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Abstract Microorganisms participate in a variety of geologic processes that alter the
chemical and physical properties of their environment. Understanding the geophysical sig-
natures of microbial activity in the environment has resulted in the development of a new
sub-discipline in geophysics called “biogeophysics”. This review focuses primarily on lit-
erature pertaining to biogeophysical signatures of sites contaminated by light non-aqueous
phase liquids (LNAPL), as these sites provide ideal laboratories for investigating microbial-
geophysical relationships. We discuss the spatial distribution and partitioning of LNAPL into
different phases because the physical, chemical, and biological alteration of LNAPL and the
subsequent impact to the contaminated environment is in large part due to its distribution. We
examine the geophysical responses at contaminated sites over short time frames of weeks to
several years when the alteration of the LNAPL by microbial activity has not occurred to a
significant extent, and over the long-term of several years to decades, when significant
microbial degradation of the LNAPL has occurred. A review of the literature suggests that
microbial processes profoundly alter the contaminated environment causing marked changes
in the petrophysical properties, mineralogy, solute concentration of pore fluids, and tem-
perature. A variety of geophysical techniques such as electrical resistivity, induced polari-
zation, electromagnetic induction, ground penetrating radar, and self potential are capable of
defining the contaminated zones because of the new physical properties imparted by
microbial processes. The changes in the physical properties of the contaminated environment
vary spatially because microbial processes are controlled by the spatial distribution of the
contaminant. Geophysical studies must consider the spatial variations in the physical
properties during survey design, data analysis, and interpretation. Geophysical data inter-
pretation from surveys conducted at LNAPL-contaminated sites without a microbial and
geochemical context may lead to ambiguous conclusions.
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1 Introduction

Microorganisms participate in a wide variety of geologic processes that alter the chemical
and physical properties of their environment. Microbial induced changes in rock properties
have significant ramifications for near-surface geophysical investigations conducted at
depths of < 100 m where microbial communities are abundant and biological processes
are most active. Hydrocarbon (e.g., light non-aqueous phase liquids (LNAPL)) contami-
nated sites provide an ideal laboratory for investigating links between microbial processes
and changes in geophysical properties. The excess organic carbon from LNAPL contam-
ination stimulates microbial activity, leading to significant alterations of the petrophysical
properties and thus changes to the geophysical signatures of the contaminated environ-
ment. Early geophysical studies that reported higher bulk electrical conductivity and
attenuated ground penetrating radar (GPR) signals at LNAPL-contaminated sites were
linked to microbial activity associated with biodegradation (e.g., Benson et al. 1997; Sauck
et al. 1998). A large volume of literature now exists supporting the early findings of
anomalous geophysical signatures at LNAPL contaminated sites undergoing bioremedia-
tion (e.g., Atekwana et al. 2000, 2002; Atekwana et al. 2004a, b, c, d; Abdel Aal et al.
2006; Bradford 2007; Cassidy 2007, 2008; Allen et al. 2007). Attempts to understand the
role of microorganisms in altering the physical properties of geologic systems has resulted
in the development of a new sub-discipline in geophysics called “biogeophysics”
(Atekwana et al. 2006). Biogeophysics has since expanded beyond the initial hydrocarbon
studies to encompass the fundamental understanding of the geophysical response of
microbial interactions with geologic media, such as: biomineralization/metal cycling
studies (e.g., Ntarlagiannis et al. 2005a; Williams et al. 2005; Carlut et al. 2007; Slater
et al. 2007; Personna et al. 2008), growth and development of biofilms (Davis et al. 2006;
Ntarlagiannis and Ferguson 2009), direct detection of microbial cells (Ntarlagiannis et al.
2005b), microbial sorption and transport in porous media (Abdel Aal et al. 2009), redox
processes (Naudet and Revil 2005; Ntarlagiannis et al. 2007; Williams et al. 2007), and
biogeochemical transformations of heavy metals and radionuclides (Hubbard et al. 2008).

Numerous studies have been published on the broad topic of biogeophysics; however,
we focus primarily on LNAPL contamination in this review. We examine the geophysical
signatures of LNAPL contamination that result from microbial processes and provide
example case studies that illustrate and capture the physical changes in the contaminated
environment. Every contaminated site is inherently different; thus, the LNAPL concen-
tration, its distribution (both vertically and longitudinally) and the bio-physicochemical
changes in the contaminated region (relative to the background) govern the geophysical
properties. We have found that maximum changes in geophysical signatures occur in the
transition, capillary, and upper portion of the saturation zones. It is within these zones that
the highest populations of o0il degrading microorganisms occur and the maximum changes
in geophysical properties are observed.

Subsurface contamination by LNAPLs is a worldwide problem and remains one of the
most widespread and prevalent sources of groundwater contamination. In the United
States, more sites are contaminated by petroleum hydrocarbons than any other type of
contaminant (Eweis et al. 1998). LNAPL contamination invariably leads to a complex
environment and direct characterization by chemical and biological techniques that are
intrusive (e.g., use of boreholes) have inherent limitations. These limitations which include
the need for high density spatial coverage and high frequency of temporal sampling can be
costly and time intensive. Geophysical techniques, with the advantage of rapid deploy-
ment, ability to cover spatially extensive areas at higher density, and the ability to be
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deployed at higher temporal frequency, can complement biological and geochemical
studies at contaminated sites.

Over the past two decades, geophysical techniques have been employed at several
LNAPL contaminated sites to characterize both the spatial (e.g., Benson and Stubben 1995;
Bermejo et al. 1997; Sauck et al. 1998; Atekwana et al. 2000; 2002; 2004a; Osella et al.
2002; Werkema et al. 2003; Tezkan et al. 2005; Abdel Aal et al. 2006; Sogade et al. 2006;
Bradford 2007; Cassidy 2007) and temporal (e.g., Lopes de Castro and Branco 2003;
Che-Alota et al. 2009) extent to understand the evolution of the contamination in the
subsurface. Many of these geophysical studies have provided valuable insights into the
behavior of LNAPL contamination; however, the results remain mixed. The application of
the same geophysical technique at different sites, and even at different locations on the
same site can produce dramatically different results. This is primarily due to the fact that
the spatial and temporal characteristics of the contamination have an important bearing on
the geophysical attributes and must be considered for proper interpretation.

2 Factors Governing the Detection of Subsurface LNAPL Contamination
by Geophysical Techniques

The near subsurface is generally described as a porous medium and divided into a water
saturated zone below the water table and a vadose zone above the water table (Fig. 1). The
interface between the saturated and vadose zones contains the capillary fringe and tran-
sition zones. The capillary fringe is a tension saturation zone above the water table and can
vary in thickness (being greater for finer grained material). The transition zone is a zone of
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Fig. 1 Schematic of the typical distribution of soil moisture and the different phases of light non-aqueous
phase liquids (LNAPLSs) in the subsurface from a spill. Shortly after the spill, the LNAPL partitions into a
vapour phase in the upper vadose zone, a residual phase and a free phase above the water table, and a
dissolved phase in the saturated zone. Over a long time frame, fluctuating water table causes the free phase
LNAPL to move up and down with the water table, causing free phase LNAPL to be trapped in isolated
pockets in the saturated zone and in the region of residual phase forming a smear zone
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variable saturation above the capillary fringe with decreasing water content with increasing
distance above the capillary fringe. For a portion of an aquifer of similar rock/sediment
matrix, the physical and chemical properties of the saturating fluids (water, contaminant, or
air) control the geophysical signatures. This in turn determines which geophysical tech-
nique is able to image the subsurface physical properties.

During and shortly (weeks to several years) after a spill, the LNAPL that percolates into
the subsurface partially displaces air and water in the formation. LNAPL is denser than air
and, therefore, displaces the air in the vadose zone. Due to its lower density than water,
LNAPL will float on water and will partially displace water and air in the capillary fringe
and transition zone. LNAPL contamination is often partitioned into four distinct phases: a
vapor phase, a residual phase, a free phase, and the dissolved phase (Fig. 1). Sauck (2000)
provides an overview of the distribution of LNAPLSs in the subsurface (Fig. 1; Sauck 2000)
which has been summarized in Table form by Lopes de Castro and Branco (2003). The
vapor phase consists of the volatile fractions of the hydrocarbon and is typically found in
the upper parts of the vadose zone above the residual and free phase hydrocarbon zones.
The vapor phase is usually limited to regions where volatilization can occur from LNAPL
in the residual and free phase. The residual phase consists of LNAPL within the vadose
zone that is in residual saturation and does not drain under the influence of gravity. It is
limited to the source zone, but may extend beyond the source zone where the free phase
LNAPL rises into the vadose zone and coats sediments due to fluctuating water table. The
free phase (immiscible phase) in the capillary fringe region (which may also extend below
the water table) can range in thickness from a few centimeters to several metres. The free
phase can also extend laterally for several tens to hundreds of metres depending on the
volume of LNAPL spillage (Fig. 2a, b, profile A—A’). Within the capillary fringe region,
the LNAPL is rarely a continuous 100% free phase, but typically has <50% hydrocarbon
saturation, and is mixed with air, vapor, and water (Sauck 2000). The dissolved phase
occurs in the saturated zone. The concentration of the LNAPL in the aqueous phase is
determined by the solubility of the different fractions which are typically low. Hence, when
compared to the free phase, the total petroleum hydrocarbon concentration in the saturated
zone is much lower [e.g., the solubility of benzene in water at 20°C is typically <0.1% by
weight and decreases with decreasing temperature (e.g., Lucius et al. 1992)].

With time and seasonal recharge, the residual and free phase LNAPL zones move up and
down in the aquifer with fluctuations in the water table. Free LNAPL is trapped in the residual
zone and the upper portion of the saturated zone causing a distinct smear zone (Sauck 2000; Lee
etal. 2001; Marcak and Golebiowski 2008). The lower part of the smear zone below the average
water table contains an immobile residual LNAPL phase that was created by the movement of
the free productinto this zone during low water table conditions. The smear zone can be several
metresin thickness depending on the initial thickness of the free phase LNAPL and the extent of
seasonal water table fluctuations. In one study, the smear zone was estimated at ~ 120-cm thick
for a free phase LNAPL thickness of ~30 cm (Werkema et al. 2003). Smearing also produces
complexities in the LNAPL distribution causing changes in the saturation and concentration
and resulting in isolated tongues or disaggregated blobs of free phase LNAPL.

The relative saturation of the different phases of the hydrocarbon varies both laterally
and vertically and over time at any specific location. With time and advective transport, a
LNAPL plume develops that spreads downgradient from the source area under the influ-
ence of the groundwater hydraulic gradient (Fig. 2b, profile A~A’). Within the source zone
where the initial spillage occurred, both the vadose and saturated zones will be impacted by
all four phases of the LNAPL (e.g., Fig. 2c, profile B-B’). Further downgradient along the
longitudinal axis, the LNAPL contamination is characterized by a dissolved phase plume

@ Springer



Surv Geophys (2010) 31:247-283 251

(a)

/ Source area

Dissolve phase,

B . Freg phase,
Residual phase,
Vapour phase
cl
Dissolved phase
c /
Direction of

groundwater flow

AI
Source area
(b)
¢ Vapour phase
111 1l , !
A A
< Free phase, ¥
§ Residual phase Dissolved phase vz
+ { T «—WT
=) Direction of groundwater flow Sz
(C) Vapour phase
B ] '/ ] -B' C ] ] (o
= Free phase, IS
a2 Residual phase - vz 2 vz
kel el
¥ «—WT v «—WT
Dissolved phase Sz Dissolved phase Sz

Fig. 2 Schematic of a plan view b a longitudinal cross-sectional profile, and ¢ vertical cross-sectional profiles
of a light non-aqueous phase liquid (LNAPL) spill. The positions of the vertical and transverse profiles are
shown in (a). The distribution of the vapour, residual, free, and dissolved LNAPL phases are shown in each
panel. VZis the vadose zone, WT is the water table, and SZ is the saturated zone. The direction of groundwater
flow is shown by arrows in (a) and (b). Groundwater flow is perpendicular to the page in (c)

(e.g., Fig 2c, profile C—C’). Thus, the initial and temporal distribution, relative saturation,
and connectivity of the LNAPL phases at the pore scale are important for its geophysical
detection (e.g., Endres and Redman 1996).

The LNAPL contaminated subsurface is a dynamic and complex bio-physicochemical
environment and its geophysical response will depend on factors such as: the type of the
LNAPL (crude oil, jet fuel, diesel fuel), LNAPL release history (e.g., continuous release or
single release), the distribution of the LNAPL relative to air in the vadose zone or water in
the saturated zone, hydrologic processes (e.g., advective transport, seasonal recharge), the
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saturation history of the contaminated media, biological processes, etc. Hence, the suc-
cessful application of any geophysical technique at LNAPL contaminated sites must be
guided by a proper understanding of the factors that govern the geophysical responses and
which of the factors are likely to dominate the geophysical responses.

3 Short-Term Geophysical Properties of Sites Contaminated by LNAPLSs

By short-term, we describe a time frame weeks to several years over which chemical and
biological alteration of LNAPL in the contaminated zone is negligible and only the physical
separation of the LNAPL into the different phases has occurred. In this instance, the short
term geophysical response of the contaminated zone is controlled by the initial concentration
of LNAPL relative to air in the vadose zone and water in the capillary fringe and saturated
zone. Electrical resistivity, electromagnetic induction, and GPR are some of the most
common geophysical techniques employed to investigate unaltered LNAPL contamination.
These techniques take advantage of the perturbations of the electrical resistivity (or bulk
electrical conductivity) and permittivity of the contaminated region by the LNAPL. LNAPL
is an insulator (~0.001 mS/m) relative to formation fluids (~0.1-1 mS/m for freshwater),
and has low relative permittivity ( ~2-3) compared to clean water ( ~ 80) and water saturated
sands (20-30). The replacement of pore water and air in the contaminated zone by LNAPL
components will result in changes in the dc or static conductivity and relative permittivity.
This would explain why early investigations of LNAPL contamination clearly show
decreased electrical conductivity (Mazac et al. 1990; DeRyck et al. 1993; Lien and Enfield
1998) and enhanced GPR reflections (e.g., Daniels et al. 1995; Campbell et al. 1996; Lopes
de Castro and Branco 2003) based on the insulating properties of LNAPL.

Figure 3 shows the classic resistive response of fresh LNAPL spillage in a study
conducted by DeRyck et al. (1993). In this controlled spill experiment, 343 litres of
kerosene were injected over a period of 33 days into a polyethylene tank filled with Borden
sands, which is medium-grained sand with a porosity of 40%. The tank sediments simu-
lated an aquifer with the top of the saturation zone at a depth of 110 cm below the surface
and a capillary fringe approximately 30 cm thick. The injection of the kerosene was
monitored using vertical electrical resistivity probes deployed in the sands. After the
kerosene injection, decrease in water saturation in the capillary fringe (70-110 cm depth)
by ~17% was directly related to kerosene replacing water. The decrease in water satu-
ration was accompanied by an increase in the electrical resistivity from ~200 to ~750
Qm (Fig. 3). Increases in the electrical resistivity (from 1,100-1,200 Qm) are also
observed in the simulated upper vadose zone (e.g., 10 cm depth). However, the increases
are not as large as the electrical resistivity increases observed within the capillary fringe. It
is possible that the increase in resistivity in the upper vadose zone may be related to vapor
effects, although this is not discussed by DeRyck et al. (1993). Yang et al. (2007)
investigated a field site where a fresh LNAPL contamination resulted from an accidental
underground pipeline leak in 1997. The LNAPL flooded a rice field in Nankan County in
Northwest Taiwan. The authors observed much higher resistivity values of >140 Qm in the
contaminated compared to <140 Qm in the uncontaminated regions.

Experiments conducted by Campbell et al. (1996) demonstrate the GPR response of early
time spills (Fig. 4). Campbell et al. (1996) reported enhanced (brighter), higher amplitude
GPR reflections in the region underneath a spill (Fig. 4 at 20-25 ns) during a controlled
gasoline spill experiment at a test facility at the Oregon Graduate Institute. The brightness of
the GPR reflections increased with increased pooling of the gasoline (hours 048-132;
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Fig. 3 Plot of bulk electrical resistivity versus depth from a controlled kerosene spill in sands. The bulk
electrical resistivity for different amounts of kerosene spilled is shown. A high resistivity layer between 70
and 110 cm is due to kerosene accumulation in the capillary fringe. The water table is located at 110 cm
(adapted from DeRyck et al. 1993)
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Fig. 4 a—d Temporal GPR profiles from a controlled gasoline spill showing bright reflections (20-25 ns)
associated with the pooling of the gasoline at the water table interface. Increasing amounts of gasoline
pooling over time increase the brightness of the GPR reflections (adapted from Campbell et al. 1996)

Fig. 4b, c, and d) compared to pre-spill conditions (Fig. 4a). Campbell et al. (1996) suggest
that the replacement of water with a relatively high dielectric permittivity of ~80 by
gasoline with a relatively low dielectric permittivity of ~2 resulted in a high velocity GPR
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layer concomitant with the bright spots. Incidentally, DeRyck et al. (1993) also reported
similar GPR reflection characteristics in their kerosene injection experiment.

Figure 5 shows an example of how the distribution of different phases of the LNAPL at
a contaminated site results in varied GPR responses (Lopes de Castro and Branco 2003).
This investigation was conducted over a gasoline spill site in Foraleza, Brazil, where
gasoline leakage was first reported from an underground storage tank in 1998. The GPR
surveys were initially conducted in 2001 and the site was monitored periodically over a
15 month period during a pump and treat remediation program. The GPR data were
acquired using a GSSI SIR-2000 system with 900, 400, 200, and 80 MHz antennas. The
400 and 200 MHz antennas gave the best results in terms of spatial resolution and depth
(e.g., Fig. 5), whilst the shallow water table (~2.67 m) provided excellent conditions for
GPR. The 400 MHz data (Fig. 5a) shows a gross picture of the contaminated zone while
the 200 MHz (Fig. 5b) data shows greater details of the near surface structure (vadose zone
and top of saturated zone). Both antennas imaged down to 5 m (80 ns). Within the con-
taminated vadose zone (between 10 and 22 m horizontal distance and 2.5 m depth), a
region of attenuated GPR reflections (low reflectivity) is related to the vapor phase,
whereas enhanced reflections are associated with the free and residual phases located
directly above the water table. A high reflectivity zone below the water table (2.67 m;
Fig. 5) is related to the dissolved phase LNAPL.

The complexity of the subsurface spatial distribution of different LNAPL phases is also
illustrated in a GPR-based study by Cassidy (2008). In this study, Cassidy (2008) shows that
LNAPL geometries within the contaminated smear zone greatly affect the frequency com-
ponent of the GPR response and exhibit distinct spectral responses. Models in the Cassidy
(2008) study present likely scenarios of LNAPL distribution encountered in a smear zone
and include: (1) a uniform mixture of pore fluids (LNAPL/pore water mixtures of differ-
ent percentages), (2) small-scale disaggregated LNAPL units (consisting of randomly
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Fig. 5 Ground penetrating radar (GPR) profiles from a hydrocarbon contaminated site acquired at
a 400 MHz and b 200 MHz showing how the different phases of light non-aqueous phase liquid (LNAPL)
result in varied GPR responses. Both panels show different GPR response in the contaminated vadose zone,
capillary fringe, and saturated zone (adapted from Lopes de Castro and Branco 2003)
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distributed disaggregated blobs of fully saturated LNAPLs within a background of con-
taminated water), (3) large pools of spatially distinct free phase LNAPLs (thick LNAPL
lenses), and (4) a large number of thin LNAPL lenses and a small number of thin LNAPL
lenses (Fig. 2; Cassidy 2008). The Cassidy (2008) study illustrates that the GPR response
varies both as a result of the distribution of the various phases of LNAPL as well as the macro
and pore scale distribution of the LNAPL.

In summary, laboratory and field studies of the geophysical response of LNAPL spills
over the short-term show that the geophysical characteristics of the contaminated envi-
ronment is due largely to the contrast in the physical properties of the LNAPL and the
aquifer. This is primarily due to the fact that fresh LNAPL spills have not been signifi-
cantly altered or weathered by chemical or biological processes.

4 Long-Term Geophysical Properties of Sites Contaminated by LNAPLSs
4.1 The Role of Bacteria

The geophysical properties of LNAPL-contaminated sites over long time periods of several
years to decades are related to the extent of physical, chemical, and biological alteration of
LNAPL. This time frame has been described qualitatively as “aged hydrocarbon”
(Atekwana et al. 2000), implying that considerable time and sufficient alteration by
environmental and biologic processes is required for the contaminated region to develop
physical properties that sufficiently contrast with the background and region contaminated
by unaltered LNAPL. The degree to which alterations will occur depend on the environ-
mental conditions as determined by subsurface geology, temperature, moisture content,
and microbial activity.

Similar to landfills, LNAPL-contaminated environments are akin to bioreactors. The
excess organic carbon serves as an electron donor, accelerating biological activity that
degrades the LNAPL. During microbial oxidation of organic compounds, electrons are
transferred to terminal electron acceptors (TEAs) (O,, NO5; ™, Fe(IlI), Mn(IV), SO42’, CO,)
through coupled redox reactions (e.g., Huling et al. 2002). While biodegradation is typically
correlated with the sequential utilization of TEAs, the distribution of terminal electrons is
highly dynamic and exhibits spatiotemporal variations (Vroblesky and Chapelle 1994) that
are driven by the changing hydrologic conditions. It is well documented that LNAPL con-
tamination can cause significant changes in bacterial diversity and shifts in microbial pop-
ulations even in extreme environments such as Antarctic soils (e.g., Saul et al. 2005).
Efficient biodegradation is largely controlled by the presence of microbial populations
capable of degrading the specific LNAPLs in question and the occurrence of favorable
geochemical and hydrological conditions for biodegradation to occur (Haack and Bekins
2000).

Microbes are ubiquitous in the subsurface and indigenous microbes rapidly adapt to the
use of excess carbon from LNAPL contamination. Microbial processes can cause significant
changes in the contaminated aquifer, the aquifer matrix, and the water bearing capacity of the
aquifers (Chapelle and Bradley 1997). The growth and proliferation of microbes alter the
hydraulic properties (e.g., hydraulic conductivity) of the aquifer (e.g., Vandevivere and
Baveye 1992; Brovelli et al. 2009), and microbial metabolism and production of waste alter
the ionic composition of groundwater and pore fluids. The changes in groundwater and pore
fluid chemical composition will depend on the nature of electron donor and electron acceptor
processes and the extent of microbial alteration of the LNAPL.
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Fig. 6 Generalized conceptual diagram showing that microbial growth and activity in porous media can
alter the physicochemical properties, and, thus, the geophysical signatures (from C. Davis, unpublished)

Microbial alteration of aquifer properties result in changes in the geophysical properties
due to one or more of the following (Fig. 6):

AR

4.2

an increase in oil-degrading microbial populations over time,

attachment of the microbes on mineral surfaces and the development of biofilms,
clogging of aquifer pores by microbial cells and by biofilms,

the decrease in the concentration of the LNAPL from microbial utilization of carbon,
production of metabolic byproducts during microbial degradation of the LNAPL such
as organic acids, biosurfactants, and biogenic gases (e.g., CO,, H,S, CHy, H,),
alteration of mineral surfaces due to weathering enhanced by either direct action of
colonized bacteria and/or by the byproducts (e.g., carbonic and organic acids) of
degradation,

increases in the solute concentration from mineral weathering and changes in the
saturation state of solutes in the groundwater and pore fluids,

precipitation of biomaterials or different mineral phases (resulting from the byproducts
of the microbial metabolism) on mineral surfaces and in pores, and

TEA processes which cause sequential decreases and increases in solute species and
change the redox chemistry of the groundwater and pore water.

Bio-Induced Alterations of the Petrophysical Properties in LNAPL Contaminated
Environments

In order to discuss the effects of microbial activity on physical properties of the con-
taminated environment, we provide a brief background on electrical resistivity (ER)/
induced polarization (IP), electromagnetic induction (EM), GPR, and self potential (SP)
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techniques, as these have commonly been used to investigate LNAPL contamination in
field settings. More extensive discussions on petrophysical properties can be found in the
geophysics literature (e.g., Schon 1996).

4.2.1 Electrical Resistivity and Induced Polarization Methods

Archie’s equation has been used to analyze the electrical resistivity responses of fluid-filled
porous rocks (Archie 1942) and demonstrates a fundamental quantitative relationship
between the bulk formation resistivity (p,), pore water resistivity (p,,), porosity (¢), and
the degree of saturation (S,,):

Pb :apqu*mS*n (1)

where a (a dimensionless parameter related to the grain shape), m (a dimensionless
parameter commonly referred to as the cementation exponent), and n (the saturation
exponent) are material constants and empirically derived. Archie’s formula is considered to
be valid for medium- to coarse-grained sediments where the grain surface conductivity
(reciprocal of resistivity) does not contribute to the bulk electrical conduction. Equation 1
is frequently used to estimate hydrocarbon saturation in ‘clean’ sandstones and other
relatively permeable reservoir rocks in the oil industry. The contribution of grain surface
conduction becomes significant when small grain sizes dominate the lithology and/or when
clay minerals are present. In this case, Archie’s formula is modified to include the con-
tribution of the grain surface resistivity (p;) (Waxman and Smits 1968):
m

1 g1 2)

Po ap,, Ps
The presence of microbial cell with large surface areas, their attachment to mineral sur-
faces, and alteration of their host environment can contribute to the grain surface resistivity
(e.g., Atekwana et al. 2004b; Abdel Aal et al. 2004).

DC resistivity methods are responsive to both electrolyte and solid—fluid interface
(surface) chemistry, but are unable to differentiate between the relative contributions of
electrolytic verses interface conductivity. The IP method, in particular the complex con-
ductivity method, is an extension of the dc-resistivity method (e.g., Olhoeft 1985) whereby
the conductivity magnitude and phase response are measured and used to calculate the real
and imaginary conductivity. The sensitivity of the IP method to subtle changes in the
surface chemical properties of mineral grains make IP ideal for investigating the effect of
bio-physicochemical changes on the electrical properties due to microbial activity (Abdel
Aal et al. 2004, 2006). Traditionally, the IP method has been predominantly used to
investigate disseminated sulfide ores and to a lesser extent in groundwater exploration.
However, in the last decade, IP techniques have increasingly been used in environmental
applications to map contaminant plumes and for salt water intrusion studies (e.g., Slater
and Lesmes 2002; Sogade et al. 2006). IP measurements are sensitive to the low-frequency
capacitative properties of rocks and sediments that result from diffusion controlled
polarization processes at the interface between mineral grains and the pore fluid. These
polarization mechanisms are responsive to changes in the lithology and pore fluid chem-
istry (Slater and Lesmes 2002), and the direct presence of microbial cells (Abdel Aal et al.
2004, 2009; Ntarlagiannis et al. 2005b; Davis et al. 2006).

The in-phase (real; ¢’) conductivity component of complex conductivity represents
ohmic conduction currents (energy loss) and is sensitive to changes in fluid chemistry,
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whereas the out-of-phase (imaginary; ¢”) component represents the much smaller polari-
zation (energy storage) term which is sensitive to physicochemical properties at fluid-grain
interface (Schon 1996; Revil and Glover 1998; Lesmes and Frye 2001). The measured
magnitude (lol) and phase (¢) parameters are related to the real and imaginary components
as follows:

lo| = /(67 +d") (3)
1 OJ/ O_//
¢ = tan [F} o {F} (¢ <100 mRads). (4)

The real (¢’) and imaginary (¢”) components of the complex conductivity are calculated
by:

d = |o|cos ¢ (5)
¢” = |olsin ¢ (6)

Conduction and polarization at the grain-fluid interface are a function of surface area,
surface charge density, surface ionic mobility, and interfacial geometry. IP measurements
in unconsolidated sediments and sandstones show a positive correlation with surface area
(Borner and Schon 1991; Schon 1996) and an inverse correlation with grain size (Schon
1996; Slater and Lesmes 2002; Slater and Glaser 2003). IP responses are generally
attributed to two physical mechanisms: electrode or metallic polarization (occurs at a
metal/fluid interface and is of a larger magnitude) and membrane polarization which occurs
at a non-metal/fluid interface (e.g., in the presence of clay particles or by constriction of
pores) and is of a smaller magnitude.

4.2.2 Electromagnetic Methods (EM)

Electromagnetic induction methods are some of the most common EM techniques applied
to environmental investigations such as contaminant plume mapping. These methods
involve the propagation of continuous wave or transient electromagnetic fields in and over
the Earth associated with alternating currents induced in the subsurface by a primary field.
The source of energy for the EM method is introduced into the ground by direct contact or
inductive coupling through a coil or long wire placed on the ground. An advantage of the
EM method over the electrical resistivity method is that it does not require direct contact
with the ground; hence, airborne surveys can be conducted. Furthermore, variations in the
EM properties with depth can easily be obtained by using different frequencies.

Most EM surveys at LNAPL contaminated sites typically involve the use of ground
conductivity meters. An excellent review of ground conductivity meters can be found in
McNeill (1990) and only a limited presentation is made here. Ground conductivity meters
are horizontal loop electromagnetic (HLEM) systems commonly used in mining explo-
ration. However, they are different from the traditional HLEM systems in that the oper-
ating frequency is low enough that electrical skin depth is significantly greater than the
intercoil spacing. Therefore, virtually all the response is in the quadrature phase of the
received signal. The zero level of the quadrature component is accurately set such that
readings are direct measure of ground conductivity down to the estimated depth of pen-
etration. The instruments make use of the induction number defined as the ratio of the
intercoil spacing r to the skin depth d. With these constraints, the secondary magnetic field
can be represented as:
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== )

where H; is the secondary magnetic field at the receiver coil, H, is the primary magnetic
field at the receiver coil, @ is the angular frequency (27nf), po is the permeability of
free space, o is the ground conductivity in S/m, r is the intercoil spacing in metres, and
i = (—1)"2, denoting that the secondary field is 90° out of phase with the primary field.
Measured parameters include the apparent conductivity in millisiemens per metre (mS/m)
and the in-phase ratio of the secondary to primary magnetic field in parts per thousand (ppt).

Another EM technique that has been applied to hydrocarbon plume mapping and for
exploration of the shallow subsurface is the radiomagnetotelluric method (RMT). An
explanation of the principles of this technique can be found in Tezkan et al. (2005) and
much of their discussion on the RMT method is excerpted here. The RMT-method is a
relatively new EM technique that uses EM waves produced by high powered civilian and
military transmitters operating at frequencies between 10 and 300 kHz. At great distances
from the transmitters, the EM fields can be assumed to be due to a plane wave. The EM
field consists of two components: a horizontal magnetic field component (H,) perpendic-
ular to the direction of propagation and a horizontal electric field (E,) in the direction of
propagation (Eq. 8). Any anomalous conductivity body in the Earth will modify the
measured magnetic and electric fields (Tezkan et al. 2005). The ratio of the orthogonal
electric and magnetic horizontal components for the observed frequencies is related to the
apparent resistivity of the subsurface. Thus, the measured parameters of the RMT tech-
nique are similar to those of the magnetotelluric method (Cagniard 1953). Hence, the
apparent resistivity (p,) and phase values (¢) can be calculated for selected frequencies
from the measured magnetic and electric field values using the Cagniard equation
(Cagniard 1953):

2

1
, ¢ =tan"

 2nf Ho

E,
H,

. [Im (E,/Hy)

Re (E./H,)

Pa (8)

where E, and H, denote the electric and magnetic field, uo the permeability of the free
space, and f the selected frequency.

In both the EM and RMT techniques, conductivity is the primary physical property of
investigation. Because conductivity is the inverse of resistivity, the factors that affect
resistivity will also affect conductivity measurements, hence Archie’s Law (Eq. 1) also
applies to EM surveying (in this case the Archie parameters are expressed in terms of
conductivity). Because oil is an insulator, hydrocarbon contamination will decrease the
bulk electrical conductivity of the subsurface. However, the effects of biodegradation as
discussed in Sect. 4.3 are likely to cause increases in the bulk electrical conductivity. For
example, an increase in total dissolved solids from the weathering of aquifer materials by
organic acids produced by microbes during biodegradation is likely to cause an increase in
the pore water conductivity and, hence, the bulk electrical conductivity of the contami-
nated media.

4.2.3 GPR Method
The GPR method is another electromagnetic technique that is routinely applied at LNAPL-

contaminated sites and differs from resistivity and IP in that it is a high frequency elec-
tromagnetic method that is analogous to seismic reflection techniques. The higher
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frequencies result in higher spatial resolution when compared to the ER/IP techniques;
however, the depth of investigation is also limited. The EM wave velocity (v) is given by:

V= 9)

where u is the magnetic permeability and ¢ is the dielectric permittivity. It is often assumed
that magnetic permeability u does not vary significantly and, hence, the dielectric per-
mittivity ¢ is the physical property that generally determines the EM wave velocity in
geological materials. ¢ is a measure of electric charge polarization that occurs when an
electric field is applied to a medium. Commonly the dielectric behavior is characterized in
terms of the relative dielectric permittivity k (also known as the dielectric constant):

=— 10
K== (10)
where ¢ is the permittivity of a vacuum (8.8542 x 10~'* F/m). Using x and neglecting the
effects of i (near surface sediments and soils are often considered to be non-magnetic), the
EM wave velocity is then given by:

c

v= Nz (11)
where c is the velocity of light in a vacuum (0.3 m/ns). Water has a significantly higher x
(80) than other commonly occurring geological materials (x for dry sand and gravel is
~4-10 and for NAPLs ~2), hence, GPR techniques commonly provide information on
water content (saturation) (Davis and Annan 1989). Attenuation and depth of penetration
of the GPR signals depend on the electrical conductivity (¢) and the dielectric permittivity
(e) of the medium:

¢
xRS e (12)

o is the attenuation constant in dB/m and ¢ is the conductivity. High values of o result in a
highly attenuative medium. Thus, in Egs. 9 and 10, the dielectric permittivity controls the
radar velocity, while the electrical conductivity controls the attenuation (Knight 2001). As
a result, GPR works well in dry, clay-free conditions such as sand and gravel.

Microbial degradation causes changes in the chemical and physical properties of the
contaminated media which can change the dielectric permittivity. For example, from Eq. 12,
changes in pore fluid conductivity of the aquifer caused by microbial activity will impact the
attenuation constant o. Also the precipitation of magnetic minerals resulting from bio-
transformation of iron related minerals within the contaminated environment may likely
increase the magnetic permeability, potentially impacting GPR measurements, since the
magnetic permeability is an important parameter that governs the propagation of GPR waves
(Eq. 9). However, in most GPR investigations, the magnetic permeability is ignored since it
is often assumed that for most sediments the magnetic permeability does not vary signifi-
cantly. We suggest that, in the interpretation and modeling of GPR signals from microbially
altered environments, the effects of enhanced magnetic permeability should be considered.

4.2.4 Self Potential Method

The SP technique is a passive electrical geophysics method based on measurements of
naturally occurring electric potentials generated by internal electrical current sources. This
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potential is typically measured using non-polarizable electrodes (e.g., Cu/CuSO, or Pb/
PbCl,) in contact with the ground surface (or down borehole) with respect to a reference
electrode that is usually fixed and at some distance away from the target of interest. The
two electrodes are typically connected via a wire to a high input impedance (>100 MQ)
voltmeter. A more detailed description of this technique can be found in Corwin (1990),
Bigalke and Grabner (1997), and Nyquist and Corry (2002). The naturally occurring
potentials arise from three main mechanisms: streaming potential, diffusion potential, and
mineralization potential. The streaming potential also known as electrokinetic or electro-
filtration potential is associated with the flow of water in porous media (Rizzo et al. 2004).
This potential is thought to be due to the coupling between the fluid ions and bound charges
on the solid capillary walls as shown below:

£ - pel AP

s

47y (13)
p is the fluid electric resistivity, ¢ is the fluid dielectric permittivity, # is the fluid dynamic
viscosity, { is the zeta potential, and AP is the pressure difference.

The diffusion potentials are electro-diffusional effects associated with gradients in the
chemical potentials of the ionic charge carriers (Linde and Revil 2007). Local variations in
electrolytic concentration cause potential differences due to the difference in anion and
cation mobilities in solutions of differing concentration.

_ —RT(I,—I.)

~ nFIn(Cy/Cy) (14)

d
R is the gas constant (8.31 J/°C), F is the Faraday’s constant (9.65 x 10* C/mol), T is the
absolute temperature (K), n is the electric charge/ion, I, and .. are the mobility of anions
and cations, and C; and C, are the solution concentrations creating the diffusion gradient.

Mineralization potentials are SP anomalies associated with mineral ore deposits and are
typically the target for exploration. The mineralization potentials result from redox reac-
tions and coupled electron transport associated with electronic conductors such as metallic
ore deposits (geobattery model of Sato and Mooney 1960; Sivenas and Beales 1982; Stoll
et al. 1995). Other SP sources include thermoelectric (resulting from temperature gradients
and are the important SP sources for geothermal exploration) and bioelectric potentials [due
to the action of ion selectivity and water pumping action of plant roots (e.g., Nyquist and
Corry 2002)]. Both the streaming and diffusion potentials typically produce small anomalies
in the range of tens of millivolts. Only the geobattery mechanism resulting from mineral
potentials is known to produce potentials in the hundreds of millivolts range. In the natural
environment the SP response often results from a combination of the above mechanisms.

In the past, the SP method was mostly used for mineral, oil, and geothermal exploration.
However, SP has received greater attention for its potential application to environmental
and hydrogeologic problems due to its sensitivity to groundwater flow and redox chemistry
(e.g., Nyquist and Corry 2002; Naudet et al. 2003; Rizzo et al. 2004). Microbial degra-
dation of organic carbon can cause significant changes in both the groundwater redox
chemistry and dissolved solute concentrations resulting in measurable large SP anomalies
(>100 mV). We note that while the SP source mechanism resulting in mineralization
potentials is largely accepted (the geobattery model of Sato and Mooney (1960) where the
ore body serves as an electronic conductor bridging two different redox zones), the
mechanism generating SP anomalies at organic rich contaminated sites is still not well
understood, and the role of bacteria remains a subject of much controversy.

@ Springer



262 Surv Geophys (2010) 31:247-283

4.3 Conceptual Model of Bio-Induced Changes in Petrophysical Properties
of LNAPL Contaminated Environments

Figure 6 is a generalized conceptual model illustrating how microbial activity can alter the
petrophysical properties of porous media by causing changes in the matrix character (e.g.,
surface area/surface roughness) and chemistry of the pore fluids. Microbial cell growth and
the attachment of biofilms to mineral grain surfaces and as colonies within pores (left side
of Fig. 6) will cause changes in the pore characteristics such as size and tortousity (pore-
volume changes). Pore constriction will enhance membrane polarization effects (e.g.,
Ntarlagiannis et al. 2005b). Changes in the pore volume can also occur by microbial
mediated processes (right side of Fig. 6) whereby, conductive mineral phases such as iron
hydroxides and clays or insulating phases such as calcite precipitate in pore spaces and
reduce porosity and permeability, and, hence, hydraulic conductivity. The deposition of
conductive mineral phases will increase the bulk electrical conductivity (Eq. 1), as well as
lead to an enhancement of the surface conductivity (Eq. 2) (e.g., Slater et al. 2007).
Furthermore, the presence of conductive mineral phases may cause attenuation of the GPR
signal amplitude (Eq. 12).

The dissolution of minerals by metabolic byproducts such as organic and carbonic acids
can increase the pore fluid electrical conductivity and enhance porosity (middle of Fig. 6).
Figure 7a is a scanning electron microscope (SEM) image of a mineral grain obtained from
a LNAPL contaminated site which shows etched pits and a remarkable pattern of disso-
lution features. The dissolution features suggest intense mineral surface alteration by the
microbial processes. Figure 7b is a SEM image of a mineral grain also obtained from a
LNAPL contaminated site which shows bacteria in a biofilm attached to a mineral surface.
This is evidence that implicates microbes in the alteration of the surfaces of the mineral
grains. The process of dissolution can remove interspatial cements or mineral precipitates
which will increase porosity and change the cementation factor in Eq. 1. Increasing
porosity can decrease the membrane polarization effect (e.g., Slater et al. 2007). Changes
in porosity will lead to variations in the bulk electrical conductivity which can be measured
by the dc resistivity, induced polarization, and GPR methods.

Changes in surface area and surface roughness occur primarily from microbial mediated
processes such as attachment to mineral surfaces. Bacteria have large surface area; hence,
their attachment to mineral surfaces (e.g., Fig. 7b) enhances both the surface area and
surface roughness. Increases in the surface roughness have been shown to enhance the
imaginary conductivity component of complex conductivity (e.g., Abdel Aal et al. 2009).
Increases in surface area can also result from decreases in grain size due to breakdown of
minerals by organic acids (middle part of Fig. 6) and from the precipitation of nano-size
particles (right side of Fig. 6) of different mineral phases either directly by the bacteria
(e.g., magnetotactic bacteria directly precipitate magnetosomes) or by geochemical reac-
tions mediated by the bacteria (Williams et al. 2005). Such changes can result in variability
of pore-surface conductivity and pore-surface polarizability measurable by both dc and
complex resistivity techniques (e.g., Davis et al. 2006; Ntarlagiannis et al. 2005a).

Changes in pore fluid chemistry (middle part of Fig. 6) can occur in a variety of ways
including the direct addition of ions into solution from the production of organic acids,
carbonic acids, and biosurfactants (biosurfactants can also change the wettability of the
hydrocarbon contaminated sediments from oil wet to water wet (e.g., Cassidy et al. 2001)).
Furthermore, enhanced weathering of minerals by organic and carbonic acids can release
ions into solution. Microbial utilization of TEAs (e.g., NO3 ™, SO,%7) and the production of
redox species (e.g., Fe>", Mn?") can also affect the solute concentration. Changes in pore
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Fig. 7 Scanning electron microscopy image of sand from a light non-aqueous phase liquid (LNAPL)
contaminated site showing a microbial related dissolution features such as etch pits and b bacteria/biofilm
attached to sand surfaces

fluid chemistry directly result in changes in electrolytic conduction (Eq. 1) measurable by
dc resistivity and complex conductivity (from variations in both the ionic charge density
and ionic mobility), electromagnetic induction, GPR (increasing attenuation; Eq. 12), and
SP (diffusion potentials; Eq. 14) techniques. Microbial driven redox reactions can cause
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strong redox gradients (right side of Fig. 6) that generate a geobattery effect (e.g., Naudet
et al. 2003; Naudet and Revil 2005) which is enhanced in the presence of conductive
biofilms. Naudet et al. (2003) have shown a direct relationship between redox potential and
SP anomalies and suggests that SP might be used as a proxy of redox potential at con-
taminated sites.

There are microbial processes and products at LNAPL-contaminated sites that in
principle cause potential changes in the physical properties in the contaminated environ-
ment which are not used in routine geophysical investigations. These include, but are not
limited to biogenic gases, precipitation of magnetic minerals, and temperature effects. The
production of biogenic gases (e.g., CO,, H,S, H,, and CH,) can cause changes in the
rheological properties of the contaminated region. Production of gases affect bulk electrical
conductivity (middle part of Fig. 6), and can, cause an increase in GPR velocity as the
gasses replace water with higher dielectric permittivity (Eq. 11). Biogenic gases can also
result in the attenuation of acoustic wave amplitude. Williams et al. (2005) document a
reduction in acoustic wave amplitude in a microbial induced mineral precipitation
experiment. Davis (2009) has also documented a reduction in acoustic wave amplitude of
up to 80% during microbial growth and biofilm formation in porous media. The Williams
et al. (2005) and Davis (2009) studies suggest that the seismic method can be used to
investigate the effects of microbial processes during bioremediation at LNAPL contami-
nated sites. However, there are no published works that document changes in acoustic
wave amplitudes due to microbial processes at LNAPL contaminated sites. Petrophysical
properties can be changed by the precipitation of magnetic mineral phases (e.g., magnetite)
or magnetosomes from magnetotactic bacteria. Alteration of the magnetic properties of the
contaminated media make magnetic methods useful as a survey technique at LNAPL
contaminated sites. Microbial growth and chemical reactions in the contaminated region
can cause increases in temperature. Such bio-induced temperature increases can potentially
elevate the bulk electrical conductivity of the contaminated media. Atekwana et al. (2005)
documented temperatures of 1-6°C higher within a hydrocarbon contaminated zone with
anomalously higher bulk electrical conductivity compared to uncontaminated locations.
Che-Alota et al. (2009) show that high temperatures associated with microbial activity in a
LNAPL contaminated region decreased dramatically following remediation by soil vapor
extraction.

Although dc resistivity, EM, and GPR techniques have been the techniques of choice to
investigate LNAPL contaminated sites, the preceding discussion suggests that a variety of
geophysical techniques can also be used to investigate microbial processes at these sites.
Nonetheless, the biological and chemical changes in the contaminated environment are
often coupled and are highly dynamic in time and space (e.g., Che-Alota et al. 2009).
Different microbial community structures and processes occur at discrete depths in the
contaminated subsurface due to patterned ecological successions, as the biological,
physical, and chemical environments change spatially and temporally. Therefore, the
interpretation of the geophysical data from LNAPL sites must be accompanied by an
understanding of the fine-scale variations in microbial processes. We use Fig. 8 from
Atekwana et al. (2005) to illustrate how microbial activity within narrow zones at discrete
depth intervals at a LNAPL-contaminated site manifests in pore fluid chemistry and in the
geophysical response. The geochemical data was acquired from closely spaced vertical
intervals and the bulk electrical conductivity was measured from vertical resistivity probes.
The results show that intervals with peaks in bulk electrical conductivity (Fig. 8a) were
coincident with intervals with peaks in the total petroleum hydrocarbons (Fig. 8b), in the
concentrations of major cations (e.g., Ca*™; Fig. 8c), and TDS (Fig. 8d). These intervals
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Fig. 8 Vertical profiles of (a) bulk electrical conductivity (ay), (b) total petroleum hydrocarbons (TPH),
(¢) Ca*", (d) TDS, (¢) SO,>~, and (6] Fe?* obtained from the saturated zone in an aquifer contaminated by
light non-aqueous phase liquid (LNAPL). The chemical profiles show close correspondence with the vertical
profile of bulk electrical conductivity (modified from Atekwana et al. 2005)

were zones of intense microbial activity as inferred from the utilization of TEAs (e.g.,
S04>~; Fig. 8e) and the production of redox species (e.g., Fe’t; Fig. 8f).

5 Biogeophysical Attributes of LNAPL Sites

Microbial activity varies spatially due to variability in the LNAPL (i.e., concentration and
distribution) and will affect the physical property contrast between the uncontaminated
background and the contaminated region. We illustrate this concept using Fig. 9 which
shows a schematic of a hypothetical bulk electrical conductivity profile at a LNAPL
contaminated site. We show the longitudinal (Fig. 9a), vertical (Fig. 9b), and transverse
(Fig. 9c) bulk electrical conductivity profiles based on the LNAPL contamination depicted
in Fig. 2. In the longitudinal profile, the maximum bulk electrical conductivity increase is
associated with the source area which then decreases in the downgradient direction
(Fig. 9a). The maximum increase in the bulk electrical conductivity in a vertical profile
occurs within the source area within the smear zone where peak increases straddle the
water table (Fig. 9b). Further downgradient beyond the source area, higher bulk electrical
conductivity are observed within the plume (Fig. 9b). In transverse section, the bulk
electrical conductivity is much higher for the contaminated region near the source zone
(profile B-B’, Fig. 9¢) compared to a more subtle increase downgradient from the source
area (profile C—C’, Fig. 9¢). Although we illustrate the biogeophysical attributes of LNAPL
contamination undergoing bioremediation using the bulk electrical conductivity, similar
conceptual models can be developed for all the other geophysical techniques. We now use
field and laboratory studies to show how the ER, GPR, SP, and EM methods are used to
characterize different biogeophysical attributes due to microbial processes.

5.1 Application of Surface Geophysical Techniques

We discuss a field example from the fire training site (FT-02) located at the decommis-
sioned Wurtsmith Air Force Base in Oscoda, Michigan, USA (Sauck et al. 1998). This site
has been investigated extensively over the last decade and has geochemical and biological
data that can be used to aid geophysical interpretation. The subsurface at this site consists
of clean, well sorted fine- to medium-grained sands which grade downward to gravel.
Underlying the sand and gravel deposits at approximately 20 m is a silty clay unit
6.1-30.5 m thick. The average depth to the water table at the site ranges from 3.7 to 5.3 m.
From 1958 to 1991, the US Air Force used the FT-02 site for bi-weekly fire training
activities where several thousand liters of jet fuel and other hydrocarbons were combusted.
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Fig. 9 Schematic of a the longitudinal, b vertical, and ¢ transverse cross-sectional profiles of a hypothetical
light non-aqueous phase liquid (LNAPL) spill showing corresponding variations in bulk electrical
conductivity. The locations of the profiles are shown in Fig. 2a. The distribution of the vapour, residual,
free, and dissolved phase LNAPL is shown in each panel. The bulk electrical conductivity response in the
contaminated region is due to biodegradation. VZ is the vadose zone, WT is the water table, and SZ is the
saturated zone. The direction of groundwater flow is shown by arrows in (a) and (b). Groundwater flow is
perpendicular to the page in (c)
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Fig. 10 Contoured vertical profiles of a nitrate, b sulfate, ¢ Fe*", d isotope ratio of dissolved inorganic
carbon (83 Cp;c), e calcium, and £ specific conductance from multi-level piezometers from the FT-02 light
non-aqueous phase liquid (LNAPL) plume at the Wurtsmith Air Force Base in Oscoda, Michigan, USA. The
multi-level piezometers are located downgradient from the source zone (Atekwana, unpublished)

Uncombusted hydrocarbons and combustion products seeped directly into the ground
creating a LNAPL plume approximately 75 m wide and extending about 450 m down-
gradient from the source (Skubal et al. 2001). In the source area, both the vadose zone and
saturated zones are impacted and free phase LNAPL occurs on top of the water table,
whilst downgradient the contamination is in the dissolved phase (McGuire et al. 2000;
Skubal et al. 2001).

Geochemical and microbial investigations of LNAPL contamination at this site indicate
that biodegradation is occurring, and that methanogenesis is the dominant terminal electron
process within the core of the plume (Chapelle et al. 1996; McGuire et al. 2000; Skubal
et al. 2001). Figure 10 shows groundwater geochemical data collected from multi-level
piezometers across the plume in the source area. The depletion of terminal electron
acceptors such as nitrate (Fig. 10a) and sulfate (Fig. 10b) and the high concentrations of
Fe?* (Fig. 10c) a redox species is evidence of biodegradation of LNAPL in the plume.
TEAs processes have advanced to the methanogenesis stage which is inferred from very
positive (>0%o) values in the stable carbon isotope ratio of dissolved inorganic carbon
(6"Cpyc) in the plume core (Fig. 10d). Major ion chemistry suggests that enhanced
mineral weathering is occurring within the contaminated aquifer with elevated values of
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Fig. 11 Bulk electrical resistivity profile near the source zone at a light non-aqueous phase liquid (LNAPL)
contaminated site (FT-02) at the Wurtsmith Air Force Base, Oscoda, Michigan USA showing a profile from
an area near the source zone shown in the profile B-B’ in Fig. 2a and b profile across a distal portion of the
plume represented by profile C—C’ in Fig. 2a. WT is the water table

Ca*" (Fig. 10e) and groundwater specific conductance (Fig. 10f). The zone of active
biodegradation is limited to the upper parts of the saturated zone contaminated by dis-
solved LNAPL and is ~2-3 m thick (Che-Alota et al. 2009).

Figure 11a shows an electrical resistivity profile obtained across the source zone. This
profile is similar in location to the hypothetical cross section B-B’ in Fig. 2a that is
depicted in profile B-B’ in Fig. 9c. The survey consisted of a dipole—dipole resistivity
array at 3 m electrode spacing using a 10-channel IRIS Syscal Pro resistivity system with
72 electrodes. The profile clearly shows a low resistivity anomaly at horizontal location
48-85 m. The low resistivity anomaly is mostly prominent in the vadose zone, but extends
from the surface into the saturated zone. The contribution of biodegradation in the vadose
zone to the geophysical signature is in stark contrast to downgradient locations where the
contamination exists only in the dissolved phase. Figure 11b is a resistivity profile obtained
from a downgradient location at the FT-02 plume. An equivalent location is shown in cross
section C-C" in Fig. 2¢ and depicted in profile C-C’ in Fig. 9c. The profile from this
downgradient location does not show anomalously low electrical resistivity across the
plume, despite the fact that active biodegradation is occurring in the plume at this location
indicated by relatively high TDS and metals and low TEAs. The above resistivity profiles
illustrate the fact that varied responses can be obtained from different locations at the same
site using the same geophysical technique.

A GPR profile (Fig. 12a) was acquired near the source zone across the FT-02 plume by
Bradford (2007). The data were acquired with 100-MHz antennas in continuous CMP mode
with a 25-fold common—source gathers, 0.6-m source interval, and a 0.3-m receiver interval.
See Bradford (2007) for details on data processing and computation of the dispersion
parameter (D) shown in Fig. 12b. The dispersion parameter is useful for identifying
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Fig. 12 a Ground penetrating radar (GPR) acquired near the source zone at a light non-aqueous phase
liquid (LNAPL) contaminated site (FT-02) at the Wurtsmith Air Force Base, Oscoda, Michigan, USA,
showing a CMP 25-fold stack of 100-MHz data and b image of the distribution of the dispersion parameter
(D) calculated from the GPR spectral data. The zone of increased dispersion corresponds to the region of
increased DC conductivity at the site (e.g., Fig. 10). The water table reflector is located at about 65 ns
(modified from Bradford 2007)

subsurface anomalies from GPR spectral data and is large for geologic media with strong
dispersion and small for weak dispersive media. The GPR profile (Fig. 12a) shows a zone of
attenuated signals beginning immediately below the water table and extending to deeper
depths and is similar to the results of other GPR profiles near the source area (Sauck et al.
1998; Che-Alota et al. 2009). The dispersion distribution (Fig. 12b) shows a distinct zone of
strong dispersion coincident with the zone of GPR signal attenuation, with the dispersion
generally stronger in the vadose zone than in the saturated zone. The spatial position of the
dispersion zone in the Bradford (2007) study corresponds to the region of anomalously low
resistivity observed in the vadose zone (Fig. 11a). Bradford (2007) suggests that increased
DC conductivity of the aquifer pore fluids alter the relaxation characteristics of the bulk
formation, masking decreases in dispersion caused by the residual LNAPL in the vadose
zone. The resistivity (Fig. 11a) and GPR (Fig. 12a) results collected near the source area
with LNAPL impact in the vadose zone suggest significant enhancement of the geophysical
signal from higher pore water conductivity due to biodegradation in the vadose zone.

Although the surface electrical resistivity survey was unable to image the plume at the
downgradient location (Fig. 11b), GPR investigations at the same downgradient locations
clearly delineate the plume. In fact, GPR surveys near the source zone and downgradient
locations are characterized by GPR shadow zones, which were used to map the transverse
extent of the contaminated region along a longitudinal profile (see Sauck et al. 1998 for
additional details). It appears that the higher resolution of the GPR technique is more
suitable for imaging smaller vertical increases in bulk formation conductivity than the
resistivity technique when deployed from the surface.

An SP survey over the FT-02 contaminated study site in 1996 (Fig. 13a) shows a
positive (10-25 mV) SP anomaly over the lateral extent of the contamination (Sauck et al.
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Fig. 13 Self potential (SP) anomaly map near the source area at a light non-aqueous phase liquid (LNAPL)
contaminated site (FT-02) at the Wurtsmith Air Force Base, Oscoda, Michigan, USA measured in a 1996
and b 2007. The positive anomaly observed in 1996 is no longer seen in 2007 due to remediation of the area
by the vapor extraction technique. A grid showing the soil vapor extraction (SVE) system is superimposed
on the 2007 SP grid (adapted from Che-Alota et al. 2009)

1998). Sauck et al. (1998) relate the source mechanism of the SP anomaly to diffusion (or
membrane) potentials (Eq. 14) associated with chemical concentration gradients due to the
mobility of ionic charge carriers. The chemical gradients are the result of microbial
mediated redox processes occurring in the contaminated aquifer during intrinsic biore-
mediation (e.g., see Fig. 10). Remediation of the source area at this site was initiated in
2001, and consisted of soil vapor extraction from the source zone at 25 extraction points in
a grid-like fashion (Fig. 13b). SP surveys in 2007 showed that the positive SP anomaly had
disappeared from the contaminated region (Fig. 13b), although geochemical surveys in
2007 still showed an active dissolved phase plume in the survey location (Atekwana,
unpublished). Therefore, the disappearance of the positive SP anomaly clearly demon-
strates the effects of microbial processes in the vadose zone on the generation of the SP
signals.

5.2 Application of Downhole Geophysical Surveys

The vertical variability of microbial processes at LNAPL contaminated sites is due in part to
the partitioning of LNAPL into different phases, the vertical distribution of TEAs, and
variations in the micro-environment. The variations in the geophysical signatures that can be
expected at LNAPL contaminated sites are schematically depicted by Fig. 9b. We use a field
example from an old oil refinery in Carson City, Michigan, USA to demonstrate the effec-
tiveness of vertical geophysical profiling of microbial alteration of LNAPL at contaminated
sites (Atekwana et al. 2000; 2004a, b, c; Werkema et al. 2003). Over a 50 year period,
continuous hydrocarbon releases (mostly JP4 jet fuel and diesel) from storage facilities and
pipelines resulted in the seepage of petroleum hydrocarbons into the subsurface which
contaminated soil and groundwater. The contaminated zone is approximately 4.6-6.1 m
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Fig. 14 Depth distribution of a grain size, b light non-aqueous phase liquid (LNAPL) phases, ¢ microbial
population numbers, and d bulk electrical conductivity obtained from a LNAPL contaminated site at the
Crystal Refinery in Carson City, Michigan, USA (adapted from Atekwana et al. 2004a)

thick. The vadose zone is characterized by fine- to medium-grained sands, while the saturated
zone consists of medium-sized sands and gravels underlain by a clay unit (Fig. 14a).

The distribution of the different phases of LNAPL contamination is shown in Fig. 14b.
A 30 cm free phase LNAPL floating on the water table is located between a residual phase
LNAPL that is 75 cm above the free phase and a dissolved LNAPL that extends about
75 cm below the water table. The water table occurs at an elevation of 224.75 m. The
smear zone consists of the top of the region contaminated by residual LNAPL to about
25 cm below the water table. The vertical distribution of aerobic heterotrophic and oil
degrading microbial populations is shown in Fig. 14c, and depicts higher oil degrading
microbial populations in the residual and free phase zones mainly above the water table
(see Atekwana et al. 2004b for more details). The bulk electrical conductivity was mea-
sured using a 5.0 cm Wenner array from in situ vertical resistivity probes (VRPs) installed
from the surface to the top of the clay unit (Fig. 14d). Anomalously high bulk electrical
conductivity is coincident with the smear zone impacted by residual and free LNAPL and
concomitant with a higher percentage of oil degrading microbial populations (Fig. 14c, d).

SEM images (Fig. 15a) from the zone of anomalously high bulk electrical conductivity
show that mineral grain surfaces are highly etched and pitted, compared to images from the
uncontaminated zones (not shown). The SEM images from within the contaminated
regions also show extensive development of bacterial biofilms (Fig. 15b). Furthermore,
molecular analyses determined by construction and evaluation of 16S rRNA gene libraries
show spatial heterogeneity in the microbial community structure that parallel the vertical
changes in bulk electrical conductivity (Allen et al. 2007). Diversity indices analyses
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Fig. 15 Scanning electron
microscopy image of a weathered
mineral surface and b microbial
biofilm attached to a mineral
surface obtained from a light
non-aqueous phase liquid
(LNAPL) contaminated site at
the Crystal Refinery in Carson
City, Michigan USA (adapted
from Atekwana et al. 2004a)

revealed that, at the contaminated locations, there was less diversity within the microbial
community (Allen et al. 2007). More importantly, a multivariate statistical analysis of the
relationship between the bulk electrical conductivity, the lithology, and the microbial
communities indicated a direct correlation between specific microbial populations (e.g.,
syntrophic species 0- and ¢-Proteobacteria) and higher bulk electrical conductivity. These
results are the first to suggest that the elevated bulk electrical conductivity observed at
LNAPL contaminated sites may be related to the presence and activities of specific
microbial populations. The Allen et al. (2007) study demonstrates the potential for using
variations in the bulk electrical conductivity (and other geophysical properties) to guide
soil and sediment sampling from discrete depths within the contaminated subsurface for

microbial ecology studies.
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Fig. 16 Depth distribution of a light non-aqueous phase liquid (LNAPL) phases, b bulk electrical
conductivity, and ¢ oil degrading microbial (alkane degraders) populations from a laboratory meso-scale
biodegradation experiment. The microbial populations were obtained after 20 months into the experiment

The results from the Carson City site were replicated in a laboratory column exper-
iment conducted over 24-month period by Atekwana et al. (2004d). The aim of this
experiment was to investigate the effects of biodegradtion on bulk electrical conduc-
tivity. The columns consist of biotic contaminated and uncontaminated columns which
were 80 cm long and constructed of 31 cm diameter polyvinyl chloride pipe (PVC) pipe.
The columns were filled with autoclaved fine- to medium-grained sands collected from a
field site in Carson City Michigan, USA. The uncontaminated column contained water
and nutrients, while the contaminated column was amended with 4 L of diesel. Diesel
sorbed on the sand (residual phase) occurred from O to 32 cm, sands contaminated with
free phase diesel occurred from 32 to 45 cm, and dissolved phase diesel contamination
occurred in the water saturated zone below 45 cm (Fig. 16a). The columns were
maintained at room temperature (23-25°C) for the duration of the experiment. The
results showed that the largest increase in the bulk electrical conductivity (>120%)
occured in the capillary fringe and smear zone compared to a 10% change in the
saturated zone (Fig. 16b). Microbial enumeration showed that the highest population of
oil degrading microorganisms did not occur below the water table where the hydro-
carbons were mostly in the dissolved phase, but were directly correlated with the zone of
higher bulk electrial conductivity in the smear zone (Fig. 16¢c). In the field setting, it is
likely that the fluctuating water table smears the LNAPL, potentially making it more
readily available for microbial activity (Lee et al. 2001). The high concentrations of total
petroleum hydrocarbons and the availability of TEAs and nutrients brought in by sea-
sonal recharge events stimulate microbial activity and make this a zone of the most
active/intense biodegradation, hence the zone of the highest alteration.
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The above findings by Atekwana et al. (2004d) are consistent with recent studies by
Cassidy (2007, 2008) that document maximum GPR attenuation within the smear zone at a
LNAPL contaminated site. From GPR signal attribute analysis and a dielectric property
comparison between LNAPL contaminated and uncontaminated areas, Cassidy (2007)
documented that the most significant and identifiable zone of attenuation was the
smear zone, where the attenuation could be wholly related to material property loses
(>2-6 dB/m). The smear zone also had a slight but observable frequency dependence to
the attenuation spectrum with the lowest frequency data (<300 MHz) showing the greatest
degree of loss. Measurements from pure LNAPL and the vadose zone showed little signal
attenuation. Cassidy (2007) also noted that attenuation attributes from the saturated zone at
the contaminated location were not significantly different from attenuation characteristics
from the saturated zone in an uncontaminated area. Hence, the results of the Cassidy
(2007) study are consistent with observations of anomalously high bulk electrical con-
ductivity of aged LNAPL contamination at the Carson City refinery site (Atekwana et al.
2004a).

5.3 The Effect of Microbial Activity on the Interfacial Electrical Properties

SEM images from LNAPL contaminated sites undergoing remediation (Figs. 7a, b; 15a, b)
show marked changes in the grain surface characteristics. It is expected that the volume of
the aquifer material altered in this manner will exhibit distinct interfacial electrical prop-
erties related to the direct and indirect alteration of aquifer minerals by microbial activities.
Studies conducted by Abdel Aal et al. (2006) clearly demonstrate that microbial processes
induce changes in the interfacial properties of sediments and impact the geophysical
response. Abdel Aal et al. (2006) obtained complex conductivity measurements from
sediment cores retrieved from the Carson City site discussed in Sect. 5.2 (See Abdel Aal
et al. (2006) for details on complex conductivity measurements). The highest imaginary
conductivity and phase values were observed for samples from the smear zone (where
contamination was mostly in the residual and free phases), which exceeded the values
obtained for samples contaminated with dissolved phase LNAPL. The samples contami-
nated by dissolved phase LNAPL had imaginary conductivity values that exceeded values
obtained for uncontaminated samples. Real conductivity values, although generally ele-
vated for samples from the smear zone, did not show a strong correlation with contami-
nation. These results suggest that there are distinct differences in the magnitude of the
polarization of the samples from locations contaminated with different LNAPL phases.
Because the imaginary conductivity is largely dependent on surface area, Abdel Aal et al.
(2006) suggest that the accumulation of microbial cells with high surface areas at the
mineral-electrolyte interface are largely responsible for the imaginary conductivity
response. Bacterial cell surfaces are charged, highly complex, and are analogous to colloidal
particles (Poortinga et al. 2002). Therefore, polarization of the ions in the electrical double
layer at the bacterial-mineral-fluid interface depends on the mobility of the counterions in
the Stern layer, surface charge density, and the surface area of the grains (Abdel Aal et al.
2009). Microbial attachment to mineral surfaces increases the surface roughness causing an
increase in the polarization magnitude. The large surface area of the bacteria accentuates
this effect. The SEM images which show a very rough and highly weathered mineral grain
(Fig. 15a) and which show significant attachment of bacteria and biofilms on a mineral
surface (Fig. 15b) obtained from a region contaminated by LNAPL at the Carson City site
support this hypothesis.
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5.4 The Effect of Microbial Activity on Electromagnetic Response

Atekwana et al. (2002) used the electromagnetic method to investigate part of a former
petroleum refinery site in Kalamazoo, Michigan, USA. Leakage from storage tanks
resulted in the contamination of the subsurface sediments and groundwater by refined
hydrocarbons and hydrocarbon sludge dumped at the site. Although most of the remedi-
ation activities at the site focused on free phase hydrocarbon removal, significant con-
tamination of the vadose zone remained. The sediments at the site are characterized
by glacial till, outwash sand, and gravel. The water table in the study area is approximately
6—8 m below the surface.

An EM survey using the Geonics EM-31 MK2 was conducted at the site to map the
extent of shallow subsurface contamination. The data from the out-of-phase component
presented in Fig. 17 show a broad zone of high conductivity values in the West to North
West part of the survey area extending from an anomalies due to the presence of a pipe.
Background conductivity values at the site are <13 mS/m but are between 15 and 20 mS/m
within the contaminated zone. The sources of the conductivity anomaly are inferred to
occur within the vadose zone, because the top of the zone of saturation is considerably
deeper (>6 m) than the depth limit of detection of the EM-31 instrument. This instrument,
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Fig. 17 EM 31 conductivity distribution at a light non-aqueous phase liquid (LNAPL) contaminated site in
Kalamazoo, Michigan, USA. The anomalous high conductivity is due to biodegradation of LNAPL perched
in the vadose zone (adapted from Atekwana et al. 2002)
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with 3.66 m coil separation, receives most of its response from the 1-3-m depth interval
when deployed in the normal (horizontal coils) position. Soil borings from within the
anomalous conductivity zones confirmed the presence of perched hydrocarbon zones
associated with the high conductivities. Atekwana et al. (2002) suggest that the high
conductivities result from an increase in pore fluid conductivity due to ions released during
biodegradation of LNAPLs trapped in the vadose zone.

5.5 Non Conductive Geophysical Signatures Associated with Long-Term LNAPL
Contaminated Sites

Not all “aged LNAPL plumes” exhibit anomalous geophysical signatures associated with
biodegradation. Tezkan et al. (2005) investigated an “aged” hydrocarbon contaminated site
at a refinery 60 km North of Bucharest in Romania. The first reports of hydrocarbon con-
tamination occurred in 1974 when oil contamination was documented from domestic wells in
nearby villages. The thickness of the free hydrocarbon at the time of the geophysical
investigations varied, but was up to 4.8-m thick beneath the central part of the refinery. The
subsurface geology was characterized by Quaternary river deposits and the aquifer consisted
of a thin top soil horizon and a clay layer underlain by unconsolidated sands and fine to coarse
gravels. Significant fluctuations in the water table level occurrs at the site due to recharge
events, ranging from 5-8 m during dry periods to ~1 m during wet periods. Hence, it is
expected that a significant smear zone would have developed at this site.

Geophysical surveys at this site were conducted outside the perimeter of the refinery at a
location where the hydrocarbon was ~1 m thick. The RMT was used to investigate the
contamination. By the time of the survey, the contamination could be considered “aged” as
the geophysical surveys took place in 1999, approximately 25 years after the first occur-
rence of hydrocarbon contamination was reported. We would expect that if biodegradation
was occurring at this site then a conductive signature would be observed. Instead, 2D-
inversion results for several profiles (Fig. 18a) show a resistive layer below a conductive
surface layer from 3 to 13 m. Existing boreholes indicate that the resistive structure was
associated with hydrocarbon contamination. A comparison with background locations
(Fig. 18b) suggests that the resistivity of the contaminated area was higher than that of the
background location, especially at higher frequencies. Laboratory measurements of fluid
samples taken from the contaminated zone showed a very high resistivity for the oil
(10" Qm), whereas the resistivity of the water was about 3 Qm because of possible bio-
degradation. Tezkan et al. (2005) concluded that the overall contaminated zone was highly
resistive despite a conductive plume beneath the resistive oil layer. It is possible that the
thicker resistive zone masked the thinner conductive layer.

This observation of a high resistive layer associated with LNAPL contamination
overlying a conductive groundwater plume (probably the result of biodegradation) has also
been documented by Benson et al. (1997) and Frohlich et al. (2008). Although no com-
prehensive chemical and biological data was provided, the results suggest that high
resistivity anomalies associated with the presence of LNAPLs can persist even after
decades of contamination. Without the full geochemistry and biological data it is difficult
to assess the state of biodegradation at these sites.

A study by Petterssen and Nobes (2003) also reported resistive signatures from elec-
tromagnetic induction surveys from hydrocarbon contamination at the Scott Base, Ant-
arctica. A GPR survey at the same site was not successful in mapping the contaminated
region. Although the age of contamination is unknown, the base was constructed in 1957
and occupied permanently in 1962 (Petterssen and Nobes 2003). It is possible that
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Fig. 18 a 2D resistivity distribution along several profiles (0, 20, and 40) at a light non-aqueous phase
liquid (LNAPL) contaminated site in Bucharest, Romania and b comparison of the apparent resistivities of
the contaminated location and the reference (background) location (adapted from Tezkan et al. 2005)

contamination at the site could be as old as 46 years before the geophysical surveys were
conducted. Nevertheless, the resistive signature of the plume was still apparent. We
speculate that the extreme cold weather conditions may inhibit the activity of the bacteria.
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Biodegradation occurs only when microbial populations capable of degrading the hydro-
carbons have favorable moisture and nutrient conditions (Haack and Bekins 2000).
Without information on the microbial conditions at the site, it is difficult to assess the
extent of LNAPL alteration and its impact on the geophysical signatures.

6 Summary and Conclusions

Microbial transformation of LNAPL in the contaminated subsurface results in a complex
bio-physicochemical environment. The presence, types, and distribution of different
microbial populations are dictated by the distribution and concentration of organic carbon
from the LNAPL contamination that serves as the electron donor and on the terminal
electron donor-electron acceptor processes that drive LNAPL biodegradation. A review of
the pertinent literature relating microbial activity to changes in the geophysical properties
at LNAPL contaminated sites suggests that microbial activity causes profound changes in
the subsurface environment in three major ways as summarized in Fig. 6: (1) by the
production of biomass and development of biofilms that alter the surface properties of
aquifer minerals and cause changes in pore volume characteristics of the aquifer, (2) by the
generation of metabolic byproducts that weather aquifer minerals altering the ionic con-
centrations of the aquifer pore fluids and changing the saturation states of minerals in the
aquifer, and (3) by mediating geochemical reactions that cause changes in the redox state
resulting in distinct redox zonations.

Direct attachment of microbes on mineral surfaces and the development of biofilms
alter the surface electrical properties because of the electrical charge associated with
microbes and the increase in surface area and roughness imparted onto minerals by the
large surface area of microbes. In addition, growth of microbes in colonies and as biofilms
in pores of the aquifer matrix change the pore volume characteristics (e.g., porosity).
Geophysical techniques that are sensitive to changes in the interface properties between
mineral, water, and microbes (e.g., complex conductivity) are capable of sensing this
aspect of microbial alteration of the contaminated matrix.

During biodegradation, the pore fluid chemistry is changed by the degradation of the
LNAPL (decrease in LNAPL concentration), decrease in the TEAs (e.g., NO3 ™, S0,
the production of redox species (e.g., Fe?* and Mn*"), and production of metabolic
byproducts such as organic acids, biosurfactants, and biogenic gases (e.g., CO,, H,, CHy,
H,S). The decrease in TEAs and the production of redox species will change the ionic
concentration of the pore fluids and affect geophysical techniques sensitive to the electrical
conductivity of the pore fluids (e.g., ER, IP, and GPR) and in the concentration in ionic
gradient and redox species (e.g., SP). The byproducts of microbial action such as organic
and carbonic acid (from dissolution of CO,) will weather aquifer minerals. A combination
of mineral dissolution by microbial action and their byproducts will produce solute species
that will change the saturation state of minerals and result in dissolution or precipitation of
various mineral phases. The precipitation of mineral phases from oversaturation will alter
mineral surfaces and the pore structure of the aquifer detectable by geophysical techniques
such as ER and IP. Other bio-induced transformations such as increased temperature can
also affect a variety of geophysical properties (e.g., higher pore water temperatures can
increase the bulk electrical conductivity).

The geophysical signature of the contaminated region depend on factors such as the type
of the LNAPL (crude oil, jet fuel, diesel fuel), LNAPL release history (e.g., continuous
release or single release), the distribution of the LNAPL relative to air in the vadose zone
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or water in the saturated zone, hydrologic processes (e.g., advective transport, seasonal
recharge), the saturation history of the contaminated media and biological processes. The
degree to which LNAPL biodegradation occurs depend on the environmental conditions as
determined by subsurface geology, temperature, moisture content, and microbial activity.
Field and laboratory studies of the geophysical response of LNAPL contamination
undergoing bioremediation is detectable by geophysical techniques for situations in which
microbial processes create contrast in the physical properties in the altered contaminated
region that is sufficiently different from the unaltered LNAPL and from background.

The biological and chemical changes responsible for the changes in the geophysical
properties in the contaminated environment often occur at discrete depth intervals. Dif-
ferent microbial community structures and processes occur at fine scale (< cm scale) due
to patterned ecological successions, as the biological, physical, and chemical environments
change spatially and temporally. Therefore, the interpretation of the geophysical data from
LNAPL sites must be accompanied by an understanding of the fine-scale variations in
microbial processes. Hence, the successful application of any geophysical technique at
LNAPL contaminated sites must be guided by a proper understanding of the factors that
govern the geophysical response and which of the factors are likely to dominate the
geophysical response. We find that maximum changes in geophysical signatures occur in
the tension saturated, capillary, and upper portion of the saturation zones. It is within these
zones that the highest populations of oil degrading microorganisms occur and the maxi-
mum changes in geophysical signatures (increased conductivity, maximum attenuation of
GPR signal amplitudes etc.) are likely to be observed.

The subsurface region altered by microbial processes is akin to a target, whereby its
detection by geophysical techniques is scale dependent. The distribution of the different
LNAPL phases is spatially variable; thus, geophysical surveys in and near the source area
with contamination in the vapor, residual, free, and dissolve phase will provide a response
different from a similar survey downgradient of the source area contaminated only by
dissolved phase. The volume (lateral and horizontal extent and vertical thickness) of
contaminated aquifer to be imaged by geophysical techniques needs to be known and the
expected changes in the physical properties are key to choosing a geophysical technique
for investigation. The volume of aquifer (e.g., thickness) contaminated will also determine
the survey design appropriate for resolving the target region. In addition, the choice of
geophysical techniques to be employed is usually determined by instrument availability.
Nevertheless, the resolution of the instrument for the type of survey to be conducted needs
to be evaluated by the investigator. This review does not cover such matters because site
characteristics will vary from place to place, requiring the survey design to be tailored to
each site. Ideally, prior to conducting geophysical surveys, the following should be con-
sidered: (1) the distribution of the different phases of the LNAPL contamination, (2) the
relative volume of the subsurface impacted by the different phases, (3) the nature and
extent of LNAPL alteration (e.g., physical, chemical and biological), (4) the ratio of the
mass of biologically altered LNAPL relative to the mass of the unaltered LNAPL, and (5)
the effect of changes in the physical properties of the contaminated media imparted by
physical, chemical and biological alteration of the LNAPL. In situations where a large
volume of the LNAPL remains unaltered, evidence of microbial degradation of the altered
mass, although present in the aquifer might go undetected in the geophysical results. In this
case, high resolution downhole geophysical techniques might be able to resolve the zones
of enhanced microbial activity.

Geophysical investigations can be effectively used to assess biogeochemical processes
at field settings and in laboratory experiments. However, this is by no means a trivial task.
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It is difficult to assess the extent of microbial induced alterations because microbial
transformations of the contaminated environment are often coupled and dynamic, and
occur over a wide range of spatial and temporal scales. For example, changes in pore fluid
conductivity may result from both hydrologic processes (e.g., advective flow due due to
seasonal recharge) and microbial processes (e.g., mineral precipitation), while changes in
porosity resulting from the disolution of a particular mineral may occur concurrently with
bio-induced mineral precipitation of another mineral species. Future research should focus
on isolating the effects of these coupled processes and quantifying their contributions to
geophysical property changes. Significant challenges remain to be overcome such as issues
of scaling of the geophyscal signals of bulk property changes to the microbial processes
from the micro- to the nano-scale of microbial and geochemical processes. The integration
of biological, geochemical, and geophysical investigations may aid in understanding
geophysical responses at LNAPL contaminated sites. Finally, a mechanistic understanding
of the processes resulting in the measured geophysical responses remains uncertain and
there are no petrophysical or numerical models that incorporate microbial effects. This also
presents potential areas for future research.
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