
Available online at www.sciencedirect.com
www.elsevier.com/locate/chemosphere

Chemosphere 71 (2008) 1646–1653
Implication of hydraulic properties of bioremediated
diesel-contaminated soil

Seunghun Hyun a,*, Mi-Youn Ahn b, Andrew R. Zimmerman c, Minhee Kim a,
Jeong-Gyu Kim a

a Division of Environmental Science and Ecological Engineering, Korea University, Seoul 136-713, Republic of Korea
b Department of Soil and Water Sciences, University of Florida, FL 32611, United States

c Department of Geological Sciences, University of Florida, Gainesville, FL 32611, United States

Received 22 September 2007; received in revised form 14 January 2008; accepted 14 January 2008
Available online 5 March 2008
Abstract

The hydraulic properties, such as hydraulic conductivity and water retention, of aged diesel-contaminated and bioremediated soils
were examined and implications of the hydraulic properties for assessing bioremediation performance of soils were proposed. Bioreme-
diation of diesel-contaminated soil was performed over 80 d using three treatments; (I) no nutrient added, column-packed soil, (II) nutri-
ent added, column-packed soil, and (III) nutrient added, loosen soil. Diesel reduction in treatment I soil (control soil) was negligible
while treatment III showed the greatest extent of diesel biodegradation. All treatments showed greatest rates of diesel biodegradation
during the first 20 d, followed by a much retarded biodegradation rate in the remaining incubation period. Reduction of the degradation
rate due to entrained diesel within inaccessible soil pores was hypothesized and tested by measuring the hydraulic properties of two col-
umn-packed soils (treatments I and II). The hydraulic conductivity of treatment II soil (nutrient added) was consistently above that of
treatment I soil (no nutrient added) at pressure heads between 0 and 15 cm. In addition, the water retention of treatment II soil was
greater at pressure heads <100 cm (equivalent to pore size of >30 lm), suggesting that biodegradative removal of hydrocarbons results
in enhanced wettability of larger soil pores. However, water retention was not significantly different for control and biodegraded soils at
pressure heads >100 cm, where smaller size soil pores were responsible for the water retention, indicating that diesel remained in smaller
soil pores (e.g., <30 lm). Both incubation kinetics and hydraulic measurements suggest that hydrocarbons located in small pores with
limited microbe accessibility may be recalcitrant to bioremediation.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Knowledge of the structure of soil pores is a key factor
for refining our understanding of water flow/retention and
the leaching potential of dissolved solutes in soil–water sys-
tem. Water movement through soil is determined by com-
plex interfacial reactions, i.e., attractive forces between
bulk water and soil surfaces within soil matrices. Drainage
occurs when the hydraulic energy (e.g., head) of a water
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molecule exceeds the attractive forces exerted by soil matri-
ces. Therefore, any factors affecting water affinity to the
soil matrix can lead to a change in soil water retention.
The literature is replete with descriptions of water retention
and/or transport with varied soil conditions, such as com-
pactness, degree of aggregates and particle/pore size distri-
bution. However, little attempt have been performed to
elucidate the effect of hydrocarbon contamination on the
alternation of soil hydraulic nature so far. Few exceptions
are Roy et al. (2003) and Cofield et al. (2007) who reported
change of water repellency associated with petroleum
contamination.
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Table 1
Selected properties of the diesel-contaminated soil used in this study

Property Value

Sand (%) 52.5 (8)b

Silt (%) 18.2 (4)
Clay (%) 29.3 (4)
Particle density (g cm�3) 2.65
Bulk density (g cm�3) 1.23
NHþ4 �Nðmmol kg�1Þ 0.85 (0.13)
NO3–N (mmol kg�1) 1.19 (0.10)
PO4–P (mmol kg�1) 0.22 (0.02)
TOCa (%) 1.3 (0.1)
Diesel (mg kg�1) 4620 (210)

a Total organic carbon.
b Numbers in parenthesis are standard error for replicates.
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Diesel fuel is a complex chemical mixture of crude oil
intermediate distillates, composed of approximately 40%
n-alkanes, 40% iso- and cycloalkanes, 20% aromatic hydro-
carbons, and a few percent isoprenoids and sulfur, nitrogen
and oxygenated compounds (Mackay et al., 1985). When
spilled on soil, diesel compounds can migrate by diffusion
and capillary forces, via either saturated or unsaturated
flow, and to a less extent, by the dissolution to soil pore
water (Cole, 1994; US EPA, 1995). Recent studies have
shown that prolonged exposure to anthropogenic organic
chemicals such as crude oil, petroleum or polycyclic aro-
matic hydrocarbon will lead to reduced affinity of soil sur-
faces toward water molecules (Li et al., 1997; Heyse et al.,
2002; Quyum et al., 2002; Roy et al., 2003; Bachmann
et al., 2007; Cofield et al., 2007).

The presence of diesel in soil can directly affect its water
retention properties because of its water-repellent proper-
ties and indirectly due to its effect on the soil structure.
Potential mechanisms contributing to the changes in the
wettability of soil include: (1) surface coating of the
solid–air interface, and (2) the clogging of soil macro and
micro channels, which destroy soil aggregates (Heyse
et al., 2002; Quyum et al., 2002). Several investigations
(Dekker and Ritsema, 1994; Sawatsky and Li, 1997; Bach-
mann et al., 2007) have reported the negative effect of
hydrocarbon contamination on the hydraulic characteris-
tics of soil, and indicated that changes to the water reten-
tion characteristic of contaminated soil are only apparent
at low soil wetness (e.g., matric suction greater than
1500 cm).

The efficacy of bioremediation for the removal petro-
leum hydrocarbon from contaminated soils is well docu-
mented (e.g., Cerniglia, 1992; Alexander, 1994; Hwang
and Cutright, 2002). Increases in contaminant bioavailabil-
ity (Lee et al., 2001; Okuda et al., 2007) and microbial met-
abolic activity (Namkoong et al., 2002; Saponaro et al.,
2002; Riffaldi et al., 2006; Pena et al., 2007) have been
reported by optimizing environmental conditions such as
oxygen level, moisture, nutrients, and temperature in soil–
hydrocarbon systems. However, most previous bioremedia-
tion studies were performed in either a slurry/disturbed soil
system (Saponaro et al., 2002; Okuda et al., 2007) or artifi-
cially contaminated soils (Namkoong et al., 2002; Sarkar
et al., 2005; Riffaldi et al., 2006; Serrano et al., 2006; Pena
et al., 2007), where contact between the microorganisms
and contaminated soils was unrealistically maximized. In
contrast, actual subsurface soil systems contaminated with
petroleum, such as due to fuel tank leakage, are likely to
be rather compressed and thus reducing bioremediation
performance. The bioavailability of hydrocarbon will also
be influenced by the aging process, where the hydrocarbon
may diffuse into soil micropores, making it unavailable for
biodegradation (Hatzinger and Alexander, 1997).

Information on the impact of soil structure on the per-
formance of bioremediation is currently scarce, and there
has been no comparison between bioremediation effective-
ness in column-packed versus loosened soils. The objective
of this study, therefore, was to characterize and compare
the efficacy of bioremediation of column-packed and loos-
ened diesel-contaminated soils. Following an 80 d incuba-
tion of diesel-contaminated soil, facilitated by the
addition of nutrient, water flow and water retention prop-
erties of the bioremediated soil were measured using ten-
sion disc infiltrometer and pressure chamber methods,
respectively. The hydraulic measurement data were
inferred for apportioning residual diesel components after
bioremediation.
2. Materials and methods

2.1. Aged diesel-contaminated soil

2.1.1. Soil sample

Subsurface soil was collected at depths between 1.5 and
2.0 m from a former diesel fuel storage facility. Leakage
from aboveground diesel and mineral oil storage tanks
installed over forty years (late 1960s–early 2000s) were sus-
pected as the cause of the contamination of the subsurface
soils in this area. Bulk density of on-site subsurface soil,
measured by a metal cylinder core (100 mm diameter and
0.5 mm thick) was 1.23 g cm�3. The diesel concentration
in the soil sample determined upon arrival at the laboratory
was 4620 ± 210 mg kg�1. Selected physical and chemical
properties were characterized for air-dried soil samples,
and summarized in Table 1. The pH of a 1:5 (g ml�1)
soil–solution ratio was 6.5. The soil texture measured after
the removal of the organic constituents using the pipette
method (Gee and Bauder, 1996) was sandy loam, composed
of 53% sand, 18% silt and 29% clay. The total organic car-
bon was 1.3%, as determined using the Tyurin method (Nel-
son and Sommers, 1996). The available NO�3 –N and
NHþ4 –N (Mulvaney, 1996) were 1.19 and 0.85 mmol kg�1,
respectively. The extractable-PO4 was 0.22 mmol kg�1, as
determined using the Bray method (Kuo, 1996).
2.1.2. Determination of diesel concentration

The diesel concentration in the soils, initially and during
predetermined incubation sampling times was determined
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by measuring a range of extractable diesel hydrocarbon
compounds. Eight n-alkane compounds (even carbon-
numbered from 10 to 24) were selected as representative
of diesel hydrocarbons as a whole. Changes in the diesel
concentrations were then estimated as the change in the
total mass of these eight diesel hydrocarbons per unit of
soil mass.

Extraction of residual diesel was carried out on about
5 g of soil mixed with 25 ml of dichloromethane. The mix-
tures were ultra-sonicated in a 1 s on/off pulse mode for
45 s (US EPA, 1990). The extract was then dehydrated
by passing it through an anhydrous sodium sulfate packed
glass column. A 10 ml aliquot was then transferred to a vial
containing 0.4 g of silica gel and shaken vigorously to
remove the impurities.

The concentration of diesel compounds in the purified
extract was determined using a Shimadzu 17A gas chroma-
tography system, equipped with flame ionization detection
and a capillary column (30 cm � 0.53 mm, ID, 1.5 lm). N2

gas was used as the carrier gas and 1 ll injections were split
at a ratio of 1:20. The peak intensity was calibrated using
external standards (Fluka Chemical Corp., Milwaukee,
WI).

2.2. Bioremediation incubations

2.2.1. Bioremediation condition and incubation

Based on the assumptions of 233 g mol�1 for the aver-
age molecular weight of diesel (Lee et al., 1992) and an
equal number of even and odd carbon-numbered com-
pounds, the initial C:N:P ratio of the diesel-contaminated
soil was calculated as 2530:10:1 (w/w). Thus, 58.3 mmol
NH4NO3 and 11.65 mmol of KH2PO4 was mixed well
and homogenized before column packing with 1 kg of die-
sel-contaminated soil to produce a molar C:N:P ratio of
200:10:1 (w/w), which is suggested as theoretical balanced
nutrient ratio for complete biodegradation of hydrocarbon
from contaminated soils (Alexander, 1994).

Diesel-contaminated soil with and without adding nutri-
ents was packed into 500 cm3 stainless steel columns (8 cm
height and 10 cm diameter) so that the bulk density of the
soil was similar to that of in situ conditions. A glass frit was
placed at the bottom of the column while the top of the col-
umn was open to the air. As a reference to observe the
effect of column packing, 200 g of nutrient added loosened
soil was transferred into and spread out inside a 1 l open-
top glass bottle. The water content of the soil sample was
maintained at approximately 50–60% of the water holding
capacity by the addition of deionized water, as needed dur-
ing incubation. Each treatment, (I) column-packed soil
with no added nutrients, (II) column-packed soil with
added nutrients and (III) unpacked (e.g., loosened) soil
with added nutrients, was conducted in triplicate.

The incubations were conducted in the dark at
22 ± 3 �C. At the end of 5, 10, 20, 30, 50 and 80 d, 10 g
of soil was collected from each column or the bottle for
residual diesel analysis. After 80 d of incubation, soil cores
were taken from two columns for measurement of the
hydraulic properties. All losses in diesel mass (i.e., initial
mass–final mass) were attributed to microbial degradation.
2.3. Measurement of hydraulic properties of column soils

2.3.1. Hydraulic conductivity

Upon finishing an 80-d incubation experiment, the
hydraulic conductivities of the soil of treatments I and II
were measured using a tension disc infiltrometer (Soil Mea-
surement Systems, Tucson, AZ). Six successive pressure
heads (h) of 0, 1.0, 3.0, 5.0, 7.0, 9.0 and 15 cm were applied,
and the steady-state water infiltration rates were measured.
Due to the geometry of the instrument, the measurable
pressure range was restricted to about 20 cm (lower than
the reported air-entry value of the disc membrane). A
1.5 cm long thin-walled PVC ring (radius = 4.5 cm), with
a sharp cutting edge at the base, was inserted straight onto
the soil surface. To reduce irregularities and ensure hydrau-
lic contact between the disc and underlying soil, a 1
cm-thick layer of coarse sand (mesh size of 20) was lightly
compressed inside the PVC ring between the disc and soil
surface. The measurements were triplicates. The steady-state
infiltration data were interpreted using Wooding’s analyti-
cal solution (Reynolds and Elrick, 1991), and the saturated
hydraulic conductivity (Ks) is estimated by fitting the mea-
sured K(h) data to Gardner’s model (Gardner, 1958);

KðhÞ ¼ Ks expðaGhÞ ð1Þ

where the fitting factor, aG, represents the slope of the K(h)
function.
2.3.2. Water retention characteristics

Following measurement of the steady-state infiltration
rate, soil cores were taken from the soil beneath the disc
to determine the water retention properties using a pressure
chamber. Soil cores (50 mm height and 72 mm diameter)
were laid on a ceramic plate, with a bubbling pressure of
10 m water (ffi100 kPa). The pressure chamber (Soil Mea-
surement System, Tucson, AZ) was modified to obtain pre-
cise reading of the supply pressure head by adapting a
230 cm-water column. The soil cores were water-saturated
from the base, and allowed to reach equilibrium. Stepwise
pressure heads (h) of 7, 15, 20, 35, 50, 70, 100, 150, 333,
1000 and 1500 cm were applied. At each pressure potential,
the pressure chamber was allowed to achieve pressure
equilibration, and then the soil water content was deter-
mined gravitationally. The volume wetness (h(h)) of the soil
sample was calculated by multiplying the gravimetric water
content by the soil bulk density. The fraction of the total
pores occupied by water at a given pressure, therefore,
was determined by dividing the volume wetness by the
porosity.

A widely used water retention model, which performs
well for most soils, is given by the van Genuchten model
(1980):



S. Hyun et al. / Chemosphere 71 (2008) 1646–1653 1649
hðhÞ ¼ hr þ
hs � hr

½1þ ðaV � hÞn�1�1=n
ð2Þ

where h(h) is the volume wetness of a soil (cm3 cm�3) for a
given pressure head, h (cm), and hs and hr correspond to the
saturated and residual volume wetness, respectively. Two
model parameters, aV and n, were estimated by fitting the
soil water retention data collected for each equilibrium
pressure to the model. The model is known to perform bet-
ter for soils with S-shaped retention curve. Further details
regarding the experimental settings of the infiltrometer and
pressure chamber, as well as the parameter optimization
procedure are reported elsewhere (Yoon et al., 2007).
3. Results and discussion

3.1. Bioremediation of diesel-contaminated soil

The changes in the residual diesel concentration in the
differently treated soils as a function of the incubation per-
iod are presented in Fig. 1. Generally, the loss of diesel
mass in treatment III (nutrient added unpacked soil) was
the greatest for each incubation period. After 80 d of incu-
bation, 70% of the initial total diesel was removed from
treatment III soil (nutrient added unpacked soil), while
approximately 10% and 40% of the initial masses were
removed from treatments II (nutrient added packed soil)
and I (untreated packed soil), respectively. For treatments
II and III, results were similar to those of a number of pre-
vious bioremediation studies performed with diesel-con-
taminated soils (De Jonge et al., 1997; Namkoong et al.,
2002; Sarkar et al., 2005; Riffaldi et al., 2006; Okuda
et al., 2007); that is, degradation rate was greatest during
the first 20–30 d of incubation, followed by much retarded
degradation rate over the following 50–60 d. This decrease
in petroleum degradation rate has been frequently attrib-
uted to (1) decreased microbial metabolic activity as
growth condition became less favorable due to nutrient
or oxygen depletion or build up of toxic metabolic prod-
ucts, etc. or (2) the preferential degradation of more labile
petroleum components early, leaving only a more refrac-
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Fig. 1. Residual diesel concentration in soils for each treatment over the
80-d incubation.
tory fraction remaining. In both treatments I and II
(packed soil with and without additional nutrients), the
degradation of diesel after 20 d was non-significant.

For many petroleum-contaminated subsurface soils, the
bioavailability of residual petroleum components could be
further reduced when (1) the rate of diesel release from the
soil surface is slower or (2) the microorganism-hydrocar-
bon interfacial contact area is limited (Heyse et al., 2002;
Okuda et al., 2007). Since petroleum is not a wetting fluid,
most diesel would be found only in larger pore spaces, and
the chances of diesel entering the soil micropores is gener-
ally quite low. Only in the case of aged diesel-contaminated
soils can diesel occupy soil micropores due to diffusive
movement displacing the resident water molecules during
repeated dry-wet cycles (US EPA, 1995; Heyse et al.,
2002). The diesel fraction entrained in the micropores will
be less susceptible to microbial attack due to the limited
microbial exoenzyme accessibility (Zimmerman et al.,
2004).

It is commonly accepted that the degradation rate of
individual n-alkane components in the aqueous/slurry
phase decreases with increasing molecular weight (Cerni-
glia, 1992; Alexander, 1994; De Jonge et al., 1997; Prince
et al., 2007). In this study, even after a period of apparent
retarded biodegradation (e.g., 30–80 d), a significant frac-
tion of low molecular weight n-alkane compounds (e.g.,
C10–C18) were still detected for treatment II soil, whereas
these same light n-alkanes were found in negligible quanti-
ties from treatment III soil. The retarded disappearance of
more easily biodegradable n-alkanes in column-packed soil
(treatment II) relative to loosened soil (treatment III) sug-
gests that the retarded biodegradation observed for treat-
ment II was due to the soil compaction and compound
inaccessibility rather than compound inertness. Rate of
gas exchange through soil compacted soil (treatment II)
will be much slower compared to loosened soils (treatment
III). Therefore, in pore air of column packed soils, the
amount of oxygen consumed and carbon dioxide produced
by microbial respiration may not be sufficiently refurnished
by gas exchange rate, which will be acting as a limiting
factor for aerobic microbial degradation. In addition,
enhanced chance to contact with atmospheric air in
unpacked soils (treatment III) would likely facilitate the
lower molecular weight n-alkanes loss by volatilization
process.

3.2. Hydraulic conductivity of diesel-contaminated and
bioremediated soil

The hydraulic conductivity function, K(h), determined
for the two column-packed soils (treatments I and II) at
pressure heads (h) of 0.5, 2.0, 4.0, 6.0, 8.0 and 12 cm are
presented in Fig. 2. The Gardner’s exponential model fits
for each soil are also shown in Fig. 2 and the values of
Ks and aG are reported in Table 2. The goodness of the
model fitting (r2) is 0.861 and 0.887, for control and biore-
mediated soil, respectively. Since little diesel degradation
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occurred without the addition of nutrients whereas bio-
remediation apparently occurred in treatment II over
80 d, the soils retrieved from treatments I and II will here-
after be referred to as control and bioremediated soil,
respectively.

Under the given operating pressure head range, the K(h)
of the bioremediated soil was consistently above that of
control soil, with the K(h) function shape factors (aG) being
similar for the two soils. The Ks determined for bioremedi-
ated soil was 23% greater, suggesting the importance of die-
sel contamination in lowering the K(h) of soil. Other
researchers have also shown that soil water transport/
retention become less efficient in the presence of hydrocar-
bon compounds (Sawatsky and Li, 1997; Bachmann et al.,
2007; Cofield et al., 2007). In general, water flow through a
soil system depends on the wetting properties of different
sized soil pores (Hillel, 1998; Bachmann et al., 2007). As
noted earlier, during bioremediation in the packed soil of
treatments II, the diesel fraction in larger pores was
expected to be preferentially depleted by microorganism.
Thus, the larger pores would become progressively more
water-conductive during 80 d of incubation. In addition,
within the pressure head range of <12 cm, the water flow
in soils preferentially occurs through macro pores and the
Table 2
Hydraulic parameters of control and bioremediated soils

Soilsa Hydraulic conductivity Wa

Ks
b (cm h�1) aG

c (cm�1) hs
d

Control soil 21.5 ± 2.3 0.11 ± 0.03 0.5
Bioremediated soil 26.7 ± 2.3 0.09 ± 0.02 0.5

a Control soil and bioremediated soil are retrieved from treatments I and II
b Saturated hydraulic conductivity.
c Garnder’s model (Eq. (1)) fitting parameter; the slope of K(h) function.
d Saturated volume wetness.
e Residual volume wetness which was estimated as the average value of dat
f van Genuchten model (Eq. (2)) fitting parameters; the slope of h(h) functio
g Dimensionless parameter.
flow-through contribution of micro pores would be minor.
The enhanced hydraulic conductivity observed for soil
bioremediated over 80 d is, therefore, likely due to the
improved wetting properties of the macro pore spaces (Li
et al., 1997) from which 40% of the initial diesel mass
was lost during incubation.
3.3. Soil water characteristic curve

The soil water retention data measured for the control
and bioremediated soils are presented in Fig. 3, along with
their van Genutchen model (Eq. (2)) fits. The water reten-
tion parameters, aV and n (Table 2), were estimated by set-
ting the hs equal to the porosity, and the hr to the average
volume wetness measured at pressure heads of 1000 and
1500 cm. The goodness of model fitting (r2) is 0.966 and
0.995 for control and bioremediated soil, respectively.
Also shown in Fig. 3, as a second x-axis, are the corre-
sponding largest soil pore sizes that begin to drain under
given pressure heads, as calculated using the capillary
equation:

rðhÞ ¼ 2c
qwgh

ð3Þ

where c is the surface tension (kg s�2) of water, qw the den-
sity of water (kg m�3) and g the gravitational acceleration
(9.81 m s�2).

Within the pressure head range from 7 to 100 cm, the
amount of water retained by bioremediated soil was greater
than that of the control soil. With increasing pressure head
>100 cm, the difference in water retention of the two soils
becomes negligible. These data suggest that the bioremedi-
ation process increased water retention within larger soil
pores (>30 lm), likely by preferentially removing diesel
from these locations. The fitting parameter, aV (l�1), was
assumed to be related to the inverse of the air-entry value
(van Genuchten, 1980). A smaller aV value for the bioreme-
diated soil was indicative of a broader air-entry range.
Another dimensionless parameter, n, the slope of water
retention curve, is a measure of the width of the pore-size
distribution (Carsel and Parrish, 1988). The larger n value
for the fitted bioremediated soil data indicates the broader
ter retention

(cm3 cm�3) hr
e (cm3 cm�3) aV

f (cm�1) ng

02 0.170 0.49 1.81
15 0.184 0.22 2.86

, respectively.

a measured at pressure heads of 1000 and 1500 cm.
n which is related to pore size distribution index.
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range of soil pore sizes that had become water-conducive
following bioremediation.

The shape of the water retention curve depends on the
capillarity of the soil pores and the specific area of the soil
surface. The former is more important with lower suction,
and the contribution of the latter increases significantly
with increasing suction (Hillel, 1998). Note that the equilib-
rium soil wetness (h(h)) function in Fig. 3 was obtained
using a desorption method; that is, stepwise suctions were
applied to an initially saturated soil to gradually drain
the wet soils. Therefore, the initial water drainage from sat-
urated soil takes place from water-filled macropores that
cannot retain water against the suction applied. In the con-
trol soil (open circle in Fig. 3), hydrophobic diesel compo-
nents occupying the larger soil pores will greatly reduce the
affinity (e.g., capillarity) of water molecules for the surfaces
of soil pores (Roy et al., 2003); thus, lowering the amount
of water retention for a given range of similar pressure
heads. Similar inferences were made by Cofield et al.
(2007), who measured soil hydrophobicity changes during
phytoremediation.

With increasing pressure head, the water retention will
be less influenced by the macro-sized soil pores and more
by the specific area of micropores. The slower degradation
rate after 20 d of incubation for (Fig. 1; treatment II) was
ascribed to (1) the likelihood of a recalcitrant diesel frac-
tion entrained within soil micropores or (2) lack of oxygen
as gas exchange between pore air and atmospheric air is
limited in column packed soil. In Fig. 3, the reduction in
the difference in the K(h) values between the two soils with
pressure heads >100 cm indicates that flow through the
smaller pores <30 lm is both low and was unaffected by
biodegradation possibly providing evidence for the pres-
ence of micro pores filled with diesel components for both
the bioremediated and control soils.

The slope of the soil water retention curve, (C(h) = dh/
dh), known as the specific water capacity, is shown in
Fig. 4 for pressure heads ranging between 0 and 200 cm.
The difference between the two curves for pressure heads
>180 cm is within 10% of each other and is not shown here.
The relative maximum C(h) values, the inflection point of
the K(h) function, are 12.9 and 39.9 cm, for control and
bioremediated soils, respectively, and the two curves meet
at a pressure head of 28.6 cm. Both soils manifested no def-
inite range of pressure heads where C(h) remained zero
near water saturation; that is, there was no clear air entry
range. However, as an estimation, it can be presumed that
the air entry point would be greater for a soil exhibiting a
greater peak C(h) value, indicating that the removal of die-
sel would cause a greater number of air entry points within
bioremediated soil.
4. Summary and conclusions

The comparison of the hydraulic properties of aged die-
sel-contaminated and bioremediated soils has provided
insight toward understanding the distribution of residual
diesel components and their effect on water retention/flow
characteristics of soil. In this study, bioremediation was
facilitated by adjusting nutrients (e.g., adding N and P)
for column packed soil and the effect of fertilization-
induced bioremediation on soil hydraulic properties was
investigated. The direct effect of fertilization on soil
hydraulic properties was assumed negligible and was not
considered to interpret experimental result. The wettability
of bioremediated soil was increased as a result of the
removal of diesel, which was proved by enhanced hydraulic
properties. After 40% of diesel components were removed,
hydraulic conductivity was enhanced by approximately
50 ± 20% under the pressure heads investigated (e.g.,
<12 cm). However, the impact of diesel on the water reten-
tion characteristics varied with pressure heads. In the pres-
sure head range between 7 and 100 cm, the bioremediated
soil held more water, suggesting increased affinity of water
molecules for the soil matrices following bioremediation.
Based on capillary equation, the soil water is retained
mostly in the soil macropores within the pressure head
range stated above; thus, the corresponding size of soil
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pores (e.g., >30 lm) are expected to play the greatest role
in improving the water retention properties. The difference
in the water retention properties with pressure heads
>100 cm was not discernible. At the greater pressure head
range, smaller pores (e.g., <30 lm) are responsible for the
water flow. Thus, bioremediation process under given
experimental conditions did not improve the water wetta-
bility of these smaller soil pores.

Direct experimental measurement revealing the location
of the diesel components (e.g., n-alkanes) within soil pores
was not attempted in the present study. However, two dis-
tinct rates of biodegradation for the packed soil and loos-
ened soil, as well as the observed change in hydraulic
properties of the soils following biodegradation suffice to
presume that the preferred initial diesel degradation is dri-
ven by labile diesel present in bio-accessible pores and diesel
fraction entrained in the micro soil pores are less labile. In
addition, lack of oxygen and limited gas exchange, both
of which are characteristics of compacted soils, would be
another possible explanation responsible for slower bio-
remediation for column packed soils. The performance
and rate of in situ bioremediation of diesel-contaminated
subsurface soil may, therefore, be enhanced by increasing
the chance of microbial access and facilitating oxygen sup-
ply to diesel components entrained in non-accessible pore
spaces.
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