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Induced-polarization measurements on unconsolidated sediments
from a site of active hydrocarbon biodegradation

Gamal Z. Abdel Aal, Lee D. Slater?, and Estella A. Atekwana'’

ABSTRACT

To investigate the potential role that indigenous micro-
organisms and microbial processes may play in altering low-
frequency electrical properties, induced-polarization (IP)
measurements in the frequency range of 0.1 to 1000 Hz
were acquired from sediment samples retrieved from
a site contaminated by hydrocarbon undergoing intrin-
sic biodegradation. Increased imaginary conductivity and
phase were observed for samples from the smear zone
(contaminated with residual-phase hydrocarbon), exceed-
ing values obtained for samples contaminated with diss-
olved-phase hydrocarbons, and in turn, exceeding values
obtained for uncontaminated samples. Real conductivity,
although generally elevated for samples from the smear
zone, did not show a strong correlation with contamination.
Controlled experiments on uncontaminated samples from

the field site indicate that variations in surface area, elec-
trolytic conductivity, and water content across the site can-
not account for the high imaginary conductivity observed
within the smear zone.

We suggest that microbial processes may be responsible
for the enhanced IP response observed at contaminated lo-
cations. Scanning electron microscopy and IP measure-
ments during acid leaching indicate that etched pits on
mineral surfaces — caused by the production of organic
acids or formed during microbial colonization of these
surfaces — are not the cause of the IP enhancement.
Rather, we postulate that the accumulation of microbial
cells (biofilms) with high surface area at the mineral-
electrolyte interface generates the IP response. These find-
ings illustrate the potential use of electrical measurements
to noninvasively monitor microbial activity at sites under-
going natural hydrocarbon degradation.

INTRODUCTION

Geochemical and microbiological studies demonstrate that
indigenous microorganisms and microbial activity play a role
in altering the physicochemical properties of hydrocarbon-
contaminated sediments in different ways (Cozzarelli et al.,
1994; Cozzarelli et al., 2001). For example, at aged hydro-
carbon-contaminated sites, low-molecular-weight organic
acids and biosurfactants (surface-active agents) are common
microbial metabolic intermediates (Cozzarelli et al., 1995;
Cassidy et al., 2001, 2002). The organic acids, when re-
leased into solution, increase measured conductivity (a) di-
rectly by increasing the electrolyte concentration and (b)
indirectly by enhancing the dissolution of minerals, releas-
ing more ions that further increase electrolyte concentration
(Cassidy et al., 2001). Biosurfactants produced by microor-
ganisms enhance the solubility and reduce the surface tension

of the hydrocarbon fraction sorbed on the mineral grain sur-
faces by forming micelles (Volkering et al., 1998). As a result,
biosurfactants have the tendency to alter the nature of the
interface (e.g., wettability) (Ron and Rosenberg, 2001). Fur-
thermore, the bacterial cells themselves have distinct electrical
properties that influence subsurface properties (e.g., the effect
of attachment-detachment of bacteria on mobility and zeta
potential). Such microbial processes are the bases of produc-
ing electricity via microbial fuel cells (Park and Zeikus, 2000;
Redman et al., 2004). Therefore, it is possible that the induced
biophysicochemical changes by micro-organisms, as well as
the unique electrical characteristics of bacteria themselves,
will have the potential to affect the geophysical properties at
aged hydrocarbon-contaminated sites.

There is growing interest in studying the role that micro-
organisms may play in determining electrical properties in
hydrocarbon-contaminated sediments undergoing biodegra-
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dation (Sauck et al., 1998; Sauck, 2000; Werkema et al., 2003;
Atekwana, Atekwana, Rowe et al., 2004; Atekwana, Atek-
wana, Werkema et al., 2004; Atekwana, Werkema et al., 2004).
These field and laboratory studies link higher conductivi-
ties observed at hydrocarbon-impacted sites to biodegrada-
tion processes and changing fluid chemistry. Several ground-
penetrating radar (GPR) studies show attenuated reflections
probably attributable to the higher electrical conductivity re-
sponse observed at hydrocarbon-contaminated sites (Bermejo
et al., 1997; Bradford, 2003). The self-potential (SP) method
has shown possible use as a complementary tool to geochem-
ical measurements to delineate the spatial distribution of in-
situ redox potentials associated with microbial degradation of
organic contaminant plumes (Naudet et al., 2003).

Recently, we investigated for 36 weeks the induced-po-
larization (IP) response resulting from biophysicochemical
changes of diesel-amended sediments undergoing biodegrada-
tion in sand columns at low frequencies (<1000 Hz) (Abdel
Aal et al., 2004b). The biotic contaminated column (amended
with bacteria) showed temporal increases in electrolytic and
interfacial conductivity and temporal decreases in formation
factor. These changes were not observed in abiotic columns.
Temporal changes in the electrical properties were induced
by microbial activity, as verified from observation of tempo-
ral changes in the biological and geochemical parameters. A
second study investigated the effect of different phases (resid-
ual and dissolved) of hydrocarbon on low-frequency electri-
cal properties of unconsolidated sands undergoing biodegra-
dation (Abdel Aal et al., 2004a). This study showed that the
relative change in all biogeochemical and electrical parame-
ters was greater (by 10%-30%) in the column contaminated
with residual diesel (fraction of hydrocarbon that is adsorbed
to soil particles or trapped in soil pores by capillary pressures
and does not flow under the influence of gravity or ground-
water flow) compared to the column contaminated with dis-
solved diesel (fraction of hydrocarbon dissolved in water).
The greater changes in the electrical parameters were inter-
preted to result from the relatively higher rate of biodegra-
dation and accompanying biogeochemical alterations at the
mineral-fluid interface in the column contaminated with the
residual diesel compared to the column contaminated with
dissolved diesel (Abdel Aal et al., 2004a).

The IP results obtained in our laboratory indicate that mi-
crobial activity induces changes in the interfacial electrical
properties of hydrocarbon-contaminated sediments and sug-
gest that [P measurements are potentially valuable in investi-
gating sites of active hydrocarbon biodegradation. This work
focuses on whether the effects of biodegradation processes
previously observed in laboratory columns are significant
enough to be observed at aged hydrocarbon-contaminated
sites where the effects of microbial activity presumably are
most pronounced. Furthermore, we extend work done by
Atekwana, Werkema, et al. (2004); Atekwana, Atekwana,
Rowe, et al. (2004); and Werkema et al. (2003) at the same
study site using only dc resistivity. From the results of this
study, we argue that (a) microbial activity at hydrocarbon-
contaminated sites impacts IP measurements and (b) com-
pared with resistivity, IP may be a more diagnostic measure
of microbial activity. Our results encourage the use of low-
frequency electrical measurements as a tool to complement
traditional methods (e.g., groundwater sampling and analy-

sis) in monitoring intrinsic bioremediation of hydrocarbon-
impacted sediments and groundwater, with implications for
reducing the cost of remediation efforts.

ELECTRICAL PROPERTIES

We measured the frequency-dependent electrical response
of soils (0.1-1000 Hz) in the laboratory using an impedance
analyzer. Impedance magnitude and phase shift (¢) on the
sample were recorded relative to a precision reference resis-
tor upon stimulus with a sine-wave current. Results may be
presented in terms of magnitude and phase or in terms of real
and imaginary components of the impedance. It is a matter of
choice whether to present measurements in terms of sample
impedance or in terms of resistivity, conductivity, or dielectric
permittivity — all calculable from the impedance and sample
geometry. Each of these parameters contains a total energy-
storage term and a total energy-loss term.

We chose to compute complex conductivity (o*). The in-
phase (real) conductivity component ¢’ represents ohmic con-
duction currents (energy loss), whereas the out-of-phase
(imaginary) conductivity component ¢” represents the much
smaller (in our frequency range) polarization (energy storage)
term. The measured magnitude |o| and phase ¢ parameters
are related to the real and imaginary components as follows:

lo| =1/(0" +0"), M

O_// O_//
¢ = tan™! [] ~ [} ¢ <100 mRads. (2
o’ o’
The phase angle measured in IP thus defines the ratio of po-
larization to conduction. A more detailed explanation of the
IP terms used in this section can be found in Lesmes and Frye
(2001).

Electric conduction in nonmetallic rocks is ionic, occurring
through the pore-filled electrolyte and by ion migration in the
electrical double layer forming at the grain-fluid interface. A
common assumption is that the electrolytic conductivity o
and surface conductivity o/, add in parallel (Waxman and

su

Smits, 1968; Vinegar and Waxman, 1984):

/ / 1 /

o (Gw) = 0g + Osurt = (F) Ow + Osurf» (3)
where ¢’ is a function of fluid chemistry o,, and F is the for-
mation factor. The dependence of the surface conductivity
on petrophysical parameters is defined elsewhere empirically
(Vinegar and Waxman, 1984; Lima and Niwas, 2000) and the-
oretically (Revil and Glover, 1998).

The relative importance of o], is critically dependent on
matrix mineralogy, grain size, degree of saturation, and pore-
fluid conductivity. In coarse, clay-free sediments saturated
with low-to moderately conductive pore fluids, oe > 0
Archie’s (1942) equations can be used to predict o’ as a func-
tion of fluid chemistry o,,, formation factor F, and saturation
St

_ 1 n __ 1 n
Oe] = waSw = 0guiSuy» 4)
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where o, is the saturated real conductivity and » is the satu-

ration exponent related to the distribution of fluid within the
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pore space. The saturation exponent is a function of the range
of saturation studied and the saturation history (Longeron
et al., 1989; Knight, 1991). Laboratory studies using unsat-
urated unconsolidated sediments show that polarization and
conduction at low frequencies (<1000 Hz) exhibit power-law
dependency on saturation with a smaller exponent for ¢” (po-
larization) magnitude compared to ¢’ (conduction) magnitude
(Ulrich and Slater, 2004).

Conduction and polarization at the grain-fluid interface are
a function of surface area, surface-charge density, surface-
ionic mobility, and interfacial geometry (Schon, 1996; Re-
vil and Glover, 1998; Lesmes and Frye, 2001). The IP mea-
surements in unconsolidated sediments and sandstone show a
near-linear correlation with surface area (Borner and Schon,
1991; Schon, 1996) and an inverse correlation with grain size
(Schon, 1996; Slater and Lesmes, 2002a; Slater and Glaser,
2003). Laboratory studies show that electrolyte chemistry also
influences conduction and polarization at the grain-fluid in-
terface (Vinegar and Waxman, 1984; Revil and Glover, 1998;
Lesmes and Frye, 2001). Increasing electrolyte concentra-
tion generally increases surface-charge density and decreases
surface-ionic mobility (Lesmes and Frye, 2001). These are
usually second-order effects when considering the relatively
limited range of electrolyte concentration encountered in
most natural sediments (Slater and Lesmes, 2002b).

SITE HISTORY AND BACKGROUND

Sediments used in this study were retrieved from a site adja-
cent to an abandoned refinery with a 50-year hydrocarbon
spill history located in Carson City, Michigan (Figure 1). De-
tailed descriptions of the study site can be found in Atek-
wana, Werkema, et al. (2004). The study area is character-
ized by glacial deposits consisting of 4.5-6.1 m of fine to
medium sands, coarsening at and below the water table to
gravel and underlain by a 0.6- to 3.1-m-thick clay unit. The
mineralogy of the sediments is predominantly quartz with mi-
nor amounts of feldspars, calcite, gypsum, and dolomite. Be-
cause of topographic variations at the site, depth to ground-
water varies from approximately 1-4 m. Continuous hydro-
carbon releases (mostly JP4 jet fuel and diesel) from storage
facilities and pipelines have resulted in petroleum hydrocar-
bons seeping into the subsurface, impacting near-surface sed-
iments and groundwater. Concentrations of benzene, toluene,
ethylbenzene, and xylene (BTEX) range from 0.76-481 mg/1
in the contaminated plume (Legall, 2002). Hydrocarbon con-
tamination at this site occurs in residual, free (mobile or free
liquids moving down through the unsaturated zone indepen-
dent of the direction of flow of groundwater or surface water),
and dissolved product phases. Although no chemical analy-
sis was conducted within the upper part of the vadose zone
of contaminated locations, a hydrocarbon vapor phase may
exist from the residual phase below, as observed in previous
studies (Pasteris et al., 2002). Seasonal water table fluctua-
tion (~0.9 m annually) across the site enhances adsorption of
free hydrocarbons (floating on the water table) on the aquifer
solids, resulting in a smear zone (dominated by free and resid-
ual hydrocarbon contamination) with variable thickness. This
smear zone can be divided into lower and upper parts located

below and above the mean water table elevation, respectively
(Werkema et al., 2003).

Previous geophysical investigations conducted at the site in-
dicate that contaminated locations (free and residual hydro-
carbon) within the smear zone have higher bulk conductivity
than uncontaminated locations (Werkema et al., 2003; Atek-
wana, Werkema, et al., 2004). Intrinsic bioremediation is oc-
curring at the site with methanogenesis as the dominant redox
process within the core of the plume, while sulfate, iron, and
manganese reduction occur at the fringes of the plume (Legall,
2002). Volatile organic acids and biosurfactants have been
measured in contaminated groundwater at this site (Cassidy
et al., 2002). Microbial studies conducted on sediments and
groundwater have documented microorganisms capable of de-
grading hydrocarbon and have shown that oil-degrading mi-
croorganisms make up a large percentage of the heterotrophic
microbial population within the hydrocarbon-impacted zones
(Atekwana, Werkema, et al., 2004). Table 1 shows some of the
geochemical parameters measured for groundwater samples
from the site (VRP9, VRPS5, and VRP1) during spring when
the water table is slightly higher. The data show depletion in
terminal electron acceptors (nitrate and sulfate) at contami-
nated locations VRP5 and VRPI, consistent with biodegra-
dation of the hydrocarbons (Baker and Herson, 1994; Coz-
zarelli et al., 2001). Enrichment of calcium and silicon ions
provides evidence for enhanced mineral weathering, increas-
ing the fluid conductivity at contaminated locations. From Ta-
ble 1, we conclude that active microbial degradation of hydro-
carbon is occurring at contaminated locations.

Michigan
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Figure 1. Map of the study area showing the sampling loca-
tions (VRP9, VRP5, VRP4, and VRP1) and hydrocarbon dis-
tribution in groundwater.
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Sediment sampling and characterization

Sediment samples were collected from both uncontaminat-
ed and contaminated locations at the study site (Fig-
ure 1). Samples were obtained using a Geoprobe rig and were
collected in a clear, modified polyethylene terephthalate gly-
col (PETG) macrocore liner casing, capped and stored up-
right at 4°C during transportation to the laboratory. To mini-
mize altering of the initial chemical properties of the samples
from chemical or biological reactions, we stored the samples
in the laboratory at 4°C in a refrigerator until IP measure-
ments were made. Figure 2 shows a schematic of the subsur-
face, including grain-size distribution, contaminant phase, av-
erage depth to the water table, location of measured samples,
and smear zones. The grain-size distribution of the sediments
was determined at 0.30-m depth intervals by dry sieve anal-
ysis. Based on the unified soil-classification system (USCS)
(American Society for Testing and Materials, 2000), the com-
position of the measured samples varies from 0-8% silt and
clay (<0.074 mm), 48%-99% sand (4.75-0.074 mm), and 0-
5% gravel (>4.75 mm). The residual and free phases of hy-
drocarbon were determined through visual identification of
the sediment samples for the hydrocarbon-stained soil parti-
cles and presence of free product, respectively. The dissolved
phase of hydrocarbon was previously determined at the study
site by Legall (2002). SEM analysis was conducted on five sam-
ples (VRP9A, VRPIC, VRP4B, VRP4D, and VRP1B; Fig-
ure 2) after air drying at room temperature for a week to
investigate any changes in mineral surfaces (e.g., etching or
pitting) that might be related to microbial activity. Measure-
ments were acquired with a JEOL JSM-T330A scanning mi-

Table 1. Fluid conductivity, nitrate, sulfate, calcium, and silicon
in groundwater from multilevel piezometers at the Carson
City, Michigan, site.}

Nitrate Sulfate Calcium Silicon
conductivity (mg/l) (mg/l) (mg/l) (mg/l)

Sample Depth Fluid
location (m)

(S/m)
VRPY 2.27 0.0470 5.6 18.9 62.2 8.0
2.72 0.0772 5.8 40.5 29.2 9.0
3.20 0.0852 2.0 44.4 39.5 11.0
3.49 0.0875 2.0 454 41.2 11.0
VRPS 2.25 0.0185 33.1 ND* 20.2 14.0
2.71 0.0318 0.1 1.6 103.9 13.0
3.16 0.0931 1.1 ND 189.7 20.0
3.61 0.0891 09 ND 153.1 20.0
4.09 0.0885 ND 2.0 151.5 21.0
VRP1 3.57 0.0815 0.2 10.5 170.5 18.0
4.02 0.0916 ND 3.8 184.6 16.0

4.47 0.0944 ND ND 177.4 15.0
4.92 0.0946 ND ND 177.0 16.0
5.38 0.0943 ND ND 1771 15.0
5.83 0.0957 ND ND 174.1 17.0
6.28 0.0935 02 ND 141.7 22.0

3 All data are from measurements below the saturated zone (modified af-
ter Legall, 2002). Depletion in terminal-electron acceptors (e.g., NO3 and SO4)
at contaminated locations VRP1 and VRPS provide evidence of hydrocarbon
degradation; enrichment of ions (e.g., calcium, silicon) provides evidence for
enhanced mineral weathering, increasing the fluid conductivity at the contam-
inated locations VRP1 and VRP5 compared to the uncontaminated location
VRP9.

4ND — (not detected).

croscope, and images were acquired using Revolution 1.4.7
software at 750x magnification. To investigate changes in
surface area related to microbial activity, specific surface-area
measurements (m?/g) were made on the same five samples us-
ing the nitrogen Brunauer, Emmett, and Teller (BET) adsorp-
tion method (Brunauer et al., 1938). Each sample was mea-
sured in triplicate with a NOV A 3200 series surface area an-
alyzer. Porosity of these samples was obtained using a gravi-
metric method, and the surface area-pore volume ratio (Spor)
was calculated.

ELECTRICAL MEASUREMENTS

Electrical measurements were made on the soil samples ob-
tained from the field.

Sediment samples from the field

Electrical measurements were obtained with a National
Instruments NI 4551 four-electrode dynamic signal analyzer
(Slater and Lesmes, 2002a). Phase shift between current sti-
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Figure 2. Column schematic showing depths where sediment
cores were obtained, contaminant phases, smear zone, grain-
size distribution, and mean water depth.
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mulus-voltage signal and impedance magnitude was measured
at 40 frequencies, spaced at equal logarithmic intervals be-
tween 0.1 and 1000 Hz. Current was injected at silver coil elec-
trodes located at sample ends. Sample voltage was measured
using silver-silver chloride electrodes located just outside the
current flow path. An AD620 preamplifier boosted the input
impedance on the voltage channel and prevented current leak-
age into the circuitry. The phase response of the preampli-
fier, dependent on frequency and sample resistance, was re-
moved by calibrating a water sample (for which the theoret-
ical phase can be calculated) matching the sample resistance.
Repeatability tests indicate that errors are generally less than
0.5 mRad for the phase and 0.5% for impedance magnitude,
respectively.

IP measurements on sediments from the field site were
made on 16, approximately 20-cm-long, samples (Figure 2)
with an internal diameter of 4.3 cm. Each sample was mea-
sured intact in the clear PETG macrocore liner casing. The
samples represent an uncontaminated background location
(VRP9) and locations with residual and dissolved-phase hy-
drocarbon (VRP5, VRP4, and VRP1; Figure 2). Measure-
ments were also made from samples obtained from the va-
dose zone, immediately above residual contamination zones
(VRP5A, VRP4A, and VRP1A) where vapor-phase contami-
nation is suspected.

Control experiments

Variations in lithology (Figure 2), fluid chemistry (Table 1),
and water content (Figure 2) modify electrical properties be-
tween samples. Thus, we performed control experiments to
constrain the variability in the electrical properties (both the
real and imaginary parts) of our samples that could be inde-
pendent of the effects of contamination and associated mi-
crobial degradation. Fluid conductivity and moisture content
effects were investigated for uncontaminated sediment sam-
ples collected at about 0.30 m below the ground surface from
VRP9 (uncontaminated location). The vadose-zone lithol-
ogy is nearly identical at all locations consisting primarily
of sands (~80%-97%) (Figure 2). To test the effect of o,
on electrical measurements, we progressively saturated the
sample with a synthetic groundwater whose o,, ranged from
0.005-0.140 S/m, spanning the range of o, at the field site
(0.02-0.1 S/m) (Table 1). Another sample from the same lo-
cation was used to constrain the dependence of the electrical
measurements on S,,. This sample was saturated with 0.01 M
sodium chloride (NaCl) solution and then dried by evapo-
ration, with IP measurements obtained at six intervals over
the saturation range 34%-98%. The degree of saturation was
calculated by measuring the weight reduction associated with
evaporation. Measurements were terminated at 34% satura-
tion as a result of excessive contact resistance developing at
the current electrodes.

Grain-surface dissolution by organic acids is postulated to
be the primary mechanism causing the elevated o,, observed
at hydrocarbon-contaminated sites undergoing active micro-
bial activity (Sauck, 2000). To examine the potential effect
of this process on specific surface area and IP response, we
washed sediments from the study site (mostly sands) sev-
eral times with distilled water, dried them at room temper-
ature, and divided the sediments into five subsamples. The

mineral-etching procedure of Berner and Holdren (1977) was
then used to etch the samples. Four subsamples were treated
with 5% hydrofluoric acid and 1% sulfuric acid (H,SO,) at
20-minute intervals. The fifth subsample was not subjected
to acid treatment and was used as the control sample. The
treated samples were washed several times with 1% H,;SO4
and distilled water to remove any precipitates on the mineral
surfaces. All samples were saturated with a sodium-chloride
brine solution of 0.012 S/m, and IP measurements in the 0.1-
1000-Hz frequency range were obtained. SEM analysis and
BET specific surface area measurements of these samples
were obtained using the procedures described previously.

RESULTS

The results of the measured IP parameters are presented
below.

Sediment samples from the field

Figure 3 shows ¢’, ¢”, and ¢ obtained for samples from the
saturated zone. The uncontaminated samples are plotted us-
ing filled symbols; contaminated samples (residual and dis-
solved hydrocarbon) are plotted with open symbols. The o’
magnitude for all samples is to the first-order constant be-
tween 0.1 and 1000 Hz (Figure 3a). Samples from the uncon-
taminated location (VRP9C and VRP9D) fall within the o’
range of samples contaminated with dissolved hydrocarbon
(VRP4D and VRPID). Thus, it is impossible to distinguish
contaminated from uncontaminated samples based on the
o’ data.

The magnitude of ¢” and ¢ components increases steadily
with increasing frequency, and the phase spectra in the con-
taminated sediments are similar to those observed by Van-
hala (1997) in comparable contaminated sediments. Two

¢ (mRad)

o T T J T ™ T n
0.1 1 10 100 1000 0.1 1 10 100 1000

Frequency (Hz) Frequency (Hz)
b)
0.001
* VRP9C
. a4 VRP9D
£ 00001 o VRPIC (residual hydrocarbon)
2 o VRPI1D (dissolved hydrocarbon)
S @ VRP5C (residual hydrocarbon)

0.00001  §occe a VRP5D (dissolved hydrocarbon)

« VRPAC (residual hydrocarbon)
o VRP4D (dissolved hydrocarbon)

0.000001 + o T T n
0.1 1 10 100 1000

Frequency (Hz)

Figure 3. Spectral IP results from the saturated zone over a
frequency range 0.1-1000 Hz: (a) real conductivity response
o’, (b) imaginary conductivity response ¢”, (c) phase response
¢. Filled black symbols represent uncontaminated locations;
unfilled open symbols represent residual and dissolved-phase
contamination.
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important observations are that (1) the uncontaminated sam-
ples (VRPIC and VRPYD) have essentially identical o” (Fig-
ure 3b) and (2) contaminated samples (residual and dissolved
hydrocarbon) clearly show higher ¢” and ¢ magnitudes com-
pared to uncontaminated samples.

The o/, 0”, and ¢ results from the unsaturated zone are
shown in Figure 4. Here, the spectra are terminated at 100
Hz because of higher sample resistances; capacitive wiring ef-
fects become significant above 100 Hz. Induced-polarization
measurements on unsaturated zone samples (Figures 4b, c)
exhibit higher ¢” and ¢ magnitudes consistent with measured
contaminated samples from the saturated zone (Figures 3b,
¢). Furthermore, the uncontaminated samples again plot with
nearly identical and lower ¢”. The ¢’ and ¢” data from the un-
saturated zone (Figures 4a, b) vary more than three orders of
magnitude compared to samples from the saturated zone (one
order of magnitude) (Figures 3a and 3b, respectively). The ¢
from the unsaturated zone samples (Figure 4c) varies more
than two orders of magnitude compared to samples from the
saturated zone (one order of magnitude) (Figure 3c). We at-
tribute the broader range of o’ for samples from the unsatu-
rated zone in part to the influence of varying saturation be-
tween samples.

Despite the added complexity of variable saturation be-
tween samples, clear trends exist between the IP parameters
and contamination phase. Most obviously (Figure 4b), there is
a clear difference in the o” response for samples from the un-
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Figure 4. Spectral IP results from the unsaturated zone over
a frequency range 0.1-100 Hz: (a) real conductivity response
o’, (b) imaginary conductivity response ¢”, (c) phase response
¢. Filled black symbols represent uncontaminated locations;
unfilled open symbols represent residual-phase contamina-
tion; filled gray symbols represent vadose-zone samples lo-
cated above residual hydrocarbon contamination.

contaminated location (filled, black symbols), samples from
residual-phase contaminated locations (unfilled, white sym-
bols), and samples from the vadose zone above the resid-
ual contamination zone (gray symbols). A similar pattern
is observed for the ¢ response, although the distinction be-
tween samples located above the zone of residual contami-
nation and samples contaminated with residual hydrocarbon
is less obvious. Samples contaminated with residual hydro-
carbon (VRP4B, VRP5B, and VRP1B) show the highest o”
and ¢ magnitudes. Interestingly, samples located above the
residual hydrocarbon zone (VRP5A, VRP4A, VRP1A) also
show higher ¢” and ¢ magnitudes than uncontaminated sam-
ples (VRP9A and VRP9B) from the background location.

The o and o” magnitudes at 1 Hz (close to a typical field IP
measurement) are shown as bar plots and are compared with
the VRP logs in Figure 5. The plots highlight the high conduc-
tivity and polarization observed in the smear zone. The polar-
ization is strongest in the upper (vadose) part of the smear
zone (at VRP5B and VRP1B). Werkema et al. (2003) and
Atekwana, Werkema et al. (2004) measure highest-bulk con-
ductivities in the vadoze zone immediately above the zone of
free-product accumulation and attribute this observation to a
region of most intensive microbial degradation.

Figure 6 shows SEM micrographs of five samples repre-
senting different zones at the study site (VRP9A, VRPIC,
VRP4B, VRP4D, and VRP1B). The SEM micrographs of
samples from uncontaminated background locations (VRP9A
and VRP9C) show smooth grain surfaces with minimum etch
and pit features (Figures 6a, b). However, SEM micrographs
of samples representing the hydrocarbon-contaminated zone
(VRP4B, VRP4D, and VRP1B) show extensive etching and
pitting (Figures 6¢c—6e, respectively). These micrographs sug-
gest that samples from contaminated locations experience ei-
ther direct microbial-mineral weathering or mineral dissolu-
tion as a result of the production of organic acids and carbonic
acids as metabolic byproducts of microbial degradation of hy-
drocarbon contamination. Furthermore, there is evidence of
microbial activity occurring in the unsaturated zone above
the residual hydrocarbon region at the contaminated locations
(Figure 4b). This supports our notion that biodegradation of
vapor-phase contamination may be active at such locations.

Table 2 summarizes the results of nitrogen BET surface-
area measurements, porosity estimates, and ¢” at 1 Hz for
the same sample set. The surface area-pore volume ratio Sy
calculated using a mean matrix density of 2.65 g/cm? is also
tabulated. Contaminated samples (residual and dissolved hy-
drocarbon) generally exhibit lower S,o yet higher ¢” when
compared to uncontaminated samples. Two important impli-
cations from these observations are that (1) changes in Syor do
not appear to explain the high o” observed for contaminated
samples, as ¢” is known to increase near linearly with Sy in
unconsolidated sediments, and (2) the etching observed with
SEM at contaminated locations is not associated with an in-
crease in BET measured surface area.

Control experiments

Figure 7 shows the dependency of o', ¢”, and ¢ at 1 Hz
on fluid conductivity o,, and water saturation S,, in the fine-
to-medium sand collected from VRP9 (uncontaminated back-
ground location). We used equation 3 to fit ¢’ at 1 Hz as a



IP from a Hydrocarbon Biodegradation Site

’

function of o, the effect of o, ; on ¢’ being insignificant for
the relatively high o, range studied here. Figure 7a shows that
o' varies linearly with o,, over two orders of o,, magnitude with
a formation factor of 6.28 + 0.21 obtained from least-squares
regression (the linear correlation coefficient, or R? = 0.99).
The important observation here is that the IP parameters o”
and ¢ at 1 Hz are considerably less dependent on o, than o’.
The parameter ¢” approximates a power-law o,, dependence
(exponent = 0.58 + 0.03) within our limited o,,. These results

show close agreement with measurements on similar materials

H19

R? = 0.80). This observation is consistent with a laboratory
study showing a reduction in measured BET surface area dur-
ing acid dissolution of phosphate particles after seven minutes
from the start of the experiment (Mgaidi et al., 2003). This re-
sult further supports our hypothesis that changes in Sy, result-
ing from mineral etching are not responsible for the increase
in ¢” at contaminated locations. Thus, changes in the mineral
surfaces (etching and pitting) resulting from microbiological
activity do not explain the observed IP enhancement.

reported elsewhere (Slater and Les-
mes, 2002b).

Figure 7b shows that ¢” and ¢ at 1 Hz
are also less dependent on water satura-
tion than o', which varies by two orders of
magnitude. Saturation exponents of 1.38 +
0.02 (R?> =0.99) and 0.61 £ 0.01 (R? = 0.99)
were obtained from the regression of the
o' and ¢” data, respectively. Our results
are again consistent with previous studies
(Ulrich and Slater, 2004). A key observa-
tion here is that whereas o, and S, im-
pact ¢’ to a greater extent than they im-
pact o”, measurements on samples from
the field site exhibit greater variation in
o” than ¢’. These control experiments thus
suggest that the variability in o,, and S,, be-
tween samples cannot account for our IP
observations.

Figure 8 shows the SEM micrographs
of the control and treated samples sub-
jected to the mineral-etching procedure of
Berner and Holdren (1977). The mineral
grains of the control sample (not treated
with acid) show a smooth surface with min-
imal/no etch and pit features (Figure 8a),
similar to that observed at uncontaminated
locations (Figure 6a). However, samples
treated with acids show extensive etching
and pitting resulting from mineral grain
dissolution (Figures 8b-8e). These mineral
surfaces are similar to those observed for
the contaminated samples from the field
site (Figure 6), suggesting that the forma-
tion of etch pits on mineral surfaces of
the field samples resulted from acid ac-
tion.

The results of nitrogen BET surface-
area measurements, porosity estimates,
and ¢” at 1 Hz obtained for the control
and acid-treated samples as a function of
time are summarized in Table 3. The sur-
face area-pore volume ratio, calculated us-
ing a mean matrix density of 2.65 g/cm?, is
also included in Table 3. The control sam-
ple, which was not treated with acid, shows
the highest o and S, compared to sam-
ples treated with acid. The BET-measured
surface area and o” both decrease as acid
treatment time increases (o7 oc SS90,
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Figure 6. SEM micrographs of five samples representing
(a) VRP9A (unsaturated, uncontaminated location), (b)
VRPIC (saturated, uncontaminated location), (¢) VRP4A
(unsaturated, located above residual zone of contamination),
d) VRP4D (saturated, dissolved-contamination zone), and
¢) VRP1B (unsaturated, residual-contamination zone). Sam-
ples from contaminated locations (VRP4D and VRP1B) show
extensive etched pits on mineral surfaces compared to sam-
ples from uncontaminated locations (VRP9A, VRPIC, and
VRP4A).

DISCUSSION

Microbially induced biophysicochemical changes have the
potential to alter electrical signatures at aged hydrocarbon-
contaminated sites undergoing biodegradation (Atekwana,
Werkema et al., 2004). In our previous laboratory column
studies, we demonstrated that biophysicochemical changes
over time enhanced both the electrolytic and interfacial
electrical properties of unconsolidated sediments undergo-
ing biodegradation (Abdel Aal et al., 2004a, b; Atekwana,
Atekwana, Werkema et al., 2004). In this study, we pro-
vide evidence indicating that higher magnitudes of IP param-
eters are coincident with contaminated locations where ac-
tive biodegradation processes occur. IP parameters (¢” and
¢, measured for samples retrieved from the field clearly dis-
tinguish between contaminated and uncontaminated samples,
these being indistinguishable based on ¢’ magnitudes (Fig-
ures 3 and 4). The contaminated samples are distinguish-
able from the uncontaminated samples by a relatively higher
o” magnitude (about two orders). This observation contra-
dicts observations made by Borner et al. (1993) and Vanhala
(1997). Their experimental results showed that organic con-
taminants generally decrease the magnitude of ¢”.

We suggest this difference may be the result of variations
in maturation time combined with biophysicochemical alter-
ations resulting from biological activity. In the Vanhala (1997)
study, although the phase spectra for the clean sand were gen-
erally higher and remained stable with time, the magnitude
of the phase spectra of oil-contaminated samples increased
along with maturation time (several weeks after initial con-
tamination). This implies a shift toward higher ¢ and o” with
the age of the contamination, consistent with the observa-
tions made in this study. Whereas previous investigators used
fresh hydrocarbon contaminants, our samples were retrieved
from a site where hydrocarbon contamination has existed for
more than 50 years and where intrinsic biodegradation of
the hydrocarbon was occurring (Atekwana, Atekwana, Legall
et al., 2004). Additionally, in the Vanhala (1997) study, sam-
ples collected from a hydrocarbon-contaminated field site

Table 2. Measurements of BET surface area, gravimetric porosity, and o” at 1 Hz for five samples representing different
depth intervals at the study site. The calculated surface area-porosity ratio S, is also shown. Error values were calculated

from repeat measurements.

Surface Spor o’ at
Sample Zone Contaminant phase  Porosity area (m?/g) um™! 1 Hz (S/m)
VRP9A Unsaturated Uncontaminated 0.32 1.48 8.15 5.42 x 1077
(background
location)
VRPIC Saturated Uncontaminated 0.32 0.24 1.33 5.46 x 1076
(background
location)
VRP4A Unsaturated Uncontaminated 0.28 0.27 1.79 321 x 10°°
(located above
residual
contamination
zone)
VRP4D Saturated Dissolved 0.30 0.74 4.34 5.79 x 10~
hydrocarbon
VRP1B Unsaturated Residual 0.31 0.47 2.65 4.03 x 10~
hydrocarbon
Error 40.01 +0.05 +0.32 +2%
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showed higher phase spectra relative to those of clean sam-
ples (Figure 12 of Vanhala, 1997), again consistent with our
observations.

So what physicochemical processes cause the hydrocarbon-
impacted zone to exhibit higher conductivity and higher
magnitudes in the measured IP parameters compared to the
uncontaminated zone? The variation in o, and S, between
samples is unlikely to explain our IP observations. Control ex-
periments show that ¢” is less dependent than ¢’ on 0, and S,
for samples from our field site, consistent with previous stud-
ies. In contrast, our samples exhibit a greater range in ¢” than
o’. Furthermore, contaminated samples from the vadose part
of the smear zone exhibit the highest ¢” contrary to the power-
law dependence of imaginary conductivity on saturation.

SEM micrographs of samples used in this study show that
mineral surfaces from the contaminated locations exhibit ex-
tensive etching and pitting compared to samples from the
background location. This is consistent with studies from other
hydrocarbon-contaminated aquifers that have documented
etched pits on mineral surfaces and enhanced mineral weath-
ering by microbial colonization of these surfaces (e.g., Hiebert
and Bennett, 1992). However, BET measurements show that
samples from within the zone of extensive etching and pitting
have less surface area compared to uncontaminated samples
from the background location (Table 2). Furthermore, the ar-
tificial etching experiment shows that dissolution of quartz
grains reduces the measured BET surface area and the mag-
nitude of ¢” (Table 3).

The reduction in ¢” in the artificial etching experiment
tracks the reduction in BET surface area (o oc S39°+097; R? =
0.80). The observed decreases in surface area can result from
a decrease in mineral surface roughness or from the devel-
opment of mesoporosity (e.g., Anbeek, 1993; Walker et al.,
1995). Mgaidi et al. (2003) describe laboratory studies that
show reduction in measured BET surface area during acid dis-
solution of phosphate particles after seven minutes of etching.
Surface area then increases with continued etching. Mgaidi
et al. (2003) attribute the initial reduction in surface area to
the disappearance of the mineral surface roughness and the
subsequent increase to pore widening. Our data reveal an ap-
parent paradox, as the decrease in surface area (Table 2), is
inconsistent with the apparent increase in surface roughness
as a result of etching and pitting visually observed with SEM
(Figures 6 and 8). Furthermore, porosity decreases with acid
treatment (Table 3), and porosity is generally lower for sam-
ples from contaminated locations (Table 2), even though min-
eral dissolution is evident. Despite this paradox in our data
set, we can draw the following important conclusion from our
observations: The enhancement in the ¢” magnitude observed
in the contaminated zones cannot be attributed to the mineral
etching resulting from biodegradation processes.

The presence of etched pits observed on mineral sur-
faces from the contaminated locations does, however, provide
strong evidence for direct microbial colonization of mineral
surfaces (e.g., Hiebert and Bennett, 1992). Microbe-induced
mineral weathering and release of ions into solution increases
ionic strength of the pore fluids (Bennett et al., 1996), thereby
enhancing the attachment of bacteria to soil particles (Maier
et al., 2000). Bacteria cells have large surface areas (~30-
100 m?/g) (Van Der Wal, Minor et al., 1997b,c) and high
wall counterion charge density (~0.5-1.0 coulombs/m?)
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Figure 7. Dependence of the real conductivity o', imaginary
conductivity ¢”, and phase response ¢ at 1 Hz on (a) fluid con-
ductivity o,, and (b) the degree of saturation S,. The power-
law relationships for ¢’ and ¢” as a function of o,, and S,, are
shov;n in each case (correlation coefficient, R> > 0.98 in each
case).

Figure 8. SEM micrographs of sands with and without acid
treatment at 20-minute intervals: (a) control sample (no acid
treatment), (b) 20-minute acid-treated sample, (c) 40-minute
acid-treated sample, (d) 60-minute acid-treated sample, and
(e) 80-minute acid-treated sample. Samples treated with acids
(b-e) show extensive etched pits on mineral surfaces com-
pared with the untreated sample (a).
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(Van Der Wal et al., 1997c). For example, bacterial surface
areas are estimated to equal or exceed those of kaolinite
(10-22 m?/g) (Bickmore et al., 2002). Furthermore, the outer
membrane of bacterial cells is permeable to ions.

Minerals coated with clays exhibit high-IP effects because
of (a) the large surface area of clays (Garrouch and Sharma,
1994; Slater and Lesmes, 2002b) and (b) polarization enhance-
ment when clays block narrow pore throats and generate ion-
selective membranes. We suggest that the growth of bacterial
cells and their accumulation on the mineral surface (biofilms)
similarly enhances interfacial polarization and causes the rel-
atively high-IP response of the contaminated samples com-
pared to uncontaminated samples. Bacterial cells attached to
the mineral surface may increase the effective polarizability
of the mineral-fluid interface as a result of enhancing surface
area and/or charge density. Furthermore, IP enhancement

Table 3. Measurements of BET surface area, gravimetric porosity,
and o” at 1 Hz for sands with and without acid treatment at 20-minute
intervals (0”7 o S3:5+7, R? = 0.80). The calculated surface area-
porosity ratio (Sp,) is shown also. Error values were calculated from
repeat measurements.

might occur as a result of ion-selective biological membranes
forming at pore constrictions, possibly magnified by a geobat-
tery effect (Naudet et al., 2003). Similar effects may result
from biodegradation of the vapor-phase hydrocarbon (origi-
nating from the residual phase below) in the uppermost part of
the vadose zone at contaminated locations. This could explain
the relatively higher o” and ¢ magnitudes of samples located
above the residual hydrocarbon zone (VRP5A, VRP4A, and
VRP1A) compared to uncontaminated samples (VRP9A and
VRP9B) from the background location at the study site. SEM
micrographs show evidence for microbial activity in this zone
(Figure 6¢) and support this assumption. Further research is
clearly needed to investigate the effect of bacterial-cell density
and biodegradation of hydrocarbon-vapor phase on IP param-
eters.

On the basis of our results, we offer a simple schematic
(Figure 9) of factors impacting electrical properties at
hydrocarbon-contaminated sites. Here, we simplify the state
of the hydrocarbon-contaminated sediments by categorizing
them as either fresh (Figure 9a) or biodegraded (Figure 9b).
Initially, a fresh hydrocarbon spill contaminates the sediments
and the hydrocarbon displaces water in the pore space (Fig-
ure 9a). In addition, hydrocarbons can partition into several
phases, including a hydrocarbon fraction sorbed to the min-
eral grain surfaces (residual phase), dissolved in pore water
(dissolved phase), or as a free-floating product (free phase).
The presence of fresh hydrocarbons in sediments modifies the
electrical signature relative to uncontaminated material. The
hydrocarbon-impacted sediments (Figure 9a) show a decrease
in electrical conductivity (e.g., De Ryck et al., 1993) and a
decrease in the magnitude of the IP response (e.g., Vanhala
et al., 1992; Borner et al., 1993; Vanhala, 1997).

However, when hydrocarbon-contamina-
ted sediments are modified by biophysic-

Sample Acid Porosity Surface  Syor o” at
treatment area (um™') 1 Hz (S/m)
time
(minutes)

Control 0 0.36 0.20 0.96 8.71 x 107°

1 20 0.35 0.17 0.83 6.03 x 10~°

2 40 0.36 0.13 0.66 5.18 x 10°

3 60 0.35 0.07 0.36 4.57 x 10-°

4 80 0.34 0.06 0.30 325 x 10

Error +0.5 +0.01 +0.02  £0.12 +2%

a) b)

a Dissolved hydrocarbon Attached bacteria Dissolved hydrocarbon

a Q O @ Anion

Etched soil particle

Smoothed soil particle Dispersed bacteria
Adsorbed (residual) hydrocarbon

Adsorbed (residual) hydrocarbon

ochemical changes induced by microbial
degradation of the hydrocarbons, the el-
Anion ectrical properties of the subsurface con-
taminated-environment change. For ex-
ample, organic acids produced by bac-
teria enhance mineral weathering and
dissolution, releasing ions into solution
(Figure 9b). As a result, pore-water con-

ductivity increases and bulk conductiv-
© ity increases (Atekwana, Werkema et al.,
2004; Atekwana, Atekwana, Werkema
et al., 2004; Atekwana, Atekwana, Legall,
et al., 2004). The increase in pore-fluid

Dispersed bacteria

/

Modified electrolytic and

interfacial electrical properties

Figure 9. Simple schematic representation of sediment microenvironments at a
hydrocarbon-contaminated site. (a) Fresh hydrocarbon-contaminated sediment
microenvironment. A fresh hydrocarbon spill is released into the subsurface, re-
placing the sediment pore water, sorbing to mineral grains and dissolving in the
water. (b) Biodegraded-modified microenvironment. Increases in ionic concentra-
tion result from the leaching of ions from sediment grains caused by microbial
colonization of minerals, dissolution by organic acids produced from hydrocarbon
biodegradation, and attachment of charged microbial cells to mineral surfaces. Mi-
croenvironment (a) is characterized by low electrical conductivity and IP response,
whereas microenvironment (b) is characterized by relatively higher electrical con-

ductivity and IP response.

ionic strength intensifies the attachment
of microbial cells to mineral surfaces (Fig-
ure 9b). The accumulation of charged
cells in the electrical double layer at
the mineral-electrolyte interface, coupled
with possible ion transport through cel-
lular membranes blocking pore constric-
tions, enhance the IP response (Figure
9b) as suggested here and in recent stud-
ies (Abdel Aal et al., 2004a, b). Our ex-
planation suggests that IP enhancement
begins after the real conductivity en-
hancement associated with mineral etch-
ing and dissolution. Controlled laboratory
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column experiments indeed suggest that the first changes in o’
precede changes in o” (Abdel Aal et al., 2004b).

CONCLUSION

Hydrocarbon-impacted sites are complex biophysicochem-
ical environments, and intrinsic biodegradation adds more
complexity to the geoelectrical properties at these sites. The
laboratory results obtained from this study suggest the po-
tential of using IP to investigate hydrocarbon-impacted sites
where intrinsic biodegradation occurs. Our results show that
the magnitude of the IP response for samples at contaminated
locations, particularly in the smear zone, is higher compared
to samples from uncontaminated locations, consistent with in-
situ resistivity measurements from the site. The high IP mag-
nitude associated with the contaminated samples is most likely
related to mineral-fluid or microbial-fluid interfacial electrical
properties resulting from microbial activity at the study site.
These findings illustrate the potential utility of electrical mea-
surements for noninvasive monitoring of microbial activity at
sites undergoing natural hydrocarbon degradation. However,
field application of the IP method is necessary to support the
laboratory findings and to test the hypothesis of the higher IP
magnitude associated with aged hydrocarbon-contaminated
sediments.
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