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Abstract

Biodegradation of petroleum hydrocarbon contamination is a common method for remediating soils and ground-
water. Due to complexities with field-scale studies, biodegradation rates are typically evaluated at the bench-scale
in laboratory studies. However, important field conditions can be difficult to mimic in the laboratory. This study
investigates three scaling factors that can impact laboratory biodegradation rates and that are frequently unac-
counted for in typical laboratory experimental procedures. These factors are soil heterogeneity, morphology of
petroleum hydrocarbon non-aqueous phase liquids (NAPLs) and soil moisture distribution. The effects of these
factors on the biodegradation rate of diesel NAPL is tested under a variety of experimental procedures from
well-mixed batch studies to four-foot static soil columns. The results indicate that a high degree of variability
results from even small-scale heterogeneities. In addition, it appears that as the experimental scale increases, the
measured biodegradation rates slow. The results indicate that diesel biodegradation rates derived from small-scale

experiments are not necessarily representative of field-scale biodegradation rates.

Introduction

Soil and groundwater contamination resulting from
the release of petroleum hydrocarbons has been recog-
nized as one of the principal issues in environmental
remediation. The potential health and ecosystem im-
pacts associated with the presence of petroleum hydro-
carbons in the subsurface continue to cause concern
(Sepié et al. 1996). Diesel fuel, which can be released
to the environment during fueling, maintenance and
storage, is among the most prevalent petroleum hy-
drocarbons impacting the subsurface. Large volumes
of spilled diesel fuel can migrate through unsaturated
soil zones and pool on the groundwater table. These
non-aqueous phase liquid (NAPL) pools can serve as
long-term sources for groundwater contamination as
the soluble constituents of the diesel slowly leach into
and migrate with the groundwater.

Due to the difficulty and high costs typically as-
sociated with extracting residual diesel NAPL from
the subsurface and the long timeframes required for
traditional pump-and-treat strategies, in-situ biore-
mediation (degradation of target contaminants by mi-
croorganisms present in the subsurface) has become an
increasingly common method for treating zones im-
pacted by diesel NAPLs (Goudar & Strevett 1998).
The biodegradation of diesel in the subsurface has
been well documented under a variety of soil and
geochemical conditions (Norris et al. 1994). Success-
ful and cost-effective application of biodegradation
is dependent on the accurate measurement of biode-
gradation rates to predict timeframes and assess the
effectiveness of bioremediation approaches.

Typically, diesel and other petroleum hydrocar-
bons are degraded most rapidly under aerobic con-
ditions (Parker & Burgos 1999; Moller et al. 1996;
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Stout & Lundergard 1998; Widrig & Manning 1995).
However, accurate measurement of degradation rates
under field conditions can be complicated by several
factors. Three of the most significant of these factors
are the soil and microbial heterogeneity, NAPL entrap-
ment morphology and soil moisture distribution. Soil
and microbial heterogeneities can result in differential
transport of electron acceptors and nutrients, forma-
tion of micro-redox zones and complex distribution
of the NAPL (Seagren et al. 1994; Rogers & Logan
2000). Such heterogeneity may result in significant
small-scale variation in biodegradation, as concluded
in a recent review (Haack & Bekins 2000). This occurs
due to the presence of zones of high relative permeab-
ility through which these substances will preferentially
pass. Outside of these preferential pathways, zones of
low permeability are expected to allow little relative
passage and exchange of compounds.

Such localized zones of lower permeability are also
expected to influence NAPL morphology. NAPL mor-
phology refers to the mode of entrapment of NAPL
in the subsurface such as in pools or residual zones.
At high saturation, NAPL typically forms pools of
free phase NAPL, while at lower saturation, the NAPL
forms residual blobs, ganglia and fingers that ‘smear’
through the soil and remain in small pockets of lower
permeability. The NAPL morphology can affect, by
three distinct mechanisms, the activity of degrading
microbial communities and therefore the overall rate
of degradation. The smaller surface area to volume
ratio present in pools of NAPL compared to residual
zones can decrease the mass flux of soluble constitu-
ents from the non-aqueous phase to the water. The
result is a decrease in the time-dependent availabil-
ity of the substrate to nearby organisms (Ramaswami
& Luthy 1997; Seagren et al. 1994). Second, the
presence of free phase can reduce the potential ad-
hesion sites for microorganisms on the soil particles
and pore spaces, resulting in lower numbers of organ-
isms in the potential reactive zone (Rogers & Logan
2000). Finally, the presence of NAPL pools can cre-
ate large pockets of immobile water (Rogers & Logan
2000; Seagren et al. 1994) that result in decreased sub-
strate delivery to the degrading organisms or decreased
bacterial transport rates around the NAPL pool.

The third principal factor influencing biodegrada-
tion rate in the subsurface is the moisture distribution
of the soil. Moisture is essential to active biodegrad-
ation (Bossert & Bartha 1984). However, in fully
saturated systems, aerobic biodegradation rates can be
reduced due to decreased access to oxygen (Bossert &

Bartha 1984; Leeson & Hinchee 1997). Moisture dis-
tribution can also influence the accessibility of diesel
substrate to the degrading microorganisms. Pools of
diesel will tend to sit on top of the saturated zone due
to their lower density compared to water. Microor-
ganisms within the saturated zone may therefore have
more limited access to the diesel constituents than mi-
croorganisms within the capillary fringe just above the
groundwater table.

Due to the complexities of measuring biodegrad-
ation rates resulting from these factors at the field
scale, biodegradation rates are more typically meas-
ured in laboratories at the bench scale (Mgller et al.
1996; Hinchee & Ong 1992; van Eyk & Vreeken
1989; Hogg et al. 1992; Downey et al. 1995; Davis
et al. 1998). These bench-scale studies are frequently
conducted under more homogeneous soil, NAPL en-
trapment and moisture conditions established through
constant mixing. The rates measured at the bench
scale are then commonly used to infer degradation
rates that occur in the field. The ability to extrapolate
from the bench scale to the field scale is dependent
on determining the effect that each of the described
factors has on biodegradation rates. The experiments
described here were conducted to measure and de-
scribe the relative impacts of heterogeneity, NAPL
morphology and soil moisture distribution on aerobic
diesel biodegradation rates at varying scales. Aerobic
biodegradation rates were measured by respirometry
in both batch and column studies. All three factors
(soil heterogeneity, NAPL morphology and soil mois-
ture distribution) were hypothesized to independently
and significantly impact biodegradation rates, with
heterogeneity having the largest impact due to its ef-
fect on both NAPL morphology and soil moisture
distribution. Experimental results are used to discuss
the implications of directly using bench scale biode-
gradation rates to predict effectiveness of degradation
at the field scale.

Materials and methods

Rates of aerobic diesel biodegradation were measured
using both batch and column studies. Soil was ob-
tained from a railyard impacted by aged diesel. Soil
was collected aseptically and shipped on ice to the
laboratory. Soil samples were collected from the ca-
pillary fringe in areas impacted by diesel in order to
obtain microbial cultures pre-adapted to diesel degrad-



ation. Prior to experimentation, soils were stored at
5.5 °C to minimize microbial activity.

A mixture of diesel samples collected from two
locations at the site was used in these experiments. Gas
chromatograms of the diesel indicated that the samples
were enriched in higher molecular weight hydrocar-
bons compared to fresh diesel. This aged diesel pattern
is consistent with the reported time period of diesel
impact at the site (approximately 50 years). A nutrient
buffer solution (pH 7.2) was used to mimic ground-
water conditions at the site and provide nutrients for
microbial activity. The nutrient buffer consisted of
16 mg 17! KHyPOy4, 42 mg 17! K,HPO4, 5 mg 17!
Nap;HPO4, 4 mg 17! NH4CI, 5 mg 1-! MgS04-7H,0,
0.05 mg 17! FeCl3-6H,0, 5 mg 1~! CaCl,, 0.005 mg
17! MnS04-4H,0, 0.01 mg 17! H3BO3, 0.005 mg 1!
ZnS04-7TH,0, 0.003 mg 1! (NH4)Mo07074 (Gouder
& Strevett 1998).

Batch experiments

The experimental conditions for soil batch studies are
summarized in Table 1. A total of 19 batch bottles
representing six different conditions were tested. Ap-
proximately 2 ft3 (56.6 1) of diesel-impacted soil was
homogenized in a methanol-rinsed plastic bucket. All
batch studies were conducted using this homogenized
soil. The first experimental condition (biotic, well-
mixed, containing 20 ul diesel (BM20)) represented
the most ideal conditions obtainable in the laboratory.
Three replicate soil slurry bottles were created by pla-
cing approximately 30 g of sieved (4.75 mm) soil, 60
ml of nutrient solution and 20 ul of diesel mixture
(to establish residual NAPL saturations on the soil) in
sterilized 250 ml amber glass bottles capped with Min-
inert valves. The high ratio of liquid to soil promoted
mixing during the experiment. During the experiment,
the sample bottles were shaken on a rotary shaker at
200 rpm, sufficient to establish a constantly stirred
slurry within the bottles. Gas-phase samples (1 ml)
were collected from the headspace of the bottles every
6—12h. The O and CO; concentrations were analyzed
by gas chromatography (GC) as described below.

A lower ratio of liquid to soil was studied in the
second (biotic, partially mixed, 10 ul added diesel
(BP10)) and third (biotic, partially mixed, 20 ul ad-
ded diesel (BP20)) experimental conditions to test
less homogeneous conditions. For these batch stud-
ies, approximately 60 g of soil and 30 ml of nutrient
solution were combined with either 10 ul or 20 ul of
diesel mixture in sterilized 250 ml amber glass bottles
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capped with Mininert valves. Bottles were sampled
and shaken as described for the well-mixed bottles
(experimental condition 1 — BM20). At the 200 rpm
shaking speed, the soil within the bottles was not
suspended in the solution.

Three tests were conducted as controls. Two
bottles containing biotic soil (60 g), nutrient buffer
(30 ml) and no added diesel (biotic, partially mixed,
no diesel added (BP0)) were tested to measure the
baseline O, depletion and CO, production rates in the
soil. Four additional bottles were tested with sterilized
soil (60 g), nutrient buffer (30 ml) and either 10 or 20
wul diesel added (abiotic, partially mixed, 10 ul diesel
added (AP10) or abiotic, partially mixed, 20 pl diesel
added (AP20)). To sterilize soils for the abiotic tests,
a portion of the homogenized soil was autoclaved for
one hour at 121 °C and 22 psi on three consecutive
days as described by Lotrario et al. (1995).

Column experiments

To test for the potential impacts of experimental scale
on diesel biodegradation rates, respirometric tests of
soils in three column sizes were conducted. Soil from
the same sampling area used in batch studies was used
to fill columns of different sizes. The 10, 50 and 120
cm high columns were made of glass, aluminum and
Plexiglas, respectively, with a sampling port at the
top and a connection at the base to a constant-head
reservoir. Each soil column was rinsed with methanol
and then packed with soil in increments by altern-
ately filling with soil and packing the soil down with
weight. After packing each column with soil to just
below the upper end, the columns were slowly filled in
an upflow manner over 8 h using an adjustable reser-
voir of nutrient solution connected to the base of the
column. Diesel was then added to each column via
syringe loading to the top surface of the packed soil
to establish a diesel concentration of approximately
337 mg diesel kg~! soil (to establish residual NAPL
saturation in the soil). After addition of the diesel,
the water table was dropped to establish a ratio of
30% unsaturated soil to 70% saturated soil and the
columns were allowed to equilibrate for at least 18 h
prior to initiation of sampling. Samples were collected
from the column headspace and analyzed for O, and
CO, similar to those described for batch tests. The
experimental conditions for each set of columns are
summarized in Table 2.

An additional set of experiments involving water
table fluctuations was conducted on three of the 120
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Table 1. Batch study experimental conditions

Label Number of  Mixing Soil Approximate  Nutrient solution  Diesel
replicates condition condition  soil mass (g)  volume (ml) volume (ul)

BM20 3 Well mixed Biotic 30 60 20

BP10 5 Partially mixed  Biotic 60 30 10

BP20 5 Partially mixed  Biotic 60 30 20

BPO 2 Partially mixed  Biotic 60 30 0

AP10 2 Partially mixed ~ Abiotic 60 30 10

AP20 2 Partially mixed ~ Abiotic 60 30 20

Table 2. Column study experimental conditions

Column  Soil Diesel volume  Diesel concentration  Depth unsaturated soil/
height volume  added (mg diesel/kg soil) depth saturated soil

10 cm 180ml  0.19 ml 337 2.5cm/5.9 cm

50 cm 875ml  0.9ml 337 13 cm/30 cm

120 cm 49L Sml 337 30 cm/71 cm

cm columns. During the initial respirometric tests, the
water table was located 30 cm from the top of the
column. During water table fluctuation studies, respir-
ometric tests were also conducted at water table depths
of 0, 15, 45 and 60 cm with no additional diesel ad-
ded. After visual verification that the desired water
table level was established in the columns, the sys-
tem was aerated from the column base for 30 min to
re-establish a high oxygen concentration within the
column for aerobic activity. Headspace sampling for
each water table depth was conducted for 10 days.

Analytical techniques

Oxygen and carbon dioxide gas-phase samples were
measured by Agilent p200 micro GC equipped
with dual columns and thermal conductivity detector
(TCD). Oxygen was analyzed with a retention time of
25 s and a total run time of 100 s on a 10 m, MS-
5A column at a constant temperature of 50 °C. Carbon
dioxide was analyzed with a retention time of 25 s
and total run time of 100 s on an 8 m, PPU column
at a constant temperature of 70 °C. Oxygen deple-
tion was converted to diesel degradation assuming a
stoichiometry of 3.5 mg oxygen to 1.0 mg diesel (Hin-
chee & Ong 1992; Dupont 1993; Davis et al. 1998;
Hickey 1995; Downey et al. 1995; Bregnard et al.
1996; Moller et al. 1996).

Following respirometry experiments, diesel was
extracted from batch and column tests using a modi-
fied EPA SW-846 method 3550 by varying the methyl-
ene chloride to soil ratio based on the extent of
contamination in the soil (Environmental Protection
Agency 1996a). Extracted diesel was analyzed using
EPA SW-846 method 8015 (Environmental Protection
Agency 1996b) with a DB-624 rather than a DB-5
column in a Hewlett Packard 6890 Series Gas Chro-
matograph equipped with a flame ionisation detector.
The DB-624 (J&W Scientific) column (30-m x 0.320-
mm with a nominal film thickness of 1.8-mm) was
used with helium as the carrier gas. The injector and
detector temperatures were 255 °C and 260 °C, re-
spectively. Oven temperature conditions were: 60 °C
for 3 min, 15 °C min~! to 255 °C and 14 min at
255 °C for an overall run time of 30 min, with integra-
tion of data beginning at 5 min and ending at 25 min.
Known concentrations of the site diesel (100-50,000
ppm) were used for calibration.



Results

Batch experiments

A high degree of variability was measured in oxygen
consumption rates between replicates. This variability
was present in all of the batch experiments including
the well-mixed, ‘homogenous’ soil experiments. The
oxygen depletion from the three replicates of the well-
mixed soil experiments is shown in Figure 1. While the
replicates behaved similarly during approximately the
first 100 h of the experiment, the oxygen consumption
diverged sharply between the three replicates during
the last 200 h of the experiment. Average oxygen
consumption rates measured over 380 h ranged from
3.1 mg (kg day)~! to 11.2 mg (kg day)~'. This
large difference is reflected in the calculated stand-
ard deviations for both overall oxygen consumption
and the calculated diesel degradation rates shown in
the first row of Table 3. This marked divergence
in oxygen consumption under well-mixed conditions
demonstrates that small samples of homogenized soils
can exhibit significantly different respiration behavior.

Similar variability was observed in the partially
mixed batch experiments. As with the well-mixed sys-
tems, biotic experiments initially containing 10 and 20
ul of diesel under partially-mixed conditions showed
similar early oxygen depletion followed by significant
divergence after approximately 100 h. The results of
these studies are summarized in Table 3. Although the
standard deviations of the BP10 and BP20 series were
similar to the well-mixed soil experiments, the calcu-
lated average diesel degradation rates were slower in
the partially mixed soil experiments.

Given the variability between replicates, no sig-
nificant difference (tested at 90% confidence) was
observed in degradation rates with initial diesel addi-
tions of 10 ul (BP10) and 20 wl (BP20). Therefore,
any dependence of the diesel degradation rate on the
amount of diesel present cannot be determined. Abi-
otic controls (AP10 and AP20) showed small oxygen
depletion compared to the average oxygen depletion in
biotic tests, indicating that the primary mechanism for
oxygen depletion was biological oxidation. Relatively
low oxygen depletion rates were also observed in con-
trols containing no added diesel (BP0), demonstrating
that the biological oxidation of alternate organic sub-
strates (such as background diesel or soil humic and
fulvic acids) did not significantly contribute to the
oxygen depletion observed in experiments containing
added diesel. Based on the results from these two con-
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trols, diesel degradation rates, summarized in Table 3,
were calculated on the basis of (1) negligible abiotic
oxygen uptake; and (2) negligible biological oxidation
of alternate organics.

Average diesel degradation rates were also calcu-
lated based on recovery of extracted diesel from the
batch test materials. A simple batch test to measure ex-
traction efficiency indicated that 83% of diesel added
to soil could be recovered (data not shown). Using this
efficiency value and the measured remaining diesel,
the average diesel degradation rate was calculated, as
summarized in Table 3. The degradation rates based
on extracted diesel are quite similar to those based on
respiration, with no statistically significant difference
at 90% confidence with the exception of the AP20
system. The soil in these systems may have been in-
sufficiently sterilized so that bioactivity developed in
the time between respiration measurements and diesel
extraction, but significant CO; production did not oc-
cur (data not shown). The most likely cause for this
discrepancy in rates is poor extraction efficiency, as
seen in the column systems (see below). Though a
wide range of diesel degradation rates was observed in
the batch studies, the strong correlation between these
rates based on the diesel extraction and respirometry
measurements suggests that the respirometry method
accurately reflected the diesel degradation rates in the
batch systems.

Column experiments

The oxygen concentration observed over time in the
headspace of each column is shown in Figure 2.
The highest degree of variability was observed in
the 120 cm columns, with overall diesel degrada-
tion rates based on respirometry ranging from 0.04
mg (kg day)™! to 0.34 mg (kg day)~! and an aver-
age of 0.20 mg (kg day)~! (see Table 4). Like the
batch experiments, oxygen concentrations decreased
initially and then appeared to stabilize somewhat.
Oxygen and diesel concentrations upon stabilization
were sufficiently high so that respiration rates were
not limited, but nitrogen may have been a limiting nu-
trient. Estimates based on CO; data (not shown) and
typical cell growth stoichiometry suggest that some,
though not all, of the experimental systems may have
been nitrogen-limited, though no experiments were
conducted to determine a limiting growth factor.

The rates of diesel biodegradation based on extrac-
tion of diesel from the column materials are substan-
tially higher than those calculated from respirometry
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Figure 1. Oxygen depletion in three replicates of biotic, well-mixed bottles with 20 pL diesel added.

Table 3. Batch experiment oxygen consumption and calculated diesel degradation rates

Condition ~ Label Initial [O5] Final [O7] Diesel degradation rate ~ Diesel degradation rate
(%) (%) based on based on diesel
respiration (mg/kg/day)  extraction (mg/kg/day)

1 BM20 21.7(0.001) 183 (0.11) 6.9 (0.6) 6.5 (0.5)
2 BPI0  21.3(0.001) 19.3(0.11) 2.3 (L.0) 2.4(0.1)
3 BP20  21.4(0.001) 18.3(0.13) 3.6 (0.8) 5.3(0.0)
4 BP0  21.4(0.001) 21.1(0.02) 0.3(1.4) —0.8 (0.0)
5 AP10  21.4(0.001) 20.1(0.02) 0.5(1.0) 0.8 (0.1)
6 AP20  21.3(0.001) 21.2(0.00) 0.2(0.4) 3.8(0.2)

Numbers in parentheses represent the coefficient of variation between experimental replicates.

Table 4. Column experiment calculated diesel degradation rates

Column  Number of  Overall (10 day) diesel Overall diesel degradation
height replicates degradation rate based on  rate based on diesel
respiration (mg/kg/day) extraction (mg/kg/day)

10cm 2 0.26 (0.01) 33 (0.06)
50cm 2 0.13 (0.00) 15 (0.20)
120cm 4 0.20 (0.62) 33(0.03)

Numbers in parentheses represent the coefficient of variation between experimental
replicates.
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Figure 2. Oxygen depletion in column headspaces for 10 cm column replicates (squares), 50 cm columns (triangles) and 120 cm columns

(circles).

data, as shown in Table 4. However, the total mass of
oxygen present in the columns in both gas and aqueous
phases was only sufficient to allow for oxidation of 3—
11% of the diesel to CO». In addition, CO, data (not
shown) also does not support oxidation of that much
diesel but instead accounts for about 62% of the oxy-
gen depletion observed in both batch and column tests.
Significant anaerobic diesel degradation is unlikely
due to continuous presence of oxygen in the column
headspace (Figure 2), though mass transfer limitations
may have led to the formation of anoxic zones. Thus,
extraction of diesel from column materials appears to
be much less efficient than from batch materials. This
could be due in large part to the mechanical difficulty
in removing soils from the columns, which could have
resulted in significant volatilization of diesel com-
ponents and loss of solid materials to the columns,
weighing apparatus and extraction tools. Based on
the difficulties associated with the diesel extraction,
respirometry data appears to more accurately reflect
actual degradation rates and was used exclusively to
assess degradation rates in the soil columns.

The effect of soil moisture distribution was also
investigated by fluctuating the depth to water table
in three of the 120 cm columns. The sequence of
depths tested in the water table fluctuation experi-
ments was: 30 cm, 0 cm, 15 cm, 45 cm and 60 cm.

Table 5. Calculated degradation rates at varied water table
depths

Depth to water ~ Overall (10 day)  Overall (10 day)

table (cm) O, depletion degradation rate
(%) (mg/kg/day)
0 3.4 (0.90) 0.02 (0.91)
15 37 (0.71) 0.15 (0.70)
30 65 (0.31) 0.26 (0.31)
45 56 (0.50) 0.24 (0.49)
60 58 (0.44) 0.25 (0.42)

Numbers in parentheses represent the coefficient of vari-
ation between experimental replicates.

The average oxygen consumption data for the three
columns is shown in Figure 3. Calculated diesel de-
gradation rates, assuming equilibrium between gas-
and aqueous-phase oxygen, are summarized in Table
5. While dissolved oxygen (DO) levels were not meas-
ured, the mass of oxygen present in the aqueous phase
constituted only 4.3% of the total oxygen in the system
with the most water. Therefore, assuming complete
DO consumption would not significantly increase the
estimates of total diesel degraded. Essentially no oxy-
gen depletion occurred when the water table was set at
the soil surface, indicating that degradation occurred
very slowly in the fully saturated system. For depths
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Figure 3. Average oxygen depletion at varied water table depths.
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between 0 and 30 cm, the rate of oxygen depletion
increased with increasing depth to water table (correl-
ation coefficient of 0.84). Though absolute rates varied
between columns (again, likely due to soil and mi-
crobial heterogeneities), similar relative trends were
observed within each of the columns. However, this
rate increase was not observed at the 45 and 60 cm
depths (correlation coefficient of —0.03). Instead, the
oxygen depletion rates were similar at 30, 45 and 60
cm.

Discussion

Effect of heterogeneities and NAPL morphology

The observed rates of oxygen consumption decreased
as the scale of the system increased in partially mixed
and un-mixed systems. The implication is that the in-
creased presence of soil and microbial heterogeneities
at larger scales reduces the efficiency of biodegrad-
ation by one or more mechanisms. One potential
mechanism is that the presence of less permeable soil
zones could decrease the access of degrading pop-
ulations to electron acceptors and substrate (Kao &
Prosser 1999). Similarly, different soil zones could

have different levels of degrading microbe popula-
tions. Also, the presence of differential zones of NAPL
morphology can reduce degradation rates by concen-
trating substrate in localized areas or by creating zones
with contaminant concentrations that are bioinhibitory
(Seagren et al. 1994; Rogers & Logan 2000).

In order to evaluate the impact of experimental
scale on observed diesel biodegradation rates, batch
and column results were compared to experiments
conducted in an intermediate-scale tank system (245
x 122 x 8 cm) previously reported by Cort et al.
(2001). The same soil and diesel mixture were used in
both the column/batch experiments reported here and
in the intermediate-scale tank experiments described
by Cort et al. (2001). Diesel mixture was added to
the soil-packed tanks and aqueous-phase oxygen con-
centrations were measured over a period of several
days. The average oxygen depletion rate observed in
the intermediate-scale tanks is listed along with the
average column and batch oxygen depletion rates in
Table 6. Aqueous oxygen depletion data for the tank
system was converted to total mass depletion using
the soil porosity and total soil volume. Gaseous oxy-
gen depletion in the batch and column systems was
converted to total oxygen depletion based on the head-
space volume. This method does not report the actual



depletion rate, as the headspace concentration is lim-
ited by oxygen diffusion, so the value represents a
conservative rate estimate.

When the oxygen depletion rates are normalized
to the total mass of soil in the system, a clear trend
of decreasing rate with increasing experimental scale
is observed. Assuming first-order diesel degradation
and using average rates at each scale, the time re-
quired to reduce diesel concentrations from 1000 mg
kg~! to 100 mg kg~! was calculated. The time ranges
from 64 days based on batch rates, to 1047 days
based on the 50-cm columns, to 79 years based on
the intermediate-scale tank. Similar results have been
noted when comparing predicted rates and field-scale
biodegradation rates of petroleum products. Sturman
et al. (1995) noted that half lives of petroleum products
(gasoline, fuel oil, BTEX) under aerobic or denitrify-
ing conditions were 4 to 10 times longer in the field
than in the lab.

The effects of heterogeneity on the oxygen uptake
and corresponding diesel degradation rate were evid-
ent in both batch and column experiments. The large
observed variability between replicates suggests that
small-scale heterogeneities can significantly impact
degradation rates, even in well-mixed batch systems.
Assuming that diesel degradation rate is first order
with respect to the concentration of diesel, the time
required to reduce diesel concentrations from 1000 mg
kg~! to 100 mg kg~! was calculated using the highest
and lowest rates (mg (kg day)~!) determined for each
experimental scale. The time required ranges from 24
to 113 days based on batch-scale rates, to 317 to 1389
days based on the 120-cm columns. These calculations
indicate that to overcome the effects of these small-
scale heterogeneities and measure representative bio-
activity, large sample sizes are required. The exact
size of soil sample required to capture representative
activity depends primarily on the degree of heterogen-
eity present in the soil sample and in the field. Such
variability in microbial activity within a single site
has been attributed to the presence of microbiological
“hotspots’ (areas of high microbial density or degrad-
ation activity) (Brockman & Murray 1997; Vroblesky
& Chapelle 1994). The presence of these ‘hotspots’ is
hypothesized to result from differential substrate and
electron acceptor availability due to small- and larger
scale heterogeneities. In this study, the 13 kg soil used
in the 120-cm columns appears to be insufficient to
capture representative diesel biodegradation, though
differences in column packing may also have contrib-
uted to the observed variability. Measured soil mass
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in the different columns was quite different from that
expected based on typical soil bulk density. The meas-
ured bulk density varied substantially between column
scales (CV = 0.50), suggesting that column packing
variability may have been important, though replicate
column masses were comparable (CVs 0.0007-0.18).

The impacts of heterogeneity on microbial growth
and activity have been observed in numerous studies
at different scales. In studies examining bacterial com-
munities associated with microbial activity, in general,
activity and bacterial density were only loosely correl-
ated (Kao & Borden 1997; Hickman & Novak 1989)
and highly variable (Beloin et al. 1988; Zhang et al.
1998; Ulrich et al. 1998). Ulrich et al. (1998) suggest
that such microscale variability may account for the
majority of total heterogeneity associated with subsur-
face sulfate reduction and, possibly, other microbial
processes.

Within a single site, high variability has been
observed in bioactivities ranging from BTEX degrad-
ation to denitrification. A study on the degradation of
BTEX in a contaminated aquifer showed that more
permeable sediment materials responded to biore-
mediation with higher biomass and significant toluene
degradation while less permeable sediments contained
lower microbial populations and had no significant de-
gradation (Kao & Prosser 1999). Parkin et al. (1987)
observed a coefficient of variation (CV) in measured
denitrification rates ranging from 1.28-3.83, with the
standard deviation of small cores 3—-10 times lower
than that of large cores. Most variability occurred at
distances <10 cm, and a computerized random res-
ampling algorithm suggested that 10—15 kg of soil
would be required to obtain “representative” rates
from a single sample. Highly variable methanogen-
esis rates within single sites have also been observed,
with CV 0.40-1.80 (Wachinger et al. 2000) and 3.40—
4.90 (Adrian et al. 1994) for replicates, and significant
differences at 95% level in a MANOVA (Pedersen &
Sayler 1981).

Finally, a recent review of pesticide biodegradation
concluded that a priori prediction of pesticide bio-
transformation is not possible, even within a single
site, due to subsurface heterogeneities (Hoyle & Ar-
thur 2000). Another review of microbial communit-
ies associated with organic biodegradation concluded
that studies indicate that many organic-degrading bac-
teria with different degradative capabilities may exist
within a single site, and that significant small-scale
heterogeneity in biodegradation may be expected due
to heterogeneity in aquifer materials (Haack & Bekins
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Table 6. Calculated oxygen depletion rates at various experimental scales

System type Total oxygen  Soil mass  Normalized oxygen
depletion (kg) depletion
(mg/kg/day)

Partially-mixed batch 2.19 0.06 12

Ten-cm column 1.85 0.31 2.5

Fifty-cm column 5.11 0.81 3.1

120-cm column 35.1 13 0.7

Tank 24 m x 1.2m x 7.6 cm) 494 600 0.08

2000). Based on the results reported in this study,
it appears that the impacts of heterogeneity and in-
herent variability observed in other systems are also
present in the biodegradation of diesel in bench-scale
soil systems.

Effect of soil moisture distribution

Oxygen uptake rates in fully saturated columns (0 cm
water table depth) indicated little aerobic microbial
activity. The lack of activity indicates that the lack of
oxygen in the saturated zone and/or lack of accessible
substrate (due to the majority of the diesel remaining
above the water table) severely inhibited the diesel
degradation. Regardless of the exact mechanism, it ap-
pears that the soil moisture content, particularly under
static conditions, can have significant impacts on the
observed degradation rates.

The average degradation rates tend to increase as
depth to water table increases up to a depth of 30
cm (with a significant correlation coefficient of 0.84).
A similar trend of increasing aerobic diesel degrad-
ation rates with increasing depth to water table was
observed for two field depths by Davis et al. (1998),
while the opposite trend was observed for anaerobic
methane production by Wachinger et al. (2000). It is
possible that a greater volume of diesel became avail-
able to degrading microorganisms as the water table
was lowered, due to smearing of the LNAPL over the
exposed soil (Saba 1999; Bulman et al. 1993). This
effect would have been coupled to a higher oxygen
concentration in the exposed soil due to higher ex-
pected diffusion rates in the soil:gas zones (Hupe et
al. 1998). Subsequent extractions of the column soil
confirmed that the diesel was concentrated at the water
table with lower concentrations in the capillary fringe
and vadose zones and very low concentrations below
the water table (data not shown).

From 30 to 60 cm depth to water table, the ob-
served average oxygen depletion rate no longer in-
creased as the depth increased (with a correlation
coefficient close to zero (—0.03)). This behavior may
be attributed to preferential degradation of diesel com-
ponents or decreased microbial activity as a result of
the ten-week period of soil saturation during the pre-
vious soil column scale studies when the water table
depth was held at 30 cm below the soil surface. How-
ever, the added diesel was well aged (at least 20 years)
and is thus unlikely to have exhibited preferential de-
gradation behavior. In addition, chromatograms of
the diesel generated before and after biodegradation
show no significant preferential degradation of spe-
cific diesel components (data not shown). With regard
to a potential decline in microbial activity, the mi-
croorganisms below the 30-cm water table may have
either decreased in population or acclimated to a dif-
ferent substrate source (Dineen et al. 1990) during
the previous ten-week column experiment. The exper-
imental protocol using ten days of observation may not
have been sufficient to observe a potential lag period
during which such microorganisms re-acclimated to
diesel degradation. However, no experiments were
completed to test this hypothesis.

Conclusions

Respirometry data was used to evaluate the impacts of
soil and microbial heterogeneity, NAPL morphology
and soil moisture content on diesel biodegradation
rates. Although rates calculated based on diesel extrac-
tions corroborated the respirometry data observed in
batch-scale experiments, difficulties with removal of
soil from columns precluded meaningful comparison
of respirometry and extraction data from column-
scale experiments. The differences in diesel degrad-



ation rates observed within replicates at each scale
have significant implications for the extrapolation of
biodegradation rates determined in the laboratory to
field-scale applications. The high degree of variability
observed at the various experimental scales indicates
that small-scale soil and microbial heterogeneities sig-
nificantly impact biodegradation rates. In addition, the
biodegradation rates determined in small-scale batch
or column systems are enhanced by more efficient
diffusion rates of substrate and electron acceptors
and will be susceptible to variability introduced by
small-scale heterogeneities. The results of this study
indicate that bench-scale studies may not sufficiently
capture representative microbial and soil heterogen-
eity and diffusion limitations, such that larger-scale
studies, which also incorporate large-scale heterogen-
eities, are required to effectively predict field-scale
bioremediation outcomes.
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