within the aquifer.

‘Previous studies have also suggested the possibility of
a minimum substrate concentration below which bio-
transformation is inhibited. This concentration appears

~ to.be highly dependent on environmental conditions.
Boethling and Alexander (1979) observed a sharp dropin
the rate of microbial mineralization of 2,4-D dissolved in
stream water at concentrations between 22 ug/L and 220
4g/L2,4-D. Other studies (Wang et al., 1984) have shown
that the minimum concentration may be dependent on
the concentration of secondary organic substrates and
rganic nutrients. The mineralization of isopropyl
phenylcarbamate (IPC) at 400 ug/ L was increased by
ddition of inorganic nutrients or a mixture of non-
inated pollutants. In contrast to this, addition of
extract, excretions from primary producers, or
ures of aromatic compounds had little effect on the
ent threshold concentration (Wang et. al., 1984).
aboratory studies performed as part of this work on
1d water from the UCC site with no added nutrients
ated a threshold of 30 to 70 ug/ L total PNAs below
1 biotransformation was significantly reduced. The
| data from the push-pull tests was best fit to the
degradation model using a minimum degradable con-
ation of 70 ug/L PNAs. These results roughly fall
L the range of 22 ug/ L to 220 ug/ L where Boethling
Al'exander (1979) observed a marked decrease in the
f 2,4-D biotransformation. Previous laboratory
S by Lee and Ward (1985) suggest that the minimum
Ntration of contaminants achievable at the UCC
ay be reduced through the addition of excess inor-
nutrients and/or DO.
om an ecological standpoint, it may be useful to

consider what factors cause this apparent minimum
degradable substrate concentration and how the subsur-
face microflora can survive once the concentration of
organic substrate drops below this level. If a few adapted
microorganisms and suitable electron acceptors are pres-
ent, a significant population can be expected to develop
and rapidly reduce the concentration of organic substrate.
As the substrate concentration drops, the flux of substrate
into the cell will also decrease. At some point, the energy
yield from substrate metabolism will not meet mainte-
nance requirements. At this point, the cell can continue to
operate and exhaust remaining energy reserves or become
dormant. Roszak and Colwell (1987) discuss various
strategies for bacterial survival under nutrient deprivation.
The classical response appears to be the initiation of a
dormant stage, which may include formation of a spore
or the formation of a non-vegetative stage in which
metabolic processes are greatly reduced.

Previous studies at the UCCsite and in other aquifers
have shown large differences between the number of cells
actively respiring and the total number of cells in the
subsurface. Webster et al. (1985) observed that between 0
and 5 percent of the total bacterial population at the
UCCsite was metabolically active. Total bacterial counts
were estimated by acridine orange staining while respiring
bacteria were estimated as those organisms, which reduced
INT [2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl-
tetrazolium chloride] forming granules within the cell. A
second method based on ATP content indicated similar
metabolic activity. The presence of dormant microbial
cells due to nutrient deprivation could explain the obser-
vation of large differences between the total number of
cells and those actively respiring.

The impact of non-respiring or very slowly respiring
cells on the biotransformation of low concentrations of
organics in the subsurface is not yet known. Monitoring
data collected as part of a Superfund cleanup at the UCC
site (Weston 1986) and analyzed by Borden et al. (1986)
indicated that biotransformation had limited the down-
gradient movement of naphthalene and other PNAs.
There was no indication from the field monitoring data
that a minimum degradable concentration might exist.
This suggests that the dormant population could poten-
tially be capable of using dissolved PNAs at low concen-
trations given sufficient time. Much more research is
needed on the long-term impact of the subsurface micro-
flora on the biotransformation of low concentrations of
organics and the effect of electron acceptor and inorganic
nutrient concentrations on this process.

Summary

A series of experiments was performed to determine
the potential for enhanced biotransformation of the PNAs
present in the shallow aquifer at the United Creosoting
Co. Inc. Superfund site near Conroe, Texas. Previous
laboratory studies had indicated that DO was required
for biotransformation of the organics. Laboratory exper-
iments performed as part of this project indicate that
maintenance of a DO concentration greater than 0.7
mg/L will be adequate for biotransformation down to
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some minimum degradable concentration. Biotransfor-
mation of the polynuclear aromatic hydrocarbons present
in the formation appears to be inhibited below a concen-
tration of 30 to 70 total PNAs ug/L under ambient
nutrient conditions. :

Two single-well push-pull tests were performed by
injecting ground water containing PNAs and chloride
into a portion of the shallow aquifer at the UCC site
where an active microbial population was expected. Dur-
ing the second test, oxygen was added to the injection
water. These tests have demonstrated the importance of
oxygen in hydrocarbon biotransformation. When oxygen
was added to the injection water, the PNAs were rapidly
degraded. When no oxygen was added, there was no
significant loss of the PNAs.

Experimental results from the field test were also
compared with mathematical model (BIOPLUME) sim-
ulations of the biotransformation process. The mathe-
matical model assumes that oxygen is the primary factor
limiting biotransformation of the PNAs. The model pro-
vided a very good match to the field monitoring data
when modified to account for a minimum degradable
hydrocarbon concentration.
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