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GEOELECTRICAL RESPONSE OF AN AGED LNAPL PLUME:
IMPLICATIONS FOR MONITORING
NATURAL ATTENUATION
Douglas D. Werkema, Jr., Ph.D.

Western Michigan University, 2002

The geoelectric stratigraphy at a site impacted with light non-aqueous phase
liquids (LNAPLs) is investigated for its link to natural biodegradation, its contribution
to the conductive model for aged (i.e. mature) LNAPL contaminated sites, and the
relationship to the natural hydrologic regime. The highest conductivities (lowest
resistivities) were observed in portions of soils where LNAPL was in residual and free
phase. Corroborating evidence from bacteria enumeration from soil close to the
vertical resistivity probe (VRP) installations show orders-of-magnitude increase in
both heterotrophic and oil degrading microbes at the depths where the conductivity
was at 2 maximum. The coincidence of peak microbial populations with zones of
high conductivity provides circumstantial evidence linking the anomalous high
conductivity to microbial degradation of LNAPLs.

A simple analysis using Archie's Law reveals that large pore water saturation
and a large pore water conductivity enhancement is necessary to produce the VRP
field results from the contaminated locations. These results support the conductive
model at aged LNAPL contaminated sites due to the effects of enhanced mineral
dissolution of the aquifer materials resulting from biodegradation of the contaminant

mass.
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Further comparison of the temporal conductivity variation and water table
fluctuations are also presented. The VRP results suggest that the conductivity
response is inversely related to water table elevations at locations of LNAPL
contamination and directly related at the non-contaminated location.

Overall, this study demonstrates the potential of geoelectrical investigations as
a tool for assessing the microbial degradation of LNAPL impacted soils. The results
will guide biogeochemical investigations to discrete zones where, physical changes
are occurring, and provide the basis for model calibration at sites with mature LNAPL

contamination.
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CHAPTER 1

INTRODUCTION

Geophysical " investigations, predominantly using electrical methods such as
electromagnetic induction, ground penetrating radar, resistivity, and spontaneous
potential, have been commonly applied to characterize the subsurface geology and
contaminant distribution at sites contaminated with petroleum hydrocarbons such as light
non-aqueous phase liquids (LNAPLs) (Daniels et al., 1992; Maxwell and Schmok, 1995;
Benson et al., 1997; Bermejo et al., 1997; Vanhala, 1997). These methods are applicable
because the LNAPL contaminated zone is electrically different from the surrounding
material thus presenting anomalies suggestive of their location. Specifically, most of the
geoelectrical investigations and modeling at LNAPL impacted sites are based on the
insulating layer model where the more resistive petroleum hydrocarbon occupies the pore
space and results in a geoelectrically resistive anomaly (Mazéc et al., 1990; De Ryck et
al., 1993; Redman et al., 1994; Osiensky, 1997; Blacic and Arulanandan, 1999).
However, these investigations have not included how the LNAPL contaminated zone or
impacted areas change over time due to natural hydrologic and biogeochemical reactions,
such as those reported by numerous geochemical and microbial studies (Cozzarelli et al.,
1990; Bennett et al., 1993; McMahon et al., 1993).

The natural microbial degradation of petroleum hydrocarbon contamination has
been accepted as a viable means to deal with such contamination (Davee and Sanders,

2000). Natural biodegradation of the LNAPL reduces its extent and eventually removes

1
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it altogether as natural microbes metabolize the hydrocarbon. This process of resident
microbes capable of breaking down hydrocarbons has been well established in the
geochemistry and microbial literature (Baedecker et al., 1987; Cozzarelli et al., 1990;
Baedecker et al., 1993; Bennett et al., 1993; Eganhouse et al., 1993; Davee and Sanders,
2000). Through the microbially mediated breakdown of the hydrocarbons, the microbes
produce carbonic and organic acids and biosurfactants. One of the end products of this
transformation is CO,, which reacts with pore waters to produce carbonic acid. This acid
production enhances mineral dissolution of the resident aquifer sediment (McMahon et
al., 1995). Furthermore, the production of biosurfactants emulsify the hydrocarbon
which further changes the physical and chemical composition of the hydrocarbon
impacted area (Hudak, 2001; Cassidy et al., 2002). Most of these processes are fairly
well understood; however, it is not known how the microbial degradation and subsequent
biogeochemical processes alters the electrical properties of the impacted zone.
Therefore, the application of geoelectrical methods cannot be interpreted unmtil a
fundamental understanding of these processes and the resulting affect on the geoelectrical
properties of the subsurface is obtained.

Present geophysical studies report contradictory results based on the state of
degradation of the LNAPL. Some short term and controlled spill studies show a more
resistive LNAPL impacted zone (De Ryck et al., 1993; Redman et al., 1994; Campbell et
al., 1996), while many case studies and field investigations of more mature LNAPL
impacted sites reveal the opposite with a more geoelectrically conductive response
(Benson et al., 1997; Sauck et al., 1998; Atckwana et al., 2000; Werkema et al., 2000). A

more recent geoelectrical model developed by Sauck et al., (1998) with continual support

2
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by other studies (Atekwana et al., 2002; Atekwana et al., 1998; Atekwana et al., 2000;
Sauck, 2000; Werkema et al., 2000; Cassidy et al., 2001) accounts for these dynamic
changes and the resulting effect on the geoelectrical response. Not only has this new
conductive plume model (Sauck, 2000) been initially supported by the field studies listed
above, but also biogeochemical investigations (Duris et al., 2000; Hudak, 2001; Duris et
al,, 2001; Legall, 2002). However, these studies have only begun to describe the
geophysical changes occurring at an aged (i.e. mature) LNAPL contaminated site, and a
clear link between the conductive response to biogeochemical modifications of the
LNAPL impacted zone has yet to be made. Furthermore, no studies have addressed how
natural hydrologic events (i.e. groundwater recharge) alter the geoelectrical signature at
such sites.

Therefore, this study is designed to: (2) test the conductive plume model at a
mature hydrocarbon contaminated site; (b) investigate how the geoelectrical response
changes with time both vertically and horizontally across the site; and (c) investigate the
influence of hydrologic processes on the conductivity.

This study will provide insights into the foundation necessary for the development
of more robust models that will adequately address the influence of microbial processes
on geophysical signatures. Such a model will allow for the potential development of
geophysical techniques as sensors of the presence of intrinsic bioremediation and provide
an understanding of biogeochemical processes associated with natural attenuation

Processes.

¢!
-
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CHAPTER 2

IN SITU APPARENT RESISTIVITY MEASUREMENTS AND MICROBIAL
POPULATION DISTRIBUTION AT A HYDROCARBON CONTAMINATED SITE:
IMPLICATIONS FOR THE ASSESSMENT OF INTRINSIC BIOREMEDIATION

2.0 Introduction

Light non-aqueous phase liquids (LNAPLs) contamination of soils remains a
major problem of global environmental concern. The task of locating and quantifying the
amount of LNAPL present and its subsequent degradation in soils has presented
significant challenges to scientists and engineers involved in soil cleanup and
remediation. The partitioning of hydrocarbons in the subsurface into various phases
(vapor, residual, free, and dissolved phase) and their spatial and temporal nature is
difficult to characterize, thus compounding the problem of soil remediation (Davis et al.,
1993).

Geophysical techniques hold great promise as inexpensive and non-invasive
sensors of subsurface LNAPL contamination. As such, geophysical techniques including
ground penetrating radar (GPR), electromagnetic induction, and electrical resistivity have
been widely used to detect hydrocarbon-impacted zones in the subsurface (Mazéc et al.,
1990; Annan et al., 1991; Daniels et al., 1992; Schneider and Greenhouse, 1992; Davis et
al., 1993; Redman et al., 1994; Benson and Stubben, 1995; Grumman and Daniels, 1995;
Endres and Greenhouse, 1996; Bermejo et al., 1997; Sauck et al., 1998; Atekwana et al.,
2000). The theoretical basis for the use of electrical resistivity methods for the detection

of LNAPL contaminants in the subsurface is dependent on the contrasting electrical

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



properties of the LNAPLs versus the pore and ground water displaced by LNAPL
plumes. According to Archie’s law (Archie, 1942), the resistivity of porous geologic

material (in the absence of clays) can be described by:

LB =8 ST By et )
Where gp is the bulk resistivity, ¢ is the fractional pore volume (porosity), S, is the
fraction of the pores containing water, p,,, is the pore water resistivity and », g and m are

constants.
With LNAPL contamination, Sy, is lowered due to the partial replacement of pore

waters with LNAPL and results in an increase in pp of the impacted media. This basic

scenario forms the basis for the “insulating layer model” supported by short-term
laboratory and controlled hydrocarbon spill experiments (De Ryck et al., 1993), as well
as petrophysical modeling (Endres and Redman, 1996). It is on the basis of the above
model that geoelectrical data have been interpreted from many hydrocarbon-

contaminated sites.

2.0.1 Effect of Biodegradation

LNAPL-impacted sites investigated are rarely “fresh™ spilis, as depicted by the
above controlled studies, but more ofien, have undergone some degree of physical
alteration and/or microbial degradation resulting in changes in the aquifer geochemistry.
The LNAPL contaminant, the microbial degradation products, and subsequent
geochemical reactions with the hydrologic media and geologic host material may result in

time-dependent changes in the geoelectrical properties of the impacted soils and pore
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fluids. For example, geochemical investigations at hydrocarbon-contaminated sites
suggest that major metabolic products of hydrocarbon biodegradation are carbonic and
volatile organic acids. These products enhance mineral dissolution in soils when released
by microbes into pore water. Additionally, these products are directly generated at soil
particle surfaces during microbial colonization of those surfaces (Cozzarelli et al., 1990;
Hiebert and Bennett, 1992; Cozzarelli et al., 1994; McMahon et al., 1995; Cozzarelli et
al., 1995; Bennett et al., 1996). We suggest that increases in dissolved ion concentrations
in pore water accompanying enhanced mineral dissolution should increase the electrical
conductivity of the impacted media lowering its resistivity (Sauck, 2000). Indeed,
surface geophysical investigations at several "aged" LNAPL impacted sites show
anomalous low apparent resistivities (high conductivities) coincident with contaminated
subsurface regions (Benson and Stubben, 1995; Gajdos and Krdl, 1995; Monier-
Williams, 1995; Sauck et al., 1998; Atekwana et al., 2000). Further, other studies have
documented attenuated GPR reflections probably due to increased conductivities in
regions with subsurface hydrocarbon contamination (Maxwell and Schmok, 1995;
Bermejo et al., 1997; Sauck et al., 1998).

It is of particular importance to geophysical investigations at LNAPL-
contaminated sites is the need to understand how microbial LNAPL degradation
influences soil mineralogy and groundwater geochemistry that could be observed by
geophysical methods. It is apparent that the full potential of geophysical techniques
cannot be exploited until they are calibrated with biogeochemical and physical changes

that occur during the biodegradation of these contaminants. Thus, we envision this to
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become a very active research area for environmental geophysicists in the very near
future.

Despite the apparent connection between microbial degradation of hydrocarbon
and possible changes in the geoelectrical properties of soils, no studies have been
conducted to document this relationship. In this study, we simultaneously investigated
resistivity variations, the heterotrophic and oil degrading microbial population
distribution, and water quality parameters indicative of pore fluid conductivity changes at
an “aged” LNAPL-impacted site as a first attempt to establish this relationship. The
broader implications of this study were to assess gzoelectrical methods as sensors of
subsurface hydrocarbon contamination and the potential use of these techniques in the

assessment of in-situ microbial degradation of LNAPL in soils.
2.0.2 Site Description

This study was focused on a LNAPL plume from a former refinery (Crystal
Refinery) located in Carson City, Michigan, USA (Fig. 1). Hydrocarbon releases from
storage facilitiés and pipelines resulted in the seepage of hydrocarbons into the
subsurface, impacting soils and groundwater. In 1945, the Department of Conservation
(now the Michigan Department of Environmental Quality (MDEQ)) first observed
evidence of hydrocarbon contamination in the nearby creek (Fish Creek). Subsequent
site characterization documented a northern (crude oil) and southern (refined oil) plume
emanating from the refinery property (Dell Engineering, 1992; Snell Environmental
Group, 1994). The southem plume, extending from the property southwesterly into the

neighboring Carson City Park (Fig. 1) is the focus of this study. In 1994, the plume was

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



approximately 229 m long and 82 m wide with a free product thickness between 0.3 m to
0.6 m (Dell Engineering, 1992; Snell Environmental Group, 1994).

Geologically, the very near surface (upper 10 meters) of the site is characterized
by unconsolidated glacial outwash. The aquifer below the site is approximately 4.6 m to
6.1 m of fine to medium sands, coarsening with depth to gravel. A clay aquitard unit 0.6
m to 3.1 m thick underlies the aquifer. Depth to the water table varies from 0.6 m to 0.9
m west of the study site next to Fish Creek to 4.6 m to 5.8 m east of the study area.
Generally, groundwater gradient direction is west-southwest towards Fish Creek with a

hydraulic gradient magnitude 0of 0.0015 m/m and a velocity of 1.68 m/day.
2.0.3 Field Investigations

In this study, we determined the distribution of LNAPL phase, sediment grain size
distribution, and measured soil apparent resistivity, heterotrophic and oil degrading
microbial populations, volatile organic acids, and soil water and groundwater specific
conductance in contaminated and uncontaminated portions of soils at the study area.
Each monitoring location consisted of an instrument cluster that included a Vertical

Resistivity Probe (VRP), multilevel lysimeters, and multilevel piezometers (Fig. 1).
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2.0.3.1 Subsurface LNAPL Phase Distribution

Subsurface LNAPL phase distribution was determined from sediment cores.
Sediment cores were collected using 5.05 cm diameter, 122 cm long acetate liners for
direct push coring with 2 Geoprobe™ drill rig. The sediment cores were visually
examined for the vertical distribution of hydrocarbon by observing staining of the

sediments, and for the presence of hydrocarbon free product.

2.0.3.2 Sediment Grain Size Distribution

The sediment grain size distribution was measured in the same cores used for
LNAPL phase characterization from the study area. The grain size distribution consisted
of determining the percentage gravel, sand and silt/clay fractions. The gravel (> 4.75
mm), sand (4.75 — 0.0625 mm) and silt/clay (< 0.0625mm) were determined for selected
depth intervals by sieve analysis, after drying the sediments at 105 °C. The select depth
intervals were either 15 or 30 cm depending on visual inspection of the changes in grain
size.

2.0.3.3 In Situ Resistivity Measurements

Vertical resistivity probes (VRPs) were constructed and installed throughout the
study site as part of ongoing geophysical investigations of LNAPL-contaminated soils
(VRPs 1, 2, & 3 were installed Aug,, 1997; VRPs 4, 5, 6, 7 & 8 were in Fall 1998, VRPs
9 & 10 were in June, 1999). The VRPs consist of 3.8 cm inner diameter (ID) PVC dry
wells with 1.3 cm long stainless steel screws installed at 2.54 cm intervals. The screw
heads on the outer portion of the dry PVC wells serve as the electrode contact with the

geologic formation; the threaded ends inside the wells enable measurements with
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resistivity equipment. Installation of these probes included a small bentonite slurry
annulus, which facilitated installation below the saturated zone and decreased the contact
resistance with the surrounding geologic formation in the unsaturated zone. A total of ten
VRPs are currently installed at this site. Apparent resistivity measurements were
collected for a 5.08 cm Wenner array along the probes using a Syscal R2 resistivity meter
with an automated/semi-automated switching system for switching between the
electrodes (Werkema et al., 1998; Werkema et al., 2000). In order to allow the bentonite
slurry to equilibrate, the resistivity data were collect about one year after installation

(Groncki, 1999). The locations of the VRPs used in this study are shown in Figure 1.

2.0.3.4 Microbial Sampling and Cell Extraction

The total hetrorotrophic and oil degrading microbial populations were enurnerated
for soil collected about 1 m from each VRP. Soil cores were obtained using a 2.54 cm
diameter by 61 cm long acetate liners for direct push coring (using a manual
Geoprobe Msystem). Prior to soil sampling, the acetate liners and liner caps were
disinfected in the laboratory with an 80% ethanol solution and dried in a laminar flow
hood. In the field, liners were again disinfected and the soil cores were aseptically
collected, capped and placed on ice and out of direct sunlight. The soil samples were
subsequently transported to the laboratory and stored at 4° C until analysis. The holding
time prior to microbial enumeration did not exceed 10 days.

Sub-sampling of the soil for microbial enumeration was conducted at ~15 cm
intervals. Prior to sampling the core, the outside of the sleeve was disinfected W1th 80%

ethanol. A sterilized razor blade was used to cut a 2 x 2 ¢m portion of the core sleeve,
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exposing the soil. The outer portion of soil was aseptically removed and about 1 gram of
soil was collected and placed in sterile 15 ml polypropylene tubes for extraction of
microbial cells and subsequent enumeration of microbes. Determination of the total
heterotrophic and oil degrading microorganisms was performed using a modification of a
previously reported procedure (VanElsas and Smalla, 1997). A solution of 9.5 ml 0.1%
sodium pyrophosphate was added to 1 gram of soil, shaken for 30 minutes and
centrifuged at ~ 900 g for 10 minutes. The most probable number of bacteria (MPN/g of
soil) was determined from aliquots of the supernatant using the 96-well plate method
with 10% TSB (Tryptic Soy Broth) medium to enumerate the total heterotrophic
microorganisms and with Bushnell-Haas (B-H) medium (Becton Dickinson, Detroit, MI)
supplemented with hexadecane to enumerate the hydrocarbon degrading microorganisms
(Salama et al., 1978; Klee, 1993; Haines et al., 1996; Wrenn and Venosa, 1996). After
each plate from the 96-well plate had been scored, the number of positive wells at each
serial dilution was entered into a computer program (Klee, 1993) to determine the most
probable number of bacteria/g soil and the 95% confidence limits at each sample point.
The computer program provided MPN numbers that were corrected for positive bias in

published MPN charts (Salama et al., 1978).

2.0.3.5 Pore Water and Groundwater Specific Conductance and Volatile Organic Acids

Soil water and groundwater specific conductance was measured by
microelectrode using a HydroLab™ multi-parameter probe. Soil water was collected in
lysimeters and groundwater was sampled at 30 ¢m depth intervals from 0.64 c¢cm PVC
tubing fitted with 10 cm nylon screens. The pore water from lysimeters was evacuated
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using standard techniques. Groundwater from the multilevel piezometers was pumped to
the surface using a peristaltic pump. Volatile organic acids were determined using the
chromatographic separation method for organic acids. The values are reported as acetic
acid in mg/l.

2.1 Results

Results of the grain size analyses, distribution of LNAPL phases, apparent
resistivity and microbial populations are also presented graphically in Figures 2, 3, and 4.
We present below the resuits from three representative monitoring locations: two from
contaminated locations and one from a background site with no detectable hydrocarbons

but comparable soil characteristics (see Figure 1).

2.1.1 Location With No LNAPL Contamination

Two VRP locations contain no evidence of LNAPL contamination and are
considered the control locations at this site. Figure 2 shows the results from one such
location (VRP 9). All depths reported in this study are below ground surface. The
geology at this location consists of unconsolidated fine to medium sands, which coarsen
with depth below 150 cm to coarse sand with gravel. Depth to water fluctuates from 200
to 260 cm with an average at 212 cm at this location.

The apparent resistivity measured for soils at this location ranged from 1158 to
9394 Qm within the unsaturated zone and 56 to 313 Qm within the saturated zone (Table
1). Higher and more variable resistivities characterize the vadose zone. A slight increase
in resistivity values is observed above the water table (150 c¢m) coincident with increased

gravel content (see grain size distribution, Fig. 2). The apparent resistivity gradually
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decreased from about 190 cm through the transition zone to a depth of 250 cm, remaining
relatively constant (~ 67 Qm) below this depth to the base of the aquifer.

The heterotrophic microbe population ranged from 2.4 x 10 to 2.5 x 10° MPN/g
soil. The microbes capable of hydrocarbon degradation (oil degraders) ranged from 7.0 x
10* to 2.5 x 10° MPN/g soil in soils at this location. Heterotrophic populations of 1.1 x
10%t0 2.5 x 10° MPN/g soil and oil degrading microorganisms from 2.9 x 10* t0 2.5 x 10°
MPN/g of soil were measured in the unsaturated zone. Heterotrophic populations from
2.4 x 10% to 3.8 x 10° MPN/g soil and oil degrading microorganism populations ranged
from 7.0 x 10" to 2.1 x 10* MPN/g of soil in the saturated zome. Plots depicting the
microbial numbers showed slight decreases with depth for both microbial population
types (Fig. 2). The oil degrading bacterial population were essentially constant at ~5.6%
of the total heterotrophic population. There was a slight peak in the heterotrophic and oil
degrading microbial population (3.6 x 10% to 3.77 x 10° MPN/g of soil) below the
saturated zone at 260 cm, but only 0.5% of the population were capable of hydrocarbon
degradation.

Specific groundwater conductance values from the multilevel piezometers show
lower values ranging from 78 to 380 puS/cm characterizing the transition zone, and higher
values (764 to 877uS/cm) at the base of the aquifer (Table 1). However, volatile organic
acids were below detectable levels. No pore water samples were recovered from the

lysimeters at VPR 9.
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2.1.2 Locations With LNAPL Contamination

A total of five VRPs are installed in locations where variable thicknesses (or
amounts) of free product are observed. Amounts of free product observed range from a
few inches to almost 2 feet (60.96 cm). Results from LNAPL-impacted soils at the study
site are from locations VRP5 and VRP4 (see Fig. 1 for locations). The soils at VRP3
were primarily medium sands within the unsaturated zone, which coarsened to coarse
sands and gravels at depths below 300 cm. Depth to water at this location fluctuated
from 250 — 310 cm with an average of 280 cm. LNAPL distribution showed a residual
product zone 100 cm thick between depths of 150 and 250 cm. The residual product
zone consisted of moist light gray-colored, fine to medium, oil-stained sands with
hydrocarbon odor between 150 to 180 cm and a dark gray to black-colored coarse sand
and gravel layer between 180 and 250 cm that was moist and had a very strong
hydrocarbon odor. A 30 cm-thick free product zone characterized by medium grained
sands extended from a depth of 250 to 280 cm. The dissolved phase occupied the entire
saturated zone based on measured total hydrocarbon (benzene, ethylbenzene, toluene and
xylene) (Legall, 2002).

The vertical resistivity measured for this location ranged from 20 to 7394 Om
within the unsaturated zone and 33 to 77 Qm within the saturated zone. The apparent
resistivity at this location was highest (>3000 Qm) in the upper portions of the
unsaturated zone between 0-150 cm. At a depth of ~150 cm and coincident with the
upper zone of residual LNAPL contamination, the apparent resistivity decreased abruptly
from ~3500 Qm to <200 Qm. The apparent resistivity continued to decrease to 45 Qm

to the boundary between the residual and free product zones at ~250 cm. Below this
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depth, a relatively large amplitude alternating polarity Wenner array response
corresponding to the LNAPL free-product/water-saturated zone interface was observed
indicative of a sharp boundary (Telford, 1990). It is important to note that the lowest
resistivity values occurred within the free product zone. Below the free product zone and
within the saturated zone, apparent resistivity values increased slightly but remained
steady (between 33 and 77 Qm) to the base of the aquifer, with an average of ~ 50 Qm.
Heterotrophic microorganisms from soils near VRP 5 ranged from 2.4 x 10 to 1.3
x 10" MPN/g soil in the unsaturated zone. The oil degrading microorganisms ranged
from 3.1 x 10" to 5.6 x 10* MPN/g of soil in the unsaturated zone. In the saturated zone
the heterotrophic microorganisms ranged from 4.0 x 10 to 1.5 x 10* MPN/g soil and the
oil degrading microorganisms from 3.2 x 10> to 2.2 x 10° MPN/g of soil. The total
heterotrophic microbial population increased with depth to 50 ¢cm and then decreased
slightly but remained between 8.7 x 10* to 1.3 x 10’ MPN/g of soil to a depth of 220 cm.
Except for an increase (2.6 x 10° MPN/g of soil) at a depth of 244 cm, the total
heterotrophic bacterial population decreases within the lower portion of the residual
LNAPL product and the entire free phase LNAPL zones. The population of oil
degrading bacteria was steady (between 2.0 x 10* and 5.6 x 10* MPN/g of soil) from the
surface to a depth of 60 cm, and then decreased to 3.6 x 10" MPN/g of soil at a depth of
about 122 cm, just above the residual product zone. The oil degrading bacteria increased
in numbers, peaking at 3.1 x 16* MPN/g of soil at 244 cm within the residual LNAPL
product zone. There was a decrease from the above peak population to 3.1 x 10" MPN/g

soil within the free product zone. Another peak population in the oil degraders (2.1 x 103
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MPN/g soil) was observed at 305 cm in the upper portions of the saturated zone within
the dissolved LNAPL product phase.

Specific groundwater conductance values from the VRP 5 location also show a
variation with depth. However, values from the upper parts of the aquifer within the
dissolved product zone are significantly higher (842 pS/cm) compared to values (78 - 380
uS/cm) from the background location (VRP 9). Specific conductance values remain high
to the base of the aquifer (Table 1). Pore water samples obtained from one lysimeter at
this location show 2 specific conductance value of 538 uS/cm from within the residual
product zone (200 cm depth). Also volatile organic acids are detectable and range in
value from 12.9 - 16.2 mg/l.

The subsurface at VRP 4 consists of fine to medium sands, coarsening to coarse
sand and gravel at depths below 108 cm. LNAPL distribution showed a residual product
zome of 10 cm between depths of 102 to 112 ecm. This zone was distinguished by moist
medium to éoarse sands, which were dark to black in color, and of hydrocarbon odor. A
free product zone of 40 cm was located between 112 and 152 cm. This zone was
predominantly coarse sand with gravel, black in color and saturated with free product.
The dissolved phase occupied the entire saturated zone based on measured total
hydrocarbon (benzene, ethylbenzene, toluene and xylene) (Legall, 2002).

The vertical resistivity measured for VRP 4 ranged from 104 to 6708 Qm within
the unsaturated zone and from 27 to 105 Qm within the saturated zone. The apparent
resistivity values were higher within the uncontaminated unsaturated zone (1193 to 6604
Qm). A decrease in the apparent resistivity was observed between 50 and 80 cm. At the

base of the residual LNAPL product zone the apparent resistivity decreased abruptly from
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2159 Qm to 910 Qm. The apparent resistivity values continued to decrease reaching a
minimum of 104 Qm within the free product zone (~112 — 152 cm). Below the free
product zone and within the water-saturated zone, the apparent resistivity values
decreased further reaching a minimum of 27 Qm at 210 cm of depth. A slight increase in
apparent resistivity values was observed below 210 cm to the base of the aquifer, with an
average resistivity value of ~40 Qm.

The heterotrophic microorganisms ranged from 9.9 x 10 to 4.6 x 10° MPN/g soil
and oil degrading microorganisis ranged from and 5.1 x 10° 10 2.5 x 10° MPN/g of soil,
in the unsaturated zone. In the saturated zone the heterotrophic microorganisms ranged
from 5.2 x 10° to 1.3 x 10° MPN/g soil and the oil degrading microorganisms ranged
from 2.0 x 10% to 3.7 x 10° MPN/g of soil. The heterotrophic microorganisms population
remained steady from the surface into the residual LNAPL product zone at 112 cm, but
decreased below this depth within the free LNAPL product zone although a slight
increase in populations is observed at the top of the saturated zone (Fig. 4).

At the first encounter with LNAPL contamination within the residual product
zone at a depth of 102 cm, more than a ten-fold increase in the population of the oil
degraders (from 9.1 x 10° to 2.5 x 10° MPN/ g soil) was observed while the population of
the total heterotrophs remained steady between 3.5 x 10° and 4.6 x 10° MPN/g of soil
across this interface. A sharp increase in both the oil degrading (3.7 x 10° MPN/g soil)
and heterotrophic populations (1.2 x 10° MPN/g of soil) was observed within the

dissolved product phase (198 cm) and was coincident with the zone of lowest resistivity

at this location.
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The highest specific groundwater conductance values were obtained from this
VRP location (990 to 1014uS/cm) with values increasing to the base of the aquifer
consistent with observations at the other VRP locations (Table 1). Pore water samples
obtained from the unsaturated zone (50 cm) at this location show a specific conductance

value of 705 puS/cm. No data are available for volatile organic acids at VRP 4.

2.2 Discussion

The results show significant resistivity decreases associated with zones of LNAPL
contamination. The data reveal three zones where low apparent resistivity measurements
were observed: 1) in the unsaturated zone within residual LNAPL product phase, 2)
within the free LNAPL product pool, and 3) in the upper parts of the saturated zone
contaminated with dissolved LNAPL product. The low apparent resistivity observed in
hydrocarbon-contaminated soils at the study site can result from several factors including
aquifer heterogeneity (especially in the presence of clays), changes in moisture content,
and increase in the soil water and groundwater conductivity due to dissolution of aquifer
minerals resulting from biodegradation of the contaminant mass. Grain size analyses
indicate that the soils in the unsaturated zone consisted of poorly graded fine to medium
sands (with relatively little clay). Soils within the saturated zone were typically well-
graded medium to coarse sand with gravel. The apparent resistivity variations in soils at
the site do not correlate with grain size variation with depth (see Figs. 2, 3 and 4). Hence,
the observed changes in resistivity cannot be explained solely in terms of aquifer
heterogeneity. Apparent resistivity fluctuations in the unsaturated zone at VRP9 and in

the unsaturated zone with no visible LNAPL contamination at VRP5 and VRP4 may be
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attributed to saturation effects. Increased saturation due to a moving infiltration front will
reduce the apparent resistivity of soils. However, it is important to note that the observed
reduction in the apparent resistivity resulted in values that were still significantly higﬁer
than corresponding values in the unsaturated zone impacted with LNAPL (Figs. 3 and 4).
Within the saturated zone, the lowest resistivities in uncontaminated groundwater ranged
from 56 to 313 Qm at VRP9 compared to lower values of 27 to 77 Qm at VRP5 and
VRP4. When compared to the uncontaminated unsaturated and saturated soils, the low
apparent resistivities at the contaminated locations appear to be related to the presence of
LNAPL contamination. This is inconsistent with the expected increase in resistivity due
to the presence of the more resistive LNAPLSs at the cox;taminated locations {equation 1
and per the resistive model). Thus, it seems likely that the reduction in resistivities may
be associated with biodegradation.

Corroborating evidence is provided by the microbial population data, which
showed that microbes capable of degrading hydrocarbon were present in the soils at the
study site. In uncontaminated soils from the background location (VRP9), the oil
degrading microorganisms comprised 5% and 0.5% of the total heterotrophic microbial
population in the unsaturated and saturated zones, respectively. At contaminated
locations, oil-degrading microbes constituted 2.7, 1.7, 8.8 and 35% of the total
heterotrophic populations in the unsaturated zone above the residual phase, the residual,
free, and dissolved phase LNAPL zones respectively, at VRPS and 6.2, 55.4, 53.3% and
22.5% at VRP4. The microbial population distribution varied significantly in the soil
profile on scales of 15 cm or less and is similar to vertical profiles reported in other

studies (Bekins et al., 1999). Although the MPN method utilized in this study is a
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culture-based method and probably underestimates absolute microbial numbers, the
trends in MPN with depth can provide qualitative information from which hydrocarbon
degradation can be inferred and the resistivity data explained.

In the saturated zone with dissolved phase LNAPL, the oil-degrading microbe
numbers were more than 15 to 50% higher compared to the uncontaminated saturated
zone at VRP 9 (<1%). Further, the contaminated unsaturated zone at VRP4 showed more
oil-degrading microbes (6.2 to 55%) compared to 5.6% in the unsaturated zone at VRP9.
However, the soils at VRPS had lower oil degrading microbes (1.7 and 2.7%) except in
the free phase (8.8%) zone compared to the unimpacted unsaturated zone at VRP9.
Although microbial enumeration as presented in this study does not conclusively indicate
the presence of biodegradation, they do provide circumstantial evidence linking the lower
resistivities of the contaminated locations to possible degradation effects.

To corroborate our observations, measurements of groundwater specific
conductance (or conductivity) values from the upper parts of the saturated zone
(dissolved phase) at contaminated locations (VRP4 and VRPS) show significantly higher
values (842 to 990 pS/cm) compared to 78 to 380 pS/cm at VRP 9, the background site.
Although at all VRP locations, specific conductance values (see Table 1) increased with
depth to the base of the aquifer, values from contaminated locations were still higher than
values from the background location (VRP9). Further, volatile organic acids that show
significant difference between contaminated and background locations complement these
results. Volatile organic acids were not detected at VRP9 but were detected at VRPS and
other contaminated locations at the site. These observations are consistent with results

from other hydrocarbon contamination sites (McMahon et al., 1995). Thus, the presence
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of organic acids and conductive zones coincident with elevated levels of oil degrading
bacterial populations provide circumstantial evidence linking anomalous low apparent
resistivities to biodegradation of LNAPL in both the saturated and unsaturated zones.
These results are consistent with observations from a recent laboratory study of
geoelectrical properties during microbial degradation of diesel fuel that showed
considerable changes in pore water biogeochemistry with a significant increase in volatile
organic acids and a five-fold increase in total dissolved solids and pore water
conductivity (Cassidy et al., 2001).

It is also important to note that we observed no significant increase in apparent
resistivities associated with the free phase LNAPL zone. This finding is significant, as
intuitively this zone is expected to have the highest resistivities, since oil is an insulator
and we expect to have significant oil saturation within this zone. A recent study at this
site (Cassidy et al., 2002) suggested in-situ biosurfactant production by resident microbial
populations at the contaminated locations. This observation is consistent with laboratory
findings that reported the production of biosurfactants under both aerobic and anaerobic
conditions, resulting in significant emulsification of diesel fuel (Cassidy et al., 2001).
We suggest that the emulsion of LNAPL due to in-situ biosurfactant production during
biodegradation would break up the initial continuous LNAPL layer providing conductive
leachate pathways for the electrical current flow. Recently, surfactant producing
organisms and the presence of biosurfactants has been identified from the study site
corroborating our above explanation (Cassidy et al., 2002). We believe that this
phenomenon offers a reasonable explanation as to why soils within the residual and free

phase zones were conductive and not resistive. Hence, our conceptual model is that the
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decrease in apparent resistivities observed at many “aged” LNAPL impacted sites may be
the combined effect of increases in dissolved ion concentrations (from enhanced mineral
dissolution by acids) and apparent emulsification of LNAPLs (accompanying
biosurfactant production) during biodegradation. However, further studies are required to
investigate the effects of biosurfactant on geoelectrical signatures.

Accordingly, the geoelectrical response measured in LNAPL-contaminated soils
is the end product of a complex interaction between biological, chemical, hydrological,
and geological processes. It is expected that infiltration and recharge events will
periodically flush conductive soil water and degradation byproducts from the unsaturated
zone into the saturated zone contributing to the higher groundwater conductance values
and byproducts added to the dissolved phase degradation activities. Thus, we infer from
this study that hydrocarbon-degrading environments are complex, and that research
methods that combine physical, biological, geochemical, and hydrologic information may
provide greater insights and understanding of hydrocarbon degradation in natural field

settings.

2.2.1 Implications of the Ir Situ Geoelectrical Measurements to Natural Attenuation

Over the past several years, natural attenuation has become increasingly accepted
as a remedial alternative for many hydrocarbon-contaminated sites, partly because of its
relatively lower cost. However, the implementation of natural attenuation as a remedial
strategy at a site often requires a demonstration that natural attenuation is occurring
through several lines of evidence. One such line of evidence is the demonstration of the

potential for intrinsic bioremediation. Because biodegradation is expected to cause
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predictive changes in groundwater chemistry (Cozzarelli et al., 1990; Cozzarelli et al.,
1994; Cozzarelli et al., 1995; Fang et al., 2000), traditional methods for assessing an area
for the potential of intrinsic bioremediation have relied heavily on extensive sampling
and analyses of groundwater and soil vapor for intermediates of biological hydrocarbon
metabolism, depletion of terminal electron acceptors, and assessment of microbial
communities capable of metabolizing the hydrocarbons. Such investigations can be very
expensive, labor intensive, and provide little data to interpret remediation activities at
specific subsurface locations and do not span the entire spatial and temporal scales
associated with the remediation processes. Thus, it is not surprising that the collection,
preparation, and analysis of solid, liquid and gas samples from LNAPL-contaminated
sites constitute a major portion of the total cost for remediation, and also involves health
risk concerns (Granato and Smith, 1999). Given the fact that many of these sites will
have to be monitored for decades to come, there is a need for the development non-
invasive methods that can serve as surrogates for much of the ground water sampling and
analysis to monitor the cleanup of contaminated sites. Such methods will have
tremendous potential to reduce cleanup costs and reduce health risks to humans and the
environment. We submit that conductive zones as depicted by the VRPs may represent
areas of active biodegradation and demonstrate the potential for electrical geophysical
techniques to be used as an independent proxy for the assessment of intrinsic
bioremediation at LNAPL-contaminated sites. However, fundamental geophysical
research at both the lab- and field-scale are needed to understand how microbial mediated

processes of LNAPL-impacted soils influence their geoelectrical response.
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Table 1. Soil Depth, Apparent Resistivity, Heterotrophic and Oil Degrading
Microorganism Population Numbers, Volatile Organic Acids, and Specific
Groundwater Conductance Measurements.
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Table 1-(Continued). Soil Depth, Apparent Resistivity, Heterotrophic and Oil Degrading
Microorganism Population Numbers, Volatile Organic Acids, and Specific
Groundwater Conductance Measurements.
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Notes: BDL = below detectable levels; NR = no recovery from lysimeters.
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Figure 1. Former Crystal Refinery, Carson City, Michigan, Vertical Resistivity Probe and
Instrument Clusters Locations.

LD
W

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwiad noyum panqiyosd uononpoidal Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum psonpoiday

143

Rho(a) Ohm.m
0 50 100 1.00E+01 1.00E+02 1.00E+03 1.00E+04
0 -1: B e et - gr' A . + + + 1
[ { —% SILT + GLAY
f = oh SAND J§
5011l - % GRAVEL |
1001 .E
£ [} ﬁa
S0l [
1507 t - r
A d d ‘§'
Q. . pok
[ i ) E
Q2071] " A Y A A A
T
Fd . . - F—
250-: . $rem
' U
= . l ﬁ-mmg
3001 | &, . ’
[ . 5 —* Total Heterotrophs
! i == Apparent Resistivity ~*_Oil Degraders
350 - [, T T 7 )
] No LNAPL 1.00E+00 1.00E+02 1.00E+04 1.00E+06 1.00E+08
Residual Phase LNAPL i
@g Free Phase LNAPL MPNIg of soil

Dissolved Phase LNAPL
Aquitard ~ Clay Unit

Figure 2. In Siru Resistivity, Microbial and Grain Size Distribution from VRP 9, the Background Location.



-uoissiwiad noyum panqiyosd uoronpoidal Jayung “1aumo 1ybuAdoo sy Jo uoissiuuad yum paonpoiday

Rho (a) Ohm.m
0 50 foo  1.00E+01 1.00E+02 1.00E+03 1.00E+04

0 I %
| m——— 0% SILT + CLAY
50 f <ormeas o SAND

1:-=-% GRAVEL

Depth (cm)
N
3

300

350

400 P | - Total Heterotrophs
e *: = Apparent Resistivity " Oil Degraders

450 |

No LNAPL or Vapor Phase LNAPL1.00E+OO1 .00E+021.00E+041.00E+061.00E+08
»2A Residual Phase LNAPL H

3 Free Phase LNAPL MPN/g of soil

-2 Dissolved Phase LNAPL

Aquitard ~ Clay Unit

Figure 3. In Situ Resistivity, Microbial and Grain Size Distribution from VRP 5, a LNAPL-Contaminated
Location.



‘uoissiwtad noyum pauqiyosd uononpoidal Jaypnd Jaumo JybuAdoo ay) Jo uoissiwuad yum paonpoidey
9¢

Rho(a) Ohm.m

0 0 50 ;'00 - 1.00E+01 1.00E+02 1.00E+03 __ 1.Q0E+04
] =% sILT + cLAY
} ~%sanp %
5011~ % GRAVEL |
1 H
_. 100 1 nE
£ X h
= 150 ﬁ’fg """""""""""" g ===
= i :
o ; :
@ bos g
o e g
200 i £
:F
.,,...‘: '»rmug
20 | fy
o E‘ - Total Heterotrophs
net ™ Oil Degraders
300 L E:s ¢ . ' v .
- 1.00E+00 1.00E+02 1.00E+04 1.00E+06 1.00E+08
250 “= Apparent Resistivity MPN/g of soil

.| No LNAPL or Vapor Phase LNAPL
(234 Residual Phase LNAPL
MM Free Phase LNAPL
=] Dissolved Phase LNAPL
Aquitard — Clay Unit

Figure 4. In Situ Resistivity, Microbial and Grain Size Distribution from VRP 4, a LNAPL-Contaminated
Location.



CHAPTER 3

ARCHIE’S LAW ANALYSIS OF A SHALLOW HYDROCARBON
CONTAMINATED AQUIFER: IMPLICATIONS FOR THE CONDUCTIVE MODEL
FOR LNAPL IMPACTED SITES.

3.0 Introduction

It is generally accepted that geophysical methods are able to detect freshly
released Light Non-Aqueous Phase Liquids (LNAPLs) in part due to their higher
electrical resistivity (lower conductivity) that readily distinguishes them from the less
resistive (more conductive) background groundwater. This hypothesis is supported by
modeling, controlled spill, and laboratory experiments (De Ryck et al., 1993; Redman et
al., 1994; Campbell et al., 1996; Kelly, 1996; Endres and Redman, 1996; Osiensky, 1997
Blacic and Arulanandan, 1999). This scenario forms the basis for the insulating layer
model (Mazédc et al., 1990) and is commonly used in the assessment of geophysical
measurements from LNAPL impacted sites. However, electrical surveys at many old or
aged LNAPL spill sites reveal low resistivity anomalies and not the expected highs
predicted by the insulating layer model (Benson and Stubben, 1995; Gajdos and Krél,
1995; Sauck et al., 1998; Atekwana et al., 1998; Atekwana et al., 2000). Further, some
studies have observed the attenuation or “washing out™ of GPR reflections, an indication
of increased conductivity coincident with zones of LNAPL contamination (Olhoeft,
1986; Daniels et al., 1992; Benson and Stubben, 1995; Maxwell and Schmok, 1995;

Benson et al., 1997; Sauck et al., 1998; Benson and Mustoe, 1998; King, 2000). Thus,
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the results of these investigations call into question the validity or applicability of the
insulating layer model in the characterization of older LNAPL impacted sites.

To explain these results several hypotheses have been suggested including
imbibition and NAPL wetting phase effects (Swanson, 1980; Monier-Williams, 1995).
However, more recent findings relate the lowered resistivity and attenuated GPR
reflections to higher conductivities resulting from bioclogically mediated redox reactions
associated with the microbial degradation of LNAPLs (Bermejo et al., 1997; Sauck et al.,
1998; Werkema et al., 1998; Atekwana et al., 1998; Atekwana et al., 2000; Sauck, 2000;
Lucius, 2000). In fact, this fascinating new area of research could be called
“biogeophysics” (Knight, 2001). Indeed, numerous geochemical and microbial studies of
LNAPL-contaminated aquifers show that highly conductive groundwater exists below
some LNAPL plumes (Baedecker et al., 1987; Cozzarelli et al., 1990; Baedecker et al.,
1993; Bennett et al,, 1993; Eganhouse et al.,, 1993). Further, increased pore water
conductance from enhanced mineral dissolution is possible via the production of carbonic
and organic acids due to hydrocarbon degradation by bacterial activity in soil and
groundwater (McMahon et al., 1995). This process leads to the production of a high total
dissolved solids (TDS) leachate plume. The existence of this plume is reflected in the
increased groundwater conductance observed in and around the zones of active
biodegradation. Such changes can significantly influence the electrical properties of
impacted media but have remained relatively unrecognized and/or unappreciated by
previous geophysical investigations (Sauck et al., 1998). Consequently, the composition
and physical properties of the free and/or residual product contamination and surrounding

zone will evolve with time due to these biogeochemical alterations of the impacted area.
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The apparent contradiction between field results and the insulating layer model is
attributed to the fact that the existing “insulating layer” geophysical model does not take
into account the dynamic biogeochemical changes that modify the subsurface to a
different physical and chemical state, resulting in an alteration of the physical properties
of the subsurface impacted media. It is on the basis of these biogeochemcial alterations
that Sauck et al. (1998) and Sauck (2000) have proposed that microbial LNAPL
degradation induces time dependent changes in the geoelectrical properties of LNAPL
impacted soils in natural environments from resistive to conductive. It follows that sites
impacted with LNAPL initially behave with high apparent resistivities (low
conductivities) consistent with the insulating layer model assumption, but change to low
apparent resistivities as the TDS concentrations increase due to enhanced mineral
weathering.

Therefore, this project is driven by the need to evaluate the conductive plume
model and to advance the understanding of the spatial and temporal nature of the

conductive response at a site impacted with LNAPL contamination.

3.1 Study Site

The Crystal Refinery located in Carson City, Michigan (Figure 1) has had
petroleum releases since 1945 from storage tanks and pipelines resulting in the seepage
of hydrocarbons into the subsurface. This leakage has impacted soils and groundwater
beneath the site, a cemetery to the north and the city park to the south. This study
presents results of investigations focusing on the southern hydrocarbon contamination

which extends southwesterly into the Carson City Park. In 1994, this contaminated zone
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was approximately 229 m long and 82 m wide with a free phase LNAPL thickness
between 0.3 m to 0.6 m and an estimated volume of 167,200 liters (Snell Environmental
Group, 1994). Residual phase hydrocarbons are found at the fringes of the free phase
area with high concentrations of benzene, toluene, ethyl benzene and xylene (BTEX)
(Dell Engineering, 1992). Figure 1 shows the present distribution of LNAPL
contamination with reference to the location of free phase LNAPL thickness and the
residual phase LNAPL boundary.

Geologically, the site is characterized by approximately 4.6 m to 6.1 m of fine to
medium sands, coarsening at and below the water table to gravel; this unit is underlain by
a 0.6 m to 3 m thick clay aquitard unit (Dell Engineering, 1991; Dell Engineering, 1992).
Due to topography, the depth to the water table varies from 0.6 m to 0.9 m in the west of
the site to 4.6 m to 5.8 m in the east. Groundwater flows west-southwest toward a nearby
creek with a hydraulic gradient of 0.0015 and a flow velocity of 1.7 m/day (Snell

Environmental Group, 1994).
3.1.1 Site-Specific Research History

Previous work investigating the LNAPL contamination present at this site (Sauck
et al,, 1998, Atekwana et al, 2000; Sauck, 2000; Werkema et al, 2000) have
demonstrated the presence of anomalously low resistivity (high conductivity) coincident
with areas of LNAPL contamination. Furthermore, Cassidy et al., (2001) and Werkema
et al. (2000) have presented additional evidence of high oil-degrading bacteria
populations in zones coincident with the observed low apparent resistivity. These studies

show a correlation between the biodegradation of the LNAPL-impacted zone and the
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geoelectrically low resistivities observed. Furthermore, a study on the presence of
biosurfactants has shown high concentrations produced at the LNAPL-impacted locations
(Hudak, 2001) and coincident with the anomalous geoelectrical zones. These
biosurfactants emulsify the hydrocarbon and play an important role in the geoelectrical
response by allowing through-going water paths to develop within the free-product
LNAPL zone. Finally, biological studies have found maximum oil-degrading bacteria
populations within the LNAPL impacted zone while microscopic examination of
sediment grains show etching and pitted surfaces suggestive of dissolution (Duris et al.,
2000; Duris et al., 2001). These results show the mechanism by which the anomalous
geoelectrical zone develops through enhanced mineral dissolution as a result of biological
activity within zones of LNAPL impaction. These studies have provided evidence
supporting the conductive model for LNAPL impacted unconsolidated sands and gravels

(Sauck, 2000).
3.2 Field Methods - Vertical Resistivity Probes

Apparent resistivity measurements were collected using vertical resistivity probes
(VRP). The VRPs consist of 2 3.81 ecm ID PVC dry well with 1.27 cm #10-24 pan-head
stainless stee] screws separated vertically every 2.54 cm. The screw heads serve as the
electrode contact to the formation and the threaded ends aﬁow contact inside the dry PVC
well enabling 4-electrode apparent resistivity readings. Ten VRPs are currently installed
at the Carson City Park (Figure 1). Installation of these probes includes a small bentonite
slurry annulus, which allows installation below the saturated zone and decreases the

contact resistance with the surrounding formation sediment in the unsaturated zone.
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VRP measurements were made using a Syscal R2 resistivity meter with a
automated/semi-automated switching system (Werkema et al, 1998).  Apparent
resistivity data were collected in the semi-automated mode using a 5.08 cm Wenner
array. Data for each VRP were collected e'very month for at least 12 month period.
Table 1 summarizes the VRP time range throughout which monthly measurements were
collected. The VRP data required about a year to stabilize due to the bentonite (Groncki,
1999), thus the measurements shown here are at least a year or more after installation of
the VRPs.

Precipitation data were from a weather station located at Greenville, MI., which is
west of Carson City, in the prevailing upwind direction. The water table elevation and
LNAPL thickness data were measured from a 2.54 cm monitoring well located within a 1
m radius of each VRP. Water level elevations were calculated from a detailed
topographic survey (Figure 1) and corrected for the thickness of LNAPL measured
(Fetter, 1993). These data are used for groundwater table elevation considerations in the
analysis of the VRP data.

In order to investigate the VRP data for the influence of clay and silt content, a
grain size analysis was completed, which included a description of the degree of LNAPL
contamination. Continucus scil logs from either direct push using a small all-terrain drill
rig (VRPs 1, 2, & 3), hand augering (VRPs 4, 3, 6, 7, & 8) or Geoprobe® sampling (VRPs
9 & 10) were used for the grain size analysis and descriptions of LNAPL contamination.
Grains sizes were determined by sieving samples at 15.24 c¢m intervals. The grain sizes
were divided as follows: silt & clay < 0.075 mm; 0.075mm < sand < 4.75 mm; 4.75 mm

< gravel.
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Levels of LNAPL contamination were determined from field observation as either
free phase LNAPL, residual phase LNAPL, or dissolved phase LNAPL. The dissolved
phase LNAPL were determined through chemical analysis (Legall, 2002). Based on
these data, the VRP data are grouped into three categories representing three degrees of
LNAPL contamination: free phase LNAPL contamination, residual phase LNAPL

contamination, and no LNAPL contamination (i.e. control location).
3.3 Results — Vertical Resistivity Probes

Figure 2 presents the water table and precipitation data versus time during a
complete hydrologic year. The monitoring well response is interpreted as the recharge
response to the precipitation events. The relationship between precipitation and
monitoring well response is very good, with a slight time lag in the response from the
precipitation events to the monitoring wells. This behavior is due to the groundwater
recharge and the resulting monitoring well response. These data show a precipitation and
monitoring well groundwater level low occurring during November 1999, a high
occurring in June of 2000 and another low during November 2000. These data also
provide the necessary groundwater table elevations for the VRP Archie’s Law analysis.

Figures 3 through 8 present the VRP data for each day the resistivity readings
were taken, with the elevation above mean sea level along the vertical axis and the VRP
data converted to conductivity and reported in milliSiemens per meter (mS/m) on the
horizontal axis. Also indicated on Figures 3 through 8 are the grain size distribution per

elevation and the relative LNAPL contamination.
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3.3.1 Locations with‘ Free Product LNAPL Contamination

A total of five VRPs are installed in locations where variable levels of free phase
LNAPL are observed (see Figure 1). Amounts of free product observed in the
monitoring wells range from a few centimeters up to 61 cm during the dates indicated in
Table 1. The data from three of these locations, VRP 1, 4 and 5 (see Figure 1 for VRP
locations) are included in Figures 3, 4 and 5.

Figure 3 shows the data for VRP 1. The grain size data show predominantly sand
with a coarsening to gravel at and below the water table. The largest percentage of silt
and clay was 5.9% at the highest elevation. Below this elevation the silt and clay never
exceeded 2.7%. Overall, the grain size distribution indicates relatively uniform
unconsolidated sand. At the elevations corresponding to the residual phase LNAPL layer
and the groundwater table, the percent gravel increases and the sand content decreases.
The contamination levels show a residual phase LNAPL layer occurring from 225 m to
226 m elevation. Below this point is a free phase layer continuing to 224.5 m.
Underlying these LNAPL phases a dissolved phase was observed extending throughout
the saturated zone. The VRP results show a variability of readings through the vadose
zone to 226 m. This variability is attributed to moisture content variations and/or
seasonal temperature fluctuations in the higher elevations, as the sediment profile does
not change. This variability is common to all the VRPs included in this study. At 226 m
elevation, a conductivity increase begins; its value is approximately 10 mS/m and grows
to over 40 mS/m at approximately 225.2 meters. This elevation zone corresponds to the
residual phase LNAPL zone. From 225.2 m to 224.6 m is a high conductivity bulge

exhibiting the highest conductivities observed throughout the profile over the dates of
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measurement. This bulge shows a maximum of approximately 50 mS/m and correlates
with the free phase LNAPL zone; it occurs at an elevation at and below the lowest
groundwater table elevation. The relationship of this conductivity maximum to the
groundwater table is also common to most of the VRPs. Below this maximum, the
conductivity profile decreases slightly, remaining relatively uniform and repeatable
throughout the date range shown within the saturated zone.

Figure 4 displays the results from VRP4, another free phase LNAPL location.
These data are presented in similar format to Figure 3. The grain size distribution shows
sand-dominated sediment (~90 ~ 100 %) down to 224.5 m. At lower elevations, the grain
size is approximately 50% sand and 50% gravel. The highest percent silt & clay size
particles, representing 8% of the sample volume, occurs at the 224.7 m elevation. The
LNAPL distribution consists of residual phase LNAPL from 225.8 m to 225.2 m,
overlying a free phase LNAPL layer occurring from 225.2 m to 224.85 m. The dissolved
phase LNAPL zone occurs from 224.85 m to 223.9 m, where the clay aquitard is
encountered at the bottom 0.2 meters of the VRP. The conductivity profile again shows
variability in the vadose zone above the high groundwater table elevation mark and the
upper elevation of the residual phase LNAPL layer. At this elevation (~225.8 m), the
profile displays an abrupt increase in conductivity from approximately 0.3 mS/m to about
10 mS/m over a 0.2 meter elevation change. The profiles from most dates measured
follow this trend with the exception of 6/7/2000; this date is the only outlier and occurs
during the largest precipitation event on record (see Figure 2). Continuing lower in
elevation, the conductivity profile progressively increases untii a maximum of

approximately 50 mS/m is reached at 224.95 m, which correlates with the free phase
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LNAPL layer and again occurs at and slightly below the lowest water level elevation.
Below this conductivity maximum, the conductivity profile decreases uniformly through
the saturated zone (dissolved phase LNAPL zone). The basal clay aquitard is not
distinguished as a separate lithologic unit by the conductivity profile.

Figure 5 presents the results from another free phase LNAPL location, VRPS.
The grain size distribution is similar to VRP 4 in that a predominant sand layer is present
until 224.6 m and then a 50/50 mix of sand and gravel is encountered that continues with
depth. The silt and clay fractions are very low (~0 to 10%) with the maximum occurring
at 224.5 m. The conductivity profile shows a low and variable range from 0.01 to 1
mS/m throughout the vadose zone down to an elevation of 226.1 m. From 226.1 m to
225.8 m the conductivity increases linearly to around 10 mS/m. This increase occurs at
the boundary between the residual phase LNAPL and the clean sediment above. Below
the 225.8 m elevation and continuing to 225.1 m, the conductivity profile continues to
increase to 37 mS/m through this residual LNAPL zone. Occurring at 225 m to 224.8 m
is an alternating polarity conductivity high of 58 mS/m which is coincident with the free
phase LNAPL — water interface. The alternating polarity response is typical of the
Wenner array across a sharp geoelectric boundary (Telford et al., 1990). Below this high
the conductivity profile gradually decreases to approximately 18 mS/m, over the dates
measured, to the maximum depth of the VRP at an elevation 0f 223.5 m

In summary, these three locations (VRPs 1, 4, and 5) represent different amounts
of free phase LNAPL in topographically different locations. The conductivity results
from within the free phase LNAPL-contaminated zones all reveal high conductivities. Of

course, this is directly contrary to the insulating layer model. Specifically, the
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conductivities range from 40 — 50 mS/m within the elevation zones impacted with free

phase LNAPL.

3.3.2 Locations with only Residual LNAPL Contamination

Three VRPs are installed in the residual portion of the LNAPL plume (VRPs 2, 3,
and 10). The data from VRP 3 and VRP 10 are included here as Figures 6 and 7,
respectively. The grain size distribution plot for VRP 3 (Figure 6) shows 90 to 100 %
sand from the surface elevation of 230.4 m to 225.2 m where the grain size becomes
more heterogeneous, containing larger portions of gravel and silt-clay. The LNAPL
distribution at this location contains no free phase LNAPL, but does exhibit residual
phase LNAPL occurring from 226.2 m to 225.05 m elevation. Below 225.05 m is the
saturated zone containing dissolved phase LNAPL. The conductivity profile shows a
variable response in the vadose zone ranging from 0.1 to approximately 10 mS/m until
226.6 m elevation. At this point an abrupt decrease occurs to approximately 1 mS/m then
the profile uniformly increases to 25 mS/m at approximately 225 m elevation. The
reason for the abrupt decrease at 226.6 m is unknown. The remaining trend of the
conductivity profile with decreasing elevation shows a conductivity maximum of 23
mS/m correlating with the residual phase LNAPL — dissolved phase LNAPL interface
and at the lower elevation of the water table fluctuation as in the free phase locations.
Below the residual phase zone, the conductivity profile decreases with depth in the
saturated dissolved phase; there is no variability observable between dates in this region.
In the zone showing the water table fluctuations and corresponding to the residual phase

LNAPL (i.e., 226.2 m to 225.05 m elevation), temporal variations of conductivity profile
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vs. elevation are evident through the dates of measurement. These variations are
interpreted as groundwater level changes from recharge events.

Figure 7 includes the results from VRP 10, another residual phase LNAPL
location. Again the grain size distribution shows 90 to 100 % sand from the surface
elevation of ."229.2 m to 224 m elevation. Below 224 m the grain size becomes
predominantly a 50/50 mix of sand and gravel with some silt and clay. The LNAPL
distribution contains a layer of residual phase LNAPL located from 225.7 m to 224.5 m.
Below is the dissolved phase LNAPL and saturated zone continuing to the clay aquitard
layer at 222.4 meters. As with the other VRPs, the conductivity profile is highly variable
from the surface to an elevation of 225.7 m. Below 225.6 m the conductivity profile
increases and shows a vertically-extensive conductivity bulge (or peak) with a maximum
of 31 mS/m. This high conductivity bulge correlates with the elevation zone of the
residual LNAPL phase and also lies within the lower elevations of the water table range.
Below approximately 224.2 m the conductivity profile is generally repeatable with a
consistent value of around 10 mS/m and a slight decrease in conductivity at the lower
elevations to 8 or 9 mS/m.

Summarizing the results shown in Figure 6 and Figure 7, we observe a slight VRP
response to fluctuating water table levels as observed through small conductivity profile
variability or profile shifts to higher or lower elevations dué to changes in pore water
saturation. More importantly, these figures present conductivity maxima of
approximately 30 mS/m occurring at and within the elevation zones of residual phase
LNAPL contamination and in the lower elevations of the water table fluctuation. This

behavior is in direct contradiction to the insulating layer model, which predicts a
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conductivity minimum in these zones. Furthermore, the lithology logs indicate that this
is not due to changing lithology (i.e. increasing clay or silt content). Therefore, these
conductivity anomalies are attributed to pore fluid processes associated with the residual

LNAPL impacted zones.

3.3.3 No Contamination (Control Locations)

Two VRP locations (VRP 7 and VRP 9) contain no evidence of LNAPL
contamination and are considered the control locations at this site. Figure § shows the
results from VRP 9. The grain size, as shown consistently throughout the site, is
predominantly sand (~90-100%) from the surface until the distribution changes to include
more gravel size particles with some silt and clay at approximately 224.75 m elevation.
The conductivity results show some variability in the vadose zone, although not as much
as at previous locations. The results also show a slight increase above the water table and
then a gradual decrease through the transition zone and convergence of the values below
the water table and into the saturated zome. These profiles reveal no conductivity
maximum, as observed at the contaminated locations. Further, the uncontaminated VRP
exhibits a gradual increase in conductivity through the transition zone as opposed to the
sharp/abrupt boundaries observed at the contaminated locations. The conductivity profile
stabilized below the range of water table variability to approximately 10 — 15 mS/m as
compared to 15 — 27 mS/m and 25 — 40 mS/m for the residual and free product locations.
Additionally, these VRP data reveal changes in the conductivity within the water table

fluctuation zone, which is likely due to pore water saturation changes over time and
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hysteresis as the transition zones alternates between imbibition and drainage (Knight,

1991).
3.4 Analysis and Discussion

3.4.1 Comparison of Free Phase, Residual Phase Contamination, and Uncontaminated
Profiles

To further evaluate the existence of a conductivity anomaly coincident with
different degrees of LNAPL contamination a detailed comparison between VRPs 1, 3,
and 9 (i.e., free product, residual and uncontaminated, respectively) is presented for the
December 1999 data set. Figure 9 presents the conductivity versus elevation for each of
the three VRPs at a detailed elevation scale centered about the water table. Evident from
this comparison is the gradual increase in conductivity through the transition zone and the
relatively constant value of 15 mS/m within the saturated zone for the uncontaminated
VRP 9. In contrast to this profile are the profiles for both the free product case at VRP 1
and the residual contamination at VRP 3 that show a zone of conductivity maximum from
approximately 30 cm above to 30 cm below the water table. This zone corresponds to the
presence of free phase and/or residual phase LNAPL. These two profiles then decrease
in conductivity below the water table to average saturated zone values of 25 mS/m for
VRP 3 and 35 mS/m for VRP 1. Figure 9 clearly shows that the profiles for both VRP 1
and VRP 3 display enhanced conductivity relative to the uncontaminated VRP 9. The
values of maximum bulk conductivity in the zone at and above the water table for free

phase LNAPL (VRP1) are 45 — 50 mS/m. The residual phase LNAPL location (VRP 3)

shows a range from 25 — 30 mS/m and the clean location (VRP 9) reveals conductivity
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values of 1 to 9 mS/m in the elevations corresponding to the water table and above. This
observation is contrary to the insulating layer model for the geoelectric response, which
would predict the profiles for VRP 1 and VRP 3 to be of lowered conductivity relative to
VRP9 due to lower water saturation resulting from the displacement of conductive
groundwater by an insulative LNAPL. Clearly these results show an enhancement of the
conductivity at the locations impacted by LNAPL. In fact, the location with the free
phase LNAPL showed a higher conductivity than the residual phase LNAPL, which was
higher still than the clean site. This gradation suggests a relative increase in conductivity

corresponding to higher degrees of LNAPL saturation.
3.4.2 Estimated Water Saturation and Estimated Pore Water Conductivity Enhancement

To further evaluate these conductivity anomalies, the VRP data were analyzed
using some simple comparative calculations based on the empirical Archie's Law
(Archie, 1942). According to Archie’s law the electrical conductivity of clean geologic
material (in the absence of clays) can be described by:

O,

") »

where o, is the effective conductivity of the medium that is measured,
¢ is the fractional pore volume (porosity),
S, 1s the fraction of the pores containing water (i.e., water saturation)
o, is the pore water conductivity,

m is the cementation exponent,
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n is the saturation exponent and

a is an empirical factor.

The cementation and saturation exponents implicitly incorporate information about pore
structure and fluid distribution, respectively, into Archie's Law. As the grain size
distribution data show, this site contains no appreciable amounts of silt or clay; hence,
this form of Archie’s Law is applicable to the aquifer material at this site.

A number of factors could contribute to the temporal and spatial conductivity
variations observed in the VRP profiles, such as changes in lithology, temperature, water
saturation, water conductivity, and/or porosity. The grain size distribution data do not
show significant lithogical heterogeneities that correlate with the conductivity anomalies.
Since sorting, porosity and pore structure are functions of grain size in unconsolidated
aquifers, we have assumed that these factors are not a significant factor influencing the
conductivity anomalies. Temperature variations undoubtedly occur in the near
subsurface; however the conductivity profiles are fairly repeatable throughout a full
hydrologic year, suggesting that significant conductivity variation is not due to seasonal
temperature changes. Temperature variations may occur due to chemical or biologic
reactions with depth; however, we have no data to evaluate this effect and have assumed
it is not a large contributing factor. This process of elimination leaves water saturation
(Sw) and pore water conductivity (ow) as the possible causes responsible for the temporal
and spatial conductivity variations observed in the VRP profiles.

First, we assumed the changes in apparent conductivity above the top of water
saturation were due entirely to variations in water saturation S,; the pore water

conductivity Gy, was taken as being a constant value. This approach would be consistent
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with the insulating layer model for LNAPL pools as the insulating LNAPL displaces the
conductive water from the pore space decreasing the water saturation. The unchanged
pore water conductivity reflects the absence of biodegradation processes in this model.
The apparent water saturation was estimated for each VRP profile using Archie’s
Law. For this calculation, we have assumed that the porosity and pore structure are
consistent through the aquifer. We will consider an effective conductivity at elevation z

along the VRP profile. Suppose that o, is the effective conductivity in the

uncontaminated saturated zone of this aquifer. It can be shown from equation (1) that

apparent water saturation S, (z) required to account for the effective conductivity o,(z)

is given by

8,(2) =40, ()] )

‘While the observed values of # range between 1.1 and 2.6, it is commonly assumed to be
2 when there is no independent information; we have taken this approach (Schén, 1996).
Based on the VRP profiles, we have used c}e‘”‘ =16 mS/m, the average effective
conductivity of the uncontaminated saturated zone.

Figures 10 through 14 show the results from these estimations of water saturation
for VRPs 1, 4, 5, 3, 10, and 9. The estimates were calculated for three dates selected as
representative of precipitation maximum and minimum during the time of this study.
November 1999, June 2000, and November 2000 were chosen. Additionally, the figures
include the LNAPL description and the grain size distribution as in figures 3 through 8 in

order to provide comparisons to these results.
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3.4.2.1 Water Saturation Estimate — Free Phase LNAPL Locations

The Sy, estimate for VRP 1 is shown in Figure 10. Inspection of figure 10 shows
low water saturation in the vadose zone above an elevation of 226 m. Continuing to
lower elevations reveals that from 225.4 m to 224.6 m an excess water saturation of up to
130% (1.3) is required to yield the conductivity profile observed for the three dates
indicated. Further, the elevation zone of maximum estimated Sy, is from 225 m to 224.4
m and is coincident with the zone of free phase LNAPL contamination. These elevations
are within the maximum and minimum elevations of the groundwater table (i.e. the water
fluctuation zone) and the saturation zone. In this zone, we should expect a maximum
100% saturation. Moreover, free phase LNAPL contamination is occupying some of the
pores and lowering the water saturation. The estimates greatly in excess of 100% water
saturation indicate that an alternative mechanism must be accounting for the enhanced
conductivities observed. Additionally, the profiles from November 1999 and November
2000 are very similar with the exception of November 1999 requiring more water
saturation at the anomalous zone. The June 2000 profile does show an excess of water
saturation in the shallower elevations relative to the November dates. This is expected
due tc the excess precipitation at that date and shows that the excess S, in the
contaminated zone persist with time.

Figure 11 displays the results for VRP 4, another free phase LNAPL location.
Again we see an excess calculated water saturation of up to 140% (1.4) coincident with
the zone of free phase LNAPL and occurring at the base of the water table fluctuation

zone (~225 m). The November 1999 data show the largest water saturation, while June
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2000, the least. Although not directly related to this analysis an interesting observation is
made in the June 2000 data. A wetting front due to the large precipitation event is clearly
resolved by the VRP data, thereby showing the resolution of VRPs to observe hydrologic
events.

Finally, the results of the estimated water saturation for the last free phase
LNAPL location, VRP 5, are shown in Figure 12. These data also show an excess
calculated water saturation of over 160% (1.6) required to achieve the conductivity
profile observed. This excess occurs coincident with the free phase LNAPL location.
Furthermore, the June 2000 results show at an elevation of approximately 225.6 m a lens
of increased water saturation relative to the other dates. This is interpreted as the large
recharge event inferred from the precipitation maximum in June 2000 as is evident from

the VRP 4 (figure 11) analysis.

3.4.2.2 Water Saturation Estimate — Residual Phase LNAPL Locations

Figures 13 and 14 display the S, estimate resuits for residual phase LNAPL
locations. These data give maximum S,, estimates from 120% to 130% in the region
containing the residual phase LNAPL zone — dissolved phase LNAPL interface. For
comparisen, recall the free phase LNAPL locations where estimates were between 130%
and 160%. Notable from Figure 13 and 14 is the maximum S,, estimate occurs at the
residual phase — dissolved phase interface and then decreases back to approximately
100% Sy, in the saturated zone containing dissolved phase LNAPL and leachate from the

active zone.
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3.4.2.3 Water Saturation Estimate — No LNAPL Contamination Location

Figure 15, the Sy estimate for the uncontaminated location at VRP 9, shows no
zone of excess water saturation when the Archie analysis is applied to the VRP data. The
estimated water saturation profile increases to about 100% at the water table and remains
near 100% into the saturated zone. Given the assumption in this analysis that conductivity
changes are solely due to saturation variations with depth, these results can be used to
determine the presence of enhanced water saturation zones associated with LNAPL
contamination that are necessary to produce the observed conductivity profile.

In summary, according to the insulating layer model for LNAPL-impacted sites,
impossibly large water saturation would have to occur to account for the VRP results
observed. This result is obviously in conflict with the fact that the LNAPL should be
displacing the pore water and lowering water saturation. As a result, another mechanism
that is not incorporated into the standard insulating layer model is causing the

anomalously high conductivity in the impacted zone.

3.4.3 Estimated Pore Water Conductivity

Since it is obvious that water saturations approaching 130%, and up to 160% are
impossible, we have investigated whether changing pore water conductivity o, could
produce the observed VRP results. In particular, the question we have posed is what
increase in pore water conductivity is necessary to account for the VRP conductivity
profiles at LNAPL-impacted locations. To answer this question, we again used Archie's

Law to analyze the anomalous high conductivity responses observed at the free phase
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LNAPL locations (VRPs 1, 4 & 5) and the residual phase LNAPL locations (VRPs 3 &
10).

To estimate pore water conductivity for each VRP profile, it was assumed that the
water saturation profile S,(z) at the LNAPL impacted locations are the same as for the
uncontaminated section at VRP 9. To compensate for the spatial variability of the water
table at this site, the VRP profiles were shifted vertically such that their water table levels

were coincident with that of VRP 9.
Let us consider an effective conductivity o (z) at elevation z along the shifted
VRP profile at a contaminated location. Using equation (1), it can be shown that the pore

water conductivity o (z) at elevation z along the shifted VRP profile at a contaminated

location is given by

ot (1) = 2= gy @)
o= (2)

where 0,°(z) is the uncontaminated location apparent conductivity at elevation z along
VRP 9 and ¢*(z) is the uncontaminated pore water conductivity at elevation z along
VRP 9. Based on field measurements of pore water conductivity from a nearby
uncontaminated monitoring well (Atekwana, 2002), we have used a constant value of
(z)= 16 mS/m (160 pS/cm) in our analysis.

As in the estimated pore water saturation analysis, the estimated pore water

conductivity enhancement is performed for the three dates (November 1999, June 2000,

and November 2000) representative of minimum and maximum water levels throughout
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the hydrologic year. The resulting profiles for the contaminated locations are plotted in
their vertical position relative to the groundwater table at the VRP 9 location per the
measurement date. The estimated pore water conductivity profiles for each date are
given in Figures 16, 17 and 18, respectively.

Comparison of the three figures reveals an elevated estimated pore water
conductivity within approximately 0.75 meters of the groundwater table. The NovemBer
1999 results show the poré water conductivity estimate of up to 200 mS/m above the
water table (2000 pS/cm). These data reveal the highest estimated conductivities
associated with the locations of the greatest amount of free phase LNAPL. The June
2000 data reveal the greatest estimate for the free phase locations. The results from this
date also show the high estimated conductivities to occur at and below the water table.
Perhaps this stratification is due to the large precipitation event and the corresponding
recharge. Finally, the November 2000 data also reveal the greatest estimates at the free
phase LNAPL locations. However, these data show the high estimated conductivities to
approach 1 meter in thickness and occur above and below the water table. Overall, these
results show that estimated pore water conductivities of over 200 mS/m, are necessary to
account for the VRP results observed at the contaminated locations (i.e. VRPs 1, 4, 5, 3,
& 10). The zone of the predicted large pore water conductivity is coincident with the
zones impacted with LNAPL.

Changes in the groundwater table elevations due to seasonal precipitation events
appear to be related to the thickness of the high conductivity zone and its location relative
to the groundwater table. Below the depth of the high pore water conductivities and into

the saturation zone, no significant difference is observed. The depth regions of the high
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estimated pore water conductivity may represent the smear zone as the LNAPL is
repeatedly raised and lowered, smearing contamination along the vertical profile.
Further, it is anticipated that water is displaced by the LNAPL in the smear zone; hence,
the actual water saturation along the contaminated profiles would be lower than the water
saturation at the equivalent depth along VRP 9. Therefore, the conductivity estimates
calculated in this analysis are the minimum predicted value required to account for the
field measurements.

The mechanism of this conductivity enhancement by microbially mediated
processes of hydrocarbon degradation may explain the conductivity enhancement
necessary. This result is contradictory to the insulating layer model and further explains
the anomalous conductivities observed at this site and others in Michigan (Atekwana et

al., 2002b; Sauck et al., 1998; Sauck, 2000).

3.5 Discussion and Conclusions

- The results presented in this paper document over one year of VRP readings in six
locations at a site impacted with LNAPL contamination. The conductivity versus
elevation profiles at locations impacted with free phase LNAPL and residual phase
LNAPL clearly show an electrical conductivity high coincident with the impacted
sediment, contradicting the expected conductivity low predicted by the “insulating layer”
model for LNAPL contamination. In fact, we observe the largest conductivities
associated with free phase LNAPL, lesser conductivities at the residual phase LNAPL

location, and the lowest conductivities at the location with no LNAPL contamination.
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A simple analysis using Archie's Law reveals that the insulating layer model
would require a large water saturation of over 130% at the contaminated locations to
yield the conductivity profiles measured. This result is inconsisient with the expected
displacement of water by LNAPL. Further analysis based on Archie's Law shows that
increased pore water conductivity is necessary to produce the VRP field results from
contaminated locations. Now the question remains, how is this conductivity
enhancement occurring?

Previous studies at this site (Atekwana et al., 2002b; Sauck et al., 1998; Atekwana
et al., 2000; Werkema et al., 2000) attribute the increased conductivity observed in the
VRP profiles to the biogeochemical reactions occurring in the LNAPL-impacted zone.
Specifically, an enhancement of the pore water total dissolved solids is the result of the
biologically mediated degradation of the hydrocarbon source. FEarlier studies have
reported maximum oil degrading bacteria populations at the elevations coincident with
the LNAPL contamination and the conductivity enhancements (Werkema et al., 2000;
Duris et al., 2000; Duris et al., 2001). In particular, specific oil-degrading bacteria
showed several orders of magnitude greater abundance at LNAPL impacted zones than
the uncontaminated locations(Atekwana et al., 2002b). The production of acids as the
microbes metabolize the hydrocarbon source and subsequent etching of the sediment
grains would increase the total dissolved solids (TDS) in the pore water (Sauck, 2000;
Werkema et al., 2000; Duris et al., 2000; Cassidy et al., 2001; Duris et al., 2001). Recent
field measurements at the Carson City Park show average TDS values for the
uncontaminated location to be 287.9 mg/L versus 698 mg/L for the contaminated

locations (Atekwana et al., 2002a). Such an increase in the pore water conductivity due
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to the increased TDS could easily increase the bulk conductivity measurad geophysically
in the field. Additionally this study(Atekwana et al., 2002a) also showed that the TDS
could not account for all the observed conductivity, which supports the results shown in
Figure 16, 17 and 18.

Additionally, biosurfactant production has been reported at the site coincident
with the LNAPL contamination (Cassidy et al., 2001; Hudak, 2001; Cassidy et al., 2002).
Biosurfactants can add to the total ion concentration thereby increasing conductivity.
Biosurfactants also emulsify thg hydrocarbons in the subsurface, providing electrical
continuity through the free product LNAPL layer along water paths which contain excess
TDS. The enhanced conductivity would then affect electrical resistivity and ground
penetrating radar measurements (Sauck, 2000; Cassidy et al., 2001; Hudak, 2001).

Moreover, recent laboratory slurry reactor experiments provide evidence
suggesting that LNAPL biodegradation under aerobic and anaerobic conditions can
substantially change pore water biogeochemistry, producing dramatic increases in

conductivity (Cassidy et al., 2001).
3.6 Implications

These results support that at a site of long term LNAPL contamination, in a
predominately glacially derived sand and gravel geologic setting, the geoeleciric response
within the zone of LNAPL impaction is conductive rather than the traditionally accepted
resistive layer. Specifically, this paper demonstrates that the zone of anomalously high
conductivity occurs within and slightly above the water table fluctuation zone and not in

the fully saturated zone. If this conductivity enhancement is the result of microbial
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degradation of the LNAPL and the subsequent geochemical reactions, then the data
indicate that the zone of most active degradation is within the fluctuating top of water
saturation zone. These results are very significant in targeting the zone for remediation
activities, sampling, and monitoring. Rather than focusing on the fully saturated zone, a
more concerted effort should be made to sample within the zone of the fluctuating water
table. It is in this zone where fresh recharged water is introduced into the system
providing nutrients and oxygen for the microbial communities to flourish. The resulting
physical changes, as observed in this study with simple DC resistivity, indicate an
anomalous zone ripe for biogeochemical investigations.

Knight (2001) concedes that during laboratory experiments with organic
contaminants, geophysicists have carefully controlled the physical and chemical
conditions but completely neglected a control on or consideration of the biological
conditions. It is through é more holistic approach including the contributions of the
biological, chemical, and pﬂysical sciences that a comprehensive understanding of
LNAPL-impacted sites and their long-term behavior will be possible.

Geochemists and/or hydrogeologists typically do not sample the fluctuating water
table zone. Yet, this study clearly demonstrates that this is a geoelectrically active zone.
The results presented here clearly point to this zone as the most active zone of
degradation, assuming that the enhancement in conductivity is due entirely to degradation
in the active zone of chemical weathering. Also, the flushing of this conductive zone
through recharge events has significant implications for geochemical studies in the
saturated zone, as the addition of ions from the water table fluctuating zone to the

saturated zone below will influence geochemical measurements. The detection,
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understanding, and monitoring of this anomalous conductive zone holds the key to
understanding the dynamics at a site with unconsolidated sands and gravels impacted

with LNAPL.
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Table 1. Date Ranges of VRP Measurements for This Study.

I

Dates Days
10/19/97 - 11/6/00 1-1104
2/15/98 - 10/16/00 | 120 -1083
3/27/99 - 10/16/00 | 518 —1083
3/20/99 — 10/16/00 | 511 -1083
4/17/99 - 11/06/00 | 5391104
3/20/99 - 10/16/00 | 511-1083
4/17/99 — 10/16/00 | 539 —1083
3/27/99 — 10/16/00 | 518 —1083
8/18/99 - 11/06/00 | 658 — 1104
8/18/99 — 11/06/00 | 658 ~ 1104
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CHAPTER 4

SPATIAL AND TEMPORAL VARIATIONS IN THE GEOELECTRICAL RESPONSE
AT AHYDROCARBON CONTAMINATED SITE

4.1 Introduction

Groundwater contamination by light non-aqueous phase liquids (LNAPLs)
remains a major problem in the United States of America today. Over the past several
years, natural attenuation (microbial mediated degradation) has become increasingly
accepted as a remedial alternative for many sites contaminated with LNAPLs, partly
because of the relatively lower costs.

Since 1995, the number of sites using natural attenuation for contamination with
benzene, toluene, ethylbenzene, and xylene (BTEX) has grown significantly.
Nonetheless, the documentation and success of natural attenuation often requires a
substantial degree of understanding of the subsurface processes. As a result, the main
expense at contaminated sites will shift from the design and operation of active
remediation systems to detailed investigations and monitoring of the site-specific
contamination and geologic setting. The main goal is to understand the natural dynamic
groundwater flow and the biogeochemical processes controlling the fate of contaminants.
Additionally, the cause and effect relationship between the loss of contaminant and the
mechanism responsible for the natural degradation is critical to establish (Bekins et al.,
2001). All of these processes occur within dynamic systems where the geochemical and

hydrogeological conditions are changing with time and location in the subsurface. For
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example, it is well documented that hydrocarbon compounds (BTEX) can partition in the
subsurface into vapor, residual, free product and dissolved phases. Dynamic hydrologic
processes such as fluctuations in the water table can affect the concentrations of these
contaminant phases and their vertical positions; in turn, these factors affect the
degradation of the contaminant (Mercer and Cohen, 1990). These dynamic changes
challenge traditional means of studying LNAPL natural attenuation in field settings
which rely heavily on invasive sampling methodologies (e.g. soil, fluid and gas samples
from drilled boreholes and monitoring wells). Also, the zone that is most impacted by
the dynamic hydrologic changes (i.e. the smear zone) is often the least understood region
because of difficulties encountered by traditional techniques. In particular, monitoring
wells can only sample from the saturated zone; multi-level lysimeters, which can sample
the soil moisture, are rarely used. Therefore, biogeochemical processes occurring within
this smear zone are only partially understood. Furthermore, the effects of changing water
levels on contaminant degradational activities and the physical properties of the
contaminant are fundamentally not properly or well understood (Strachan and Wolfe,
2001). Such difficulties necessitate the development of alternative, more cost effective

methodologies to properly address this problem.
4.1.1 The Role of Geophysics

Geophysical techniques have commonly been applied at remediation sites mostly
for site characterization and determination of contaminant distribution (Daniels et al.,
1992; Maxwell and Schmok, 1995; Benson et al., 1997; Bermejo et al., 1997; Vanhala,

1997). In some cases, they have been used to monitor active remediation programs such
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as air sparging (Schima et al., 1996) and steam injection (Newmark, 1994; LaBrecque et
al., 1998). However, their use in the assessment of intrinsic bioremediation and or
biogeochemical changes has not been realized. However, recent geophysical
investigations are beginning to demanstrate the important influence that biodegradational
processes have on the geoelectrical properties at such sites (Atekwana et al., 2002; Sauck,
2000; Werkema et al., 2000; Duris et al., 2000; Cassidy et al., 2001). These studies show
high anomalous conductivity zones coincident with zones of contamination, suggesting a
relationship between the high conductivities and processes of biodegradation. Such
relationships have been given much credence by the discovery of high oil-degrading
microbial populations coincident with zones of both LNAPL contamination and high
conductivities (Atekwana et al., 2002; Werkema et al., 2000; Duris et al., 2000). These
studies further show significant etching and pitting of soil grains within these conductive
zones (e.g., Duris et al., 2000). This phenomenon indicates significant dissolution of
mineral grains due to acid leaching resulting from the degradational activities and is
consistent with similar findings at other sites (McMahon et al., 1995). These dissolved
minerals would contribute to the high conductivities.

More recently, analysis of data from in situ resistivity probes installed within the
contaminated zones showed that a very high pore water conductivity is required to yield
the anomalous conductivity profiles (Werkema et al., 2002). This same study showed that
the highest conductivity enhancement occurred within the zone most influenced by water
table fluctuations. Such high conductivities may be indicative of active degradation
within the smear zone. Geochemical findings show natural attenuation of petroleum

hydrocarbons within the zone of water table fluctuations (Lee et al., 2001). These results
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point to an important role for geophysical techniques in the assessment of both
biodegradational and hydrologic processes within this dynamic zone. Although
geophysical studies have been used to investigate hydrologic processes such as
infiltration fronts (Chan et al., 2001; Binley et al., 2001) and water table fluctuations
(Emston and Schere, 1986; Hincapie et al., 2001), there are no studies that assess the
influence of hydrologic processes on geoelectrical properties as they relate to
biodegradational activities or a LNAPL contaminated system. Such studies are critical
and should form the foundation of petrophysical models needed to model these systems
and the eventual development of geophysical methodologies for the assessment of
intrinsic bioremediation or natural attenuation at these sites. Therefore, the specific
objectives of this study are to (a) investigate the spatial and temporal variations in
conductivity within a hydrocarbon-contaminated zone, and (b) assess the role of water

level fluctuations on the measured soil conductivity.

4.2 Study Site

This study was conducted adjacent to a former refinery (Crystal Refinery) located
in Carson City, Michigan (Figure 1). Petroleum releases since 1945 from storage tanks
and pipelines resulted in seepage of hydrocarbons into the subsurface, impacting soils
and groundwater beneath the site, a cemetery to the north and a city park to the south
(Figure 1). Investigations in this study were limited to the southern LNAPL plume
extending southwesterly into the Carson City Park (site). Preliminary investigations have
documented free product thickness between 0.3 m to 0.6 m (Snell Environmental Group,

1994). Residual phase hydrocarbons were found at the fringes of the free product zone
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with high concentrations of benzene, toluene, ethyl benzene and xylene (BTEX) (Dell
Engineering, 1992). Also shown in Figure 1 is the present distribution and thickness of
free phase LNAPL and the residual phase LNAPL boundary. Levels of LNAPL
contamination were determined from field observations and through chemical analysis
(Legall, 2002) and categorized as either free phase LNAPL, residual LNAPL, or
dissolved LNAPL. A biofeasibility study showed active biodegradation occurring at the
site (Snell Environmental Group, 1997)

The site is characterized by 4.6 m to 6.1 m surface aquifer composed of fine to
medium sands, coarsening at and below the water table to gravel; there is no appreciable
clay (Atekwana 2002, Werkema 2002). The sand and gravel is underlain by 2 0.6 m to
3.1 m clay aquitard unit (Dell Engineering, 1991; Dell Engineering, 1992). Due to
topographic variations at the site, depth to the water table varies from 0.6 m to 0.9 m in
the west of the site to 4.6 m to 5.8 m in the east. Groundwater flows west-southwest
towards a nearby creek with a hydraulic gradient of 0.0015 and a velocity of 1.7 m/day
(Snell Environmental Group, 1994). From October 1999 through November 2000, the
water table fluctuated through a depth range of 0.95 m to 0.56 m at different topographic
locations. Soil borings have documented a LNAPL smear zone ranging in thickness from
0.9 m to 1.2 m throughout the site resulting from past water table fluctuations. Specific
descriptions of the vertical distribution of LNAPL contamination have been previously
reported (Atekwana et al., 2002; Atekwana et al., 2000; Werkema et al., 2000). Figure 1
also shows the locations of the free phase LNAPL distribution and the locations of the
instrument clusters at the site. Relevant to this study are locations 1, 4, and S, which are

classified as free phase LNAPL locations and contain the largest smear zone thickness.
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Location 1 contains a smear zone from 226.1 m to 224.5 m elevation. The smear zone at
location 4 occurs from 225.85 m to 224.9 m and at location 5 from 225.85 m to 224.7 m.
Residual phase LNAPL locations used in this study are 3 and 10. The smear zone at

location 3 ranges from 226.35 m to 225.2 m and at location 10 from 225.7 to 224.4 m.
4.3 Field Methods — Vertical Resistivity Probes

Figure 1 shows the locations of instrument clusters, numbered from 1 to 10.
Instrument cluster locations include vertical resistivity probes (VRPs) and 2.54 cm
monitoring wells installed within a 92 cm radius of each other at every location. These
installations are located within the free phase LNAPL contamination (1, 4, 5, 6 & 8),
within the residual phase LNAPL contamination (2, 3, 7, & 10), and at the background
location of no LNAPL contamination (9).

Apparent resistivity measurements were collected using the VRPs, which consist
of a 3.8 cm ID PVC dry well with 1.3 cm #10-24 pan head stainless steel screws
separated vertically at 2.54 cm intervals. The screw heads serve as the electrode contact
with the formation and the threaded ends inside the PVC casing were used to make
contact with the measurement equipment. Installation of these probes includes a small
bentonite slurry annulus that facilitates installation below the saturated zone and
decreases the contact resistance with the formation in the vadose zone.

VRP measurements were made using a Syscal R2 resistivity meter with an
automated/semi-automated switching system (Werkema et al, 1998).  Apparent
resistivity measurements were collected, in the semi-automated mode using a mechanical

switchbox. The electrodes were selected by the switching system to obtain a series of
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5.08 cm Wenner arrays along the probe. The VRP installations required about a year to
stabilize, probably because of the bentonite (Groncki, 1999); thus, the measuréments
shown here are at least a year or more after installation of the VRPs. The measurements
used in this study were made monthly from October 1999 through November 2000.
Precipitation data were collected from a weather station located at Greenville,
Michigan, which is about 15 km west of the Carson City Park. Water table elevations
were determined from 2.54 cm monitoring wells located in each instrument cluster.
Groundwater elevations for locations with free product were corrected for the thickness

of LNAPL (Fetter, 1993).
4.4 Results — Vertical Resistivity Probes

The resistivity measurements were converted to apparent conductivity and are
reported in milliSiemens per meter (mS/m). The results of apparent bulk conductivity are
shown in Figures 2 through 7. Labeled on these figures are the water table elevations,
during the time of data collection, and the zones and slices used for further analysis (see
Section 4.5). These plots contain partial elevation sections taken from the full VRP data.
Previous reports have shown the geoelectrical signature referenced to the surface
elevation of each VRP, extending to the maximum depth of the VRP (Atekwana et al.,
2002; Atekwana et al., 1998; Atekwana et al., 2000; Werkema et al., 2000; Werkema et
al., 2002). For example, VRP 1 has a full elevation range from 229 m to 222 m;
however, this study focuses on the elevations about the water table and the smear zone.
As a result, the data included here from VRP 1 are restricted to these elevations which

range from 226.25 m to 224 m. The elevation ranges reported for the remaining VRPs in
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this study are from a similar elevation range within the water table fluctuation zone and
the LNAPL smear zone. These regions are potentially those most influenced by the

fluctuating water table.

4.4.1 Locations with Free Product LNAPL Contamination

Results of bulk conductivity for locations with free phase LNAPL are shown in
Figures 2, 3 and 4.

Figure 2 shows the conductivity profile for VRP 1 from 226.25 m to 224 m
elevation. The water table fluctuated from 225.78 m to 225.1 m. The first evidence of
LNAPL contamination was observed from soil cores and occurred at 226.1 m. The
conductivity measurements from the highest elevations, which includes portions of the
vadose zone above the smear zone, shows the lowest values, less than 10 mS/m.
Continuing with depth, a slight conductivity increase is observed below 226 m.

A more significant conductivity increase at 225 m begins starting from
approximately 15-20 mS/m and increasing to over 40 mS/m at approximately 224.75
meters. The profile then decreases back to around 25 mS/m below 224.5 m. This
conductivity bulge exhibits the highest conductivities, up to 50 mS/m, and correlates to
the free phase LNAPL zone and portions of the dissolved phase LNAPL zone. Below
this bulge, the conductivity profile decreases slightly and remains relatively uniform at
approximately 25 mS/m throughout the range of dates shown. The conductivity bulge is
most pronounced on 10/27/99, 11/24/99, and 1/08/00 when the water table was low; and

its position showed only minimal changes through time. The bulge continues throughout
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the rest of the dates, albeit less obvious, until another water table low on 11/6/00, when it
becomes more evident.

During the spring and summer when water table elevations are the highest, there
was a notable reduction in the overall conductivity of the pronounced conductivity bulge.
During these seasons, the increase in conductivity with depth is more gradual. This
gradual change may be due to dilution by new pore water from recharge events; however
this is speculative, as no direct evidence is available. Conversely, the amplitude of the
bulge is greatest in the fall when the recharge is at its lowest. The elevation zone of the
conductivity bulge is relatively static and does not appear to change location when the
groundwater elevation fluctuates.

Figure 3 displays the results from VRP4 from 226.5 m to 224.5 m elevation. At
this location the water table fluctuated from 225.9 m to 224.9 m.

The conductivity profile shows relative uniformity of around 1 mS/m until 225.75
m where the profiles show a gradual increase to 10 mS/m. At this location, this
corresponds with the maximum elevation of the smear zone at 225.85 m. Below 225.75
m the conductivity profile increases uniformly from 10 mS/m to 20 mS/m at 225.0 m.
Below 225.0 m the profile abruptly increases from approximately 20 mS/m to over 40
mS/m at 224.9 m. This zone of highest conductivity correlates to the free phase LNAPL
layer and occurs at and slightly below the lowest water level elevation observed during
the experiment. Below this maximum, the conductivity profile decreases uniformly
through the saturated zone to about 25-30 mS/m. Notable in these profiles is the
secondary high conductivity bulge occurring at approximately 225.75 m on 6/7/00. This

feature occurs one month after the highest precipitation event on record (see Figure 9 for

96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



precipitation and conductivity profiles). This may represent the conductivity response of
a wetting front that increases conductivity as water occupies more pore space and
increases water saturation. The overall shape of the profile is consistent throughout the
dates measured with the conductivity bulge most pronounced during stages/seasons of
water table elevation lows.

The conductivity profiles for the elevation range from 226.25 m to 224.25 m of
VRP5 are presented in Figure 4. At this location, the water table fluctuated from 225.25
m to 224.69 m. The profile shows a low range of conductivities from 0.01 to 1 mS/m
throughout the vadose zone to an elevation of 225.75 m. From 225.8 m to 225.50 m the
conductivity increases from 1 mS/m up to 20 mS/m. This increase occurs within the
residual phase LNAPL zone corresponding to the smear zone.

An alternating polarity conductivity high occurs between 225 m to 224.8 m. This
feature is coincident with the free phase LNAPL — water interface during some dates and
its vertical position does not change with the water table fluctuations. This geoelectrical
response is a typical alternating polarity response of the Wenner array across a sharp
conductive boundary (Telford et al., 1990). Below this high, the conductivity profile
gradually decreases to approximately 25 mS/m. Again, the water table changes are not
clearly discernable in the conductivity profiles throughout the year.

In summary, the geoelectrical response at the free phase LNAPL locations show
only minor changes in the conductivity structure due to recharge events. Specifically, the
conductivity maximum does not shift vertically in response to recharge events." The only

observable variability is the magnitude of the conductivity bulge through the dates
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measured. Therefore, the presence of the free phase LNAPL appears to suppress the

geoelectrical response to recharge events.

4.4.2 Locations with Residual LNAPL Contamination

Figure 5 shows the conductivity profiles from VRP 3 over the elevation range of
226.5 m to 224.25 m. At this location, the water table fluctuated from 225.9 m to 225.0
m. From 226.5 m to 225.5 m the conductivity is uniformly around 5 mS/m. Slightly
below 225.5 m, there is an increase in the conductivity to approximately 30 mS/m that
continues until 224.75 m. The profile then gradually decreases to about 20-25 mS/m at
elevations within the saturated zone.

The broad maximum conductivity bulge to 30 mS/m corresponds to the location
of the residual phase LNAPL contamination. This bulge exists throughout the
experiment, but becomes slightly less defined at its upper boundary during times of high
water table (i.e. spring and summer). In particular, the conductivity increase about 225.5
m elevation becomes less abrupt and more gradual from 6/8/00 to 9/13/00 when the
abrupt increase returns. The geoelectrical response for these dates (i.e., 6/8/00, 7/1/00,
and 8/7/00) could reflect a recharge event from the precipitation high in May 2000.
These data do exhibit a dependence on water table changes as the conductivity bulge does
move up or down in elevation with water table fluctuations. For example, the upper
boundary of the conductivity bulge raises in elevation from 1/29/00 through 4/27/00 with
the water table rise. Further, the conductivity bulge becomes less distinct after the large
precipitation event in May 2000; this behavior could be due to higher water saturation

above the residual LNAPL zone.
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Figure 6 shows the conductivity profile at VRP 10 over the elevation range of
226.0 m to 223.5 m; water table ranges from 225.6 m to 224.8 m at this site. The
conductivity profile averages approximately 5 mS/m down to 22525 m. Below this
elevation, the profile increases and shows a vertically broad conductivity bulge with a
maximum amplitude of 31 mS/m. This high conductivity bulge correlates with the
elevation of the residual LNAPL phase and is within the lower elevations of the water
table range. Below approximately 224.1 m, the conductivity profile is a consistent value
of around 18 mS/m throughout the experiment. Over the measurement dates, the
conductivity bulge decreases in amplitude to slightly over 20 mS/m during water table
highs. VRP10 behaves similarly as VRP 3 to water table changes. The conductivity
profile shifts in elevation or becomes smoother as the water table rises. As the elevation
of the water table drops, the elevation of the conductivity bulge drops. In addition, the
slope of the conductivity profile is steepest above and below the bulge during water table
elevation lows, as observed previously.

The geoelectrical response at the residual LNAPL locations is different than the
free phase locations. In particular, the conductivity bulge at the residual locations
changes its position and amplitude with seasons. This behavior suggests that events that
cause water table fluctuations are accompanied by changes in the position and magnitude

of the bulge.

4.4.3 Location with No LNAPL Contamination (Control Site)

Figure 7 shows the results at VRP 9 over an elevation section of 226.0 m to

224.25 m; the water table level ranged from 225.6 m to 224.8 m. These results show a
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range of conductivities from 1 to 5 mS/m above the water table which represents the
vadose zone with no LNAPL smearing. It is notable that these data do not show a large
conductivity bulge of the type observed at the LNAPL-impacted locations. However,
there is a steady, gradual increase in conductivity to a maximum value of approximately
20 mS/m. Then the conductivities remain relatively constant with increasing depth to
around 17 mS/m. This increase occurs below the water table and is most pronounced
during times of water table highs. During water table lows the conductivity profile is

more gradual (i.e. 10/27/99, 8/08/00, 9/18/00, and 11/06/00.

4.5 VRP Depth Zones

Further work was done in an effort to quantify the temporal variations in the
conductivity values and describe the influence of fluctuating water table elevations on the
conductivity. This analysis was started by subdividing the profiles into three zones
including: (1) the saturated zone average conductivity (SatZoneAve), which was
determined as the average of the conductivity values below the water table elevation to
the depths shown in Figures 2 through 7; (2) a slice through time at the maximum
conductivity zone (MaxSlice): and (3) a slice at the maximum elevation of the
hydrocarbon smear zone (MaxSZ), determined as the top of the residual phase LNAPL
zone. These three discrete zones were chosen as potential locations where the
conductivity is most sensitive to hydrologic changes (i.e., water table elevation changes
and recharge events).

Figures 8 through 13 display the results for the analysis of the geoelectrical variability

over time at the discrete elevation zones and slices. Each figure has four time series
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labeled (a) through (d). Series (a) is the conductivity slice at the maximum elevation of
the smear zone. This elevation was approximated as the highest elevation where residual
phase LNAPL was observed. Series (b) is the conductivity slice at the elevation of the
maximum conductivity. The maximum values were determined by visual inspection of
the conductivity profiles. Series (c) is the saturated zone average conductivity within the
elevations reported in this study. The error bars represent one standard deviation about
the mean. The bottom-most series, (d), presents the precipitation and water table
elevation data versus time, from October 1999 through November 2000.

Upon visual inspection, the relationship between precipitation and monitoring well
response is very good, with an apparent 1-month time lag in the response from the
monitoring wells to precipitation events. Several researchers (Viswanathan, 1984;
Manglick and Rai, 2000) have established that this time lag is due to groundwater
recharge; hence, the water table data can be used as a measure of groundwater recharge
due to precipitation. These data show a precipitation and monitoring well water level low
occurring during November 1999. This is followed by a precipitation high occurring in
May of 2000 and its corresponding water level high in June 2000. Finally, another
precipitation low occurs during October 2000 with a corresponding monitoring well low
in November 2000.

To quantitatively evaluate the relationship between the geoelectrical response at
the selected elevation intervals and hydrologic events, a simple linear regression analyses
between water table elevation and conductivity were performed. The results from the
linear fits for each VRP per each elevation zone is shown in Figure 14 with the computed

slope (m), correlation coefficient (R), and p values summarized in Table 1. The R value
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is the correlation coefficient where values closer to 1 indicate very good correlation
between the independent factor (water table elevation) and the dependent factor
(conductivity). The p-value is the probability that R is zero. If p<0.01, then there is a
95% confidence that R is not zero and the two data sets are related. A 99% confidence
level is obtained when p<0.001. Figure 14 includes the best fit regression plots for each

VRP.
4.5.1 Free Phase LNAPL Locations — Temporal Variability

Figure 8 shows the time series for VRP1; the results of the regression analysis are
given in Figure 14a. The saturated zone average response (Figure 8c) ranges from 28
mS/m to 36 mS/m. This time series is generally an inverse form and suppressed
amplitﬁde relative to the monitoring well response. The precipitation high in May of
2000 was observed via the monitoring well elevation high in early June 2000, and a
saturated zone average conductivity low in June of 2000. The other high precipitation
event of September 2000 does not show a significant response in the saturated zone
average conductivity. The regression analysis found m=-13.95, R=-0.81 and p=0.0042
which quantifies a relative strong inverse relationship between the saturated zone average
response and recharge.

The values at the maximum conductivity elevation slice (Figure 8b) ranged from
30 mS/m to over 50 mS/m, showing low amplitude variations from February 2000
onward. The highest conductivities occur during the first three months of measurements,
followed by an abrupt decrease. Beyond February 2000 the conductivity values remain

low regardless of the large precipitation event in May 2000. Overall, the regression
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analysis of these data (Figure 14b) suggest the existence of an inverse relationship to the
recharge (m=-20.11, R=-0.633, p=0.049).

The conductivity values for the slice through the maximum elevation of the smear
zone (Figure 8a) have a range from 0.5 mS/m to 4 mS/m. The response over time is
much smoother than the monitoring well data and does not show the stepped fluctuations
in precipitation that the precipitation record reveals. The regression analysis (Figure 14b)
suggests an extremely weak correlation, if any, between the rechargé events and the
conductivity of this slice (m=0.051, R=0.011, p=0.976)

Figure 9 presents the time series for VRP 4, another free phase LNAPL location.
The saturated zone average response (Figure 9¢) ranges from 20 to 30 mS/m and shows
an inverse relationship to the precipitation record and the monitoring well data. The
regression analysis (Figure 14b) suggests a strong inverse relationship (m=-11.54, R=-
0.834, p=0.00074) between the saturated zone average response and recharge.

The time series slice through the maximum conductivity zone (Figure 9b)
indicates a range from 30 mS/m to 50 mS/m and a generally elevated set of readings from
November 1999 to February of 2000. After this date, the data abruptly decrease to
between 30 and 40 mS/m throughout the rest of the measurements and show very subtle
fluctuations. The regression analysis (Figure 14b) shows an inverse relationship, but not
as strong or confident as VRP1 (m=-17.90, R=-0.586, p=0.045).

The time series data through the maximum elevation of the smear zone (Figure
9a) reveals a response similar to the monitoring well elevation changes. In this elevation
slice the values range from 0.4 mS/m to 18 mS/m and show a very large amplitude

response. Notable is the conductivity high of 18 mS/m occurring in June 2000, one
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month after the greatest precipitation on record. This data point may be considered a
statistical outlier and not included in the regression analysis; however, since this data
represents the VRP response to a real precipitation event, the data point was included in
the regression analysis. The regression analysis (Figure 14b) suggests these data have a
strong direct relationship with the water table (m=15.58, R=0.7376, p=0.00618).

The VRP 5 time series data, shown in Figure 10, is the last free phase LNAPL
location presented. The time series at the saturated zone average conductivity (Figure
10c) shows a range from 24 mS/m to 27 mS/m. The regression analysis (Figure 14c)
indicate m=-0.374, R=-0.0749 and a p=0.817, which is very strong evidence that there is
no correlation between these conductivity data and recharge.

The time series slice through the maximum conductivity elevation (Figure 10b)
shows a range from 30 mS/m to 60 mS/m with very little fluctuation. The trend over
time reveals a gradual decrease in conductivity over the dates measured from the
maximum of 60 mS/m to the low of 30 mS/m. The regression analysis (Figure 14c)
reveals an indirect relationship (m=-24.11, R=-0.608,p=0.036) with recharge; however
the correlation is relatively weak.

The time series data through the maximum elevation of the smear zone (Figure
102) shows a range of conductivity from 0.5 mS/m to 5 mS/m. The form of these data up
to September 2000 resemble and the monitoring well record. However, the last two data
points show very low conductivities during a time when the water table was dropping.
The regression analysis (Figure 14c) suggests a very weak indirect correlation, if any, to

recharge (m=-3.44, R=-0.3679 and p=0.24354).
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In summary, the conductivity profiles at the free phase LNAPL locations over
time show that the saturated zone average conductivity has an inverse relationship to the
precipitation and monitoring well resporise, with a very high level of confidence,
p~0.004; with the excepﬁon of VRPS, which shows no correlation. The time series slice
through the maximum conductivity zone revealed elevated conductivities, and an inverse
relationship to hydrologic events, with less confidence (p~0.04) than the saturated zone
time series data for VRPs 1 and 4. The regression analysis at the slice through time at the
maximum elevation of the smear zone does not suggest an overall trend. However, the
results from VRP4 do reveal a strong correlation to recharge, with a high level of
confidence, as a result of the large precipitation event. If this event did not occur, VRP

would most likely show a similar result as VRPs 1 and 5.
4.5.2 Residual Phase LNAPL Locations — Temporal Variability

Figure 11 shows the time series results for VRP3. The saturated zone average
conductivity (Figure 11c) ranges from 22 mS/m to 27 mS/m, and shows an inverse
relationship to the water table elevations. The regression analysis (Figure 14d) shows a
very strong inverse relationship to the recharge with a slope of —6.57, coefficient of -0.94
and a p-value and less than 0.0001.

The time series slice at the maximum conductivity zone (Figure 11b) reveals a
range from 25 mS/m to about 35 mS/m and very little fluctuation over time. The data
before March 2000 do exhibit some oscillations; however, from March 2000 onward the

conductivity data are relatively uniform and decrease slightly. The regression results
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(Figure 14d) suggest these data are not correlated with the recharge (m=-0.234, R=
0.0336, p= 0.91739).

The time series slice at the maximum elevation of the smear zone (Figure 11a)
shows a range from 4 to 5 mS/m. The regression results suggest that these data are
inversely related to the monitoring well data (R=-0.737, p=0.00627); however the slope is
very flat, m=-1.51, suggesting recharge is not a large contributor to the conductivity time
series.

Figure 12 shows the time series data from VRP10. The time series data within the
saturated zone average conductivity (Figure 12¢c) range from 15 to 20 mS/m. As with
VRP3, the regression results (Figure 14e) from these data indicate a strong inverse
relationship (m=-6.12, R=-0.826,p=0.0009) to recharge.

The maximum conductivity slice data (Figure 12b) show very little fluctuation
over the dates measured and in fact a general decrease in conductivity over time is
observed. These data show a range from 15 mS/m to 25 mS/m. The regression results
(Figure 14e) indicate a slope of —3.85, a correlation coefficient of —0.377 and a p-value of
0.226. This suggests these data have very little correlation and/or relationship to
recharge.

The slice through the elevation of the maximum smear zone (Figure 12a) reveals
conductivities from 2 mS/m to slightly over 4 mS/m. The regression analysis (Figure
14e) suggest these data exhibit a strong inverse relationship to recharge (R=-0.734,
p=0.0066). However, as at VRP3 the slope is very flat (m=-2.62) which indicates

recharge is not a large factor in the conductivity time series.
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In summary, the residual phase INAPL locations exhibit a strong inverse
relationship in the saturated zone average conductivity and the maximum elevation of the
smear zone to recharge. Both elevation zones show correlation coefficients of an inverse
sense with values from —0.73 to —0.94 and p-values indicating 99% confidence.
However, the result from the maximum elevation of the smear zones show very flat
slopes, indicating recharge is not greatly affecting the conductivity time series. The time
series data at the elevation of the maximum conductivity show no relationship to the

recharge.

4.5.3 No LNAPL Contamination — Temporal Variability

Lastly, the time series conductivity response from the uncontaminated location,
VRPY, is presented in Figure 13. The saturated zone average conductivity series (Figure
13c) exhibits the lowest range from 10 mS/m to 15 mS/m. The regression analysis
(Figure 14f) show a weakly direct relationship to recharge (m=2.38,R=0.434, p=0.105).
The p-value does not indicate a high degree of confidence and the R-value suggests the
relationship is weak. The slope is very flat indicating recharge is not greatly affecting the
conductivity time series in this zone.

The time series conductivity slice through the estimated maximum conductivity
(Figure 13b) shows a conductivity range from 13 mS/m to 20 mS/m. Even though VRP9
does not reveal a clear conductivity maximum, as in the LNAPL impacted locations, this
elevation zone was picked for comparison purposes, and does in fact represent some of
the highest conductivities measured at VRP9. Noteworthy is that this “high”

conductivity zone is very close to within the range of conductivity values for the
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saturated zone average conductivity. Regardless, the regression analysis (Figure 14f)
through the maximum conductivity zone reveals a very strong direct relationship to the
recharge (m=6.48,R=0.7525) with a 99% confidence (p=0.001).

Lastly, the time series data from the equivalent maximum elevation of the smear
zone (Figure 13a) show conductivities from 4 mS/m to 7 mS/m. The regression results
for these data (Figure 14f) provide very strong evidence that there is no correlation

between this time series and recharge (m=0.121, R=0.0306, p=0.9139).

4.6 Discussion and Conclusions

The results reveal three major points: (1) the geoelectrical response differs with
the category of LNAPL contamination, (2) the conductivity profiles vary with seasonal
hydrologic changes, and (3) there are correlations between the geoelectrical character of
discrete depth zones and water table levels that vary with the category of LNAPL

contamination,

4.6.1 Conductivity and Varying Degrees of LNAPL Contamination

The relationship between the geoelectrical response and varying degrees of
LNAPL contamination show a direct relationship between a highly conductive anomaly
and high degrees of LNAPL impaction. The maximum conductivity values are found at
the free phase LNAPL locations and reveal conductivities 2 to 3 times that of the
background values (30 — 60 mS/m vs. 14 — 19 mS/m). In comparison, locations of
residual contamination have conductivities up to twice that of the background values (15

— 30 mS/m vs. 14 — 19 mS/m). These results corroborate previous studies and provide
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support to the conductive respbnse at an aged LNAPL impacted site (Atekwana et al.,

2002; Sauck, 2000; Werkema et al., 2002), and are summarized in Table 1.
4.6.2 Conductivity Profiles of Varying Degrees of LNAPL vs. Recharge

The conductivity profile variation due to fluctuating water table elevations is
related to different degrees of LNAPL impaction. In the case of the free phase locations,
the maximum conductivity bulge does not shift vertically in response to water table
elevation changes. The only variability observed is the magnitude of the bulge. Perhaps
the conduction at this location is not simply a function of the pore water chemistry (i.e.,
ionic concentration), as no vertical shifts occur. If conduction were mainly due to the
pore water chemistry, recharge water would be expected to dilute the pore water and
decrease the conductivity. Since this is not observed, perhaps another mechanism of
conduction related to the aquifer sediment itself or the biogeochemical reactions with the
free phase LNAPL and the aquifer sediment is affecting the conductivity. The geology at
these locations and these elevations do not reveal the presence of a highly conductive
lithology (i.e. clay lens) (Atekwana et al., 2002; Werkema et al., 2000). So the geology
cannot be used to explain the conductivity bulge. The fact that tﬁe conductivity bulge
does not respond to changing water table levels indicates that this zone is vertically fixed.
This suggests that an alternative mechanism is perhaps responsible and may explain these
results. This mechanism may be associated with biogeochemical reactions with the free
phase LNAPL because this elevation zone has been shown to contain large populations of

oil degrading bacteria (Atekwana et al., 2002).
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On the other hand, the residual phase LNAPL location does shows slight changes
in the shape, position and amplitude of the conductivity bulge throughout the seasons and
inversely related to water table elevation changes. At this location the pore water
chemistry may be a more important factor in the conductivity response observed. If there
has been significant bioremediation of the LNAPL-impacted zone, the conductive model
at LNAPL impacted sites suggests that a corresponding increase in the electrolyte
conductance will follow (Sauck, 2000). Intrinsic or natural biodegradation has been
reported to be occurring at this site (Snell Environmental Group, 1997). Therefore, the
resulting change in pore water chemistry via increased ionic concentration is possible.
The inverse relationship between the conductivity and recharge events may be due to
dilution as the pore water becomes diluted and therefore the electrolytic properties more
resistive. Of course, this mechanism to explain the results assumes the recharge is
vertical and horizontal recharge does not affect the conductivity profile.

The response from the clean/control location, VRP9, shows that the water table
changes affect the shape of the conductivity profile. The conductivity profile becomes
smoother during water table elevation lows. At times of water table elevation highs the
conductivity profile looks similar to a water saturation curve; however, ‘the increase in
conductivity does not occur at the water table but well below it. From these data it
appears that small water table fluctuations are not revealed in changes in the conductivity
profile, as it is assumed that the conductivity would change as the pore water saturation
changes in the absence of LNAPL contamination. This is based on the direct relationship
between the measured conductivity and the saturation as described by Archie’s Law

(Archie, 1942). The closest correlation to the water table is observed during the dates
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after the large May 2000 rainfall. Assuming vertical recharge, perhaps the conductivity
as measured from the VRP ‘is most sensitive to large water table fluctuations, the

resulting saturation change, and is insensitive to smaller water table changes.
4.6.3 Temporal Variations at Discrete Elevation Intervals

The results from the temporal variations at discrete elevation zones and slices are
summarized in Table 1 and the best fit regression plots in Figure 14.

The saturated zone average conductivity for all the locations impacted with
LNAPL (whether free or residual phase) shows an inverse relationship to the water table
elevation. The clean location reveals a direct relationship with the water table elevation,
although the slope indicates recharge does not greatly affect the conductivity. The
relationship for VRPs 1, 4, 3 and 10 has higher correlation coefficients and greater
confidence. The inverse relationship at the LNAPL locations may be attributed to
electrolyte dilution as fresh vertically recharged water enters the system. The direct
relationship at the location of no LNAPL-contamination may be attributed to increased
pore water saturation and not to electrolytic chemistry related to biodegradation, as
LNAPL is absent.

The relationship between the LNAPL locations and the non-contaminated
location is also observed at the maximum conductivity slice. These results are interpreted
in a similar manner; however, the slope for the non-contaminated location reveals there is
more of a relationship between recharge and the conductivity.

Lastly, the relationship between the conductivity time series data at the maximum

elevation of the smear zone and the water table elevation is explored. Within locations of
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free phase LNAPL there is no overall trend in these relationships. VRP4 shows the best
correlation verses VRP1 and VRP5. This may be due to the location of VRP4. Itisina
topographically lower position than the others and has a much smaller vadose zone.
Therefore, the correlation at this VRP to water table elevation changes may be reflective
of the thin vadose zone because vertical recharge is probably the greatest. Specifically,
the conductivity increase occuﬁng after the May 2000 precipitation event (see Figure 3
6/7/00 and Figure 9a) may be due to increased pore water saturation pooling above a
permeability barrier related to the residual LNAPL zone. The indirect relationship
between the residual phase LNAPL and water table elevations within the maximum
elevation of the smear zone may be atiributed to diluting the ionic concentration of the
pore water due to the biodegrdadation of the LNAPL. Finally, the relationship at the
clean location yields very strong evidence that there is no correlation between the time
series of this conductivity slice and recharge. Perhaps the VRP conductivity data at a
location of no LNAPL contamination is not sensitive enough to reveal subtle changes in
pore water saturation as a recharge wetting front progresses with depth. On the other
hand, wetting fronts due to vertical recharge may have passed through the time between

the monthly measurements were made and these data simply missed it.
4.7 Implications

The results from this study imply that the geoelectrical changes at locations of
LNAPL contamination vary based on the degree of LNAPL impaction and hydrologic
events. The important results from this study show that there are discrete elevation zones

of different geoelectrical properties within a site impacted with LNAPL. Furthermore,
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these zones respond differently to recharge events. The geoelectrical response
characterizes physical changes occurring within these zones throughout a full hydrologic
year. Geochemists now potentially have a tool (i.e. the VRP) to locate these physically
active zones or elevation regions and then focus their investigations. Generally,
geochemists focus on the fully saturated zone, while this study shows that physical
changes are occurring above this zone. It is only through the high-resolution geophysical
characterization at this site that VRPs can be utilized as a tool for future investigations
into the biogeochemical dynamics at a site impacted with LNAPL.

The anomalous zones and regions identified by the VRP data require additional
biogeochemical studies and subsequent analysis in order to provide insights into the
mechanisms responsible for these conductivity responses. The achievement of the

objectives from this study now allows geochemists to focus on these zones.

Ultimately, geoelectrical techniques may be used as a supplement for
groundwater sampling and analysis and potentially achieve lower cleanup and monitoring
costs thereby accomplishing the goals set forth by Bekins et al. (2001). Specifically,
geoelectrical observations could be used to decrease the number and frequency of direct
groundwater sampling, and guide the efficient design, implementation and monitoring of
remediation systems by targeting subsurface contaminated zones resulting in significant

increases in remediation effectiveness and cost savings.

This study represents some of the first steps taken to understand the subsurface
geoelectrical signatures in the presence of LNAPL contamination and relate them to the
natural hydrologic dynamics. These results show the application of geophysical

techniques to monitor hydrologic events in the presence of LNAPL contamination.
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Table 1. Correlation Results Between Water Table Elevation and Conductivity for the Three Depth Slices.

VRP Sat Zone Hydro Mox o Slice Hydro Max Smear | Hydro Correlation
Ave o Correlation Correlation Zone Slice

1: 28-36 mS/m | m=-13.95 30-50 mS/m | m=-20.11 0.5-4 mS/m m = 0.051
free R =-0.81343 R =-0.63301 R=0.01091
phase p=0.0042 p = 0.04947 p=0.97614
LNAPL
4. 20-30 mS/m | m=-11.54 30-50 mS/m | m=-17.90 0.4-18 mS/m { m=15.58
free R =-0.83418 R =-0.58609 R =0.737692
phase p = 0.000742 p =0.04521 p=0.00618
LNAPL
5: 22-27mS/m | m=-0.374 30-60 mS/m | m=-24,11 0.5-5mS/m | m=-3.44
free R =-0.07492 R =-0.608 R =-0.36488
phase p=0.817 p =0.03596 p=0.24354
LNAPL
3: 22-27 mS/m | m=-6.57 25-35mS/m | m=-0.234 4-5 mS/m m=-1,51
residual R =-0.94202 R =-0.03362 R=-0.73681
phase p = <0.0001 p=0.91739 p = 0.00627
LNAPL
10: 15-20 mS/m | m=-6.12 15-30 mS/m ( m=-3.85 2-4 mS/m m=-2.62
residual R =-0.82607 R =-0.37742 R=-0.73404
phase p = 0.000927 p = 0.22647 p = 0.00657
LNAPL
9: 10-15 mS/m | m=2.38 14-19 mS/m | m=6.48 4-7 mS/m m=0.121
No R =0.43456 R=0.7525 R =0.03056
LNAPL p=10.10552 p=0.00121 p=0.9139
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Figure 1. Site Map — Carson City Park, Carson City, Michigan USA. (43°07°11> N Latitude, 84°51°15” W
Longitude). Site map includes regional setting, topography, LNAPL contamination levels and relevant
surface features.
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Zone. (C) Time Series of the Saturated Zone Average Conductivity, Error Bars Indicate One Standard
Deviation. (D) Precipitation and Monitoring Well Elevation Time Series.
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VRP 5, Free Phase LNAPL Location Conductivity Zones and Slices Vs. Time. (A) Maximum Elevation of
the LNAPL Smear Zone Conductivity Time Series. (B) Time Series Through the Maximum Conductivity

Zone. (C) Time Series of the Saturated Zone Average Conductivity, Error Bars Indicate One Standard
Deviation. (D) Precipitation and Monitoring Well Elevation Time Series.



‘uoissiwiad Inoypm pauqiyosd uononpoidas Joyund “1sumo JybuAdoo sy jo uoissiwiad yum paonpoidey
6¢Cl

20 ~
. 157
(a) 2104
5 @‘—81“&-—&———@\*@-_&_”—@‘&___;&—«—(8———&
0 T l L] T l L) L2 l ¥ L l L
60 -
(®) £ 5%
8 F 1 A p O AT AN A AN
T 204
[}
O T 1 ' T T l L] Li l T Li ' L)
40 -]
T
207 5 w5 53 K7 Fe——F—%
(C) 20 - - = = = 2 _._\%__.§—,~_L IS e
10 -
' . 226.0 €
— MW Elev. M
8
T . 2255%
g 20 o "'\-/"——' 22650%
(d) %104 7
§ 0 '7777”77;71[7 Hmmv 271 /// .IW'//'] 4V//)%
*10/1/1999 1M /2000 4/1/2000 7/1/2000 10/1/2000

Figure 11. VRP 3, Residual Phase LNAPL Location Conductivity Zones and Slices Vs. Time. (A) Maximum Elevation of
the LNAPL Smear Zone Conductivity Time Series. (B) Time Series Through the Maximum Conductivity
Zone. (C) Time Series Of the Saturated Zone Average Conductivity, Error Bars Indicate One Standard
Deviation. (D) Precipitation and Monitoring Well Elevation Time Series.
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Figure 12. VRP 10, Residual Phase LNAPL Location Conductivity Zones and Slices Vs. Time. (A) Maximum
Elevation of the LNAPL Smear Zone Conductivity Time Series. (B) Time Series Through the Maximum
Conductivity Zone. (C) Time Series Of the Saturated Zone Average Conductivity, Error Bars Indicate One
Standard Deviation. (D) Precipitation and Monitoring Well Elevation Time Series.
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Figure 13. VRP 9, No LNAPL Location Conductivity Zones and Slices Vs. Time. (A) Estimated Maximum Elevation of
the LNAPL Smear Zone Conductivity Time Series. (B) Time Series Through the Maximum Conductivity
Zone. (C) Time Series Of the Saturated Zone Average Conductivity, Error Bars Indicate One Standard
Deviation. (D) Precipitation and Monitoring Well Elevation Time Series.
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Figure 14. Results of Linear Regression Analysis of the Groundwater Table Elevation Vs. Conductivity Slices and
Zones for Each VRP Location. (A) VRP1, (B) VRP4, (C) VRPS, (D) VRP3, (E) VRP10, (F) VRP9



CHAPTER 5
CONCLUSIONS

Past geoelectrical investigations of LNAPL contamination have yielded
contradictory results, observed as both resistive and conductive. The resistive response is
observed primarily from short-term laboratory or controlled spill experiments and the
conductive response is associated with older in situ contamination. Additionally, this
conductive response is apparently due to the products and byproducts from the natural
biologically mediated metabolism of the LNAPL, which suggests that time is a critical
factor controlling the geoelectrical response (Sauck, 2000). Therefore this project was
performed to test the conductive plume model at a site of long term LNAPL
contamination.  Furthermore, this project included investigations into how the
geoelectrical response changed both vertically and horizontally throughout the site and to
investigate the influence of recharge on the geoelectrical response.

Results show corroborative evidence from biological studies linking the
geoelectrically conductive zone to peak oil-degrading microbial populations. Further,
geochemical evidence showed that the conductive response is dependent on the
byproducts of microbial degradation and their reactions with the aquifer material. Tﬁese
results indicate a direct link between zones of anomalously high conductivity, oil-
degrading microbial populations, acid production, and increased mineral dissolution
observed through etching and high TDS concentrations. All this evidence further

supports the conductive plume model at aged (i.e. mature) LNAPL sites (Sauck, 2000).
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A detailed analysis of the conductive response is analyzed using Archie’s Law
(Archie, 1942). The results show elevated pore water saturations and pore water
conductance necessary to produce the conductivity anomalies observed via the VRPs. At
the locations of free phase LNAPL, these specific conductance estimates are greater than
those measured in the field. This suggests another mechanism of conductance other than
electrolytic may be responsible for the conductivity anomaly observed. The estimates
from the residual phase LNAPL locations are supported by enhancements in TDS in the
electrolyte.

The geoelectrical response is further investigated with respect to recharge. In this
section of the study, the affects of seasonal precipitation events are correlated with the
spatial and temporal variations in the geoelectrical response. These results reveal the
conductivity response to recharge is dependent on the degree of LNAPL impaction. This
study suggests that electrolytic conduction is very important to the conductivity profile
observed at residual phase LNAPL locations while this mechanism of conductance is not
enough to describe the results at the free phase locations. Finally, the response at the
non-contaminated location suggests that saturation may be more important for the
conductivity profile and not the TDS concentration of the electrolyte, as at the residual
phase location.

The results presented in this study provide a detailed anatomy of the conductivity
response at a mature LNAPL-impacted site. In conclusion, the geoelectrical response is
anomalously conductive and is governed by the degree of LNAPL contamination and the

products of the microbially-mediated degradation of the hydrocarbon. Furthermore, the

134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



presence of either free phase LNAPL, or residual phase LNAPL affects the conductivity
structure of the subsurface and its response to recharge events.

This investigation implies that geoelectrical methods can be used to locate zones
of dynamic physical changes and guide biogeochemical analysis to these zones. Further
biogeochemcial analysis may provide evidence to link these conductivity zones to
processes resulting from biodegradation. Therefore, VRPs have the potential to monitor
the natural biodegradation of petroleum hydrocarbons by measuring the conductivity
profile and monitoring its response to recharge events. Furthermore, these results imply
that VRPs can be used to guide active remediation efforts by targeting zones (i.e. the
smear zone) where physical changes are occurring. Geochemists and environmental
scientists can utilize these investigations to understand the dynamics, which affect the
physical changes in the subsurface. Moreover, this study has increased the understanding
of the geoelectrical response resulting from LNAPL degradation and provides
relationships never before established. These results are fundamental to the development
of robust geoelectrical models for the assessment of LNAPL-impacted sites and have the
potential of increasing remediation effectiveness and cost savings by providing an
understanding of how microbial modifications of LNAPL-impacted media alter the

geoelectrical response.
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