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Borehole Geophysical Monitoring of Amendment
Emplacement and Geochemical Changes During
Vegetable Oil Biostimulation, Anoka County
Riverfront Park, Fridley, Minnesota

By John W. Lane, Jr., Frederick D. Day-Lewis, Carole D. Johnson, Peter K. Joesten, and

Christopher S. Kochiss

Abstract

The U.S. Geological Survey (USGS) conducted a
series of geophysical investigations to monitor a field-scale
biostimulation pilot project at the Anoka County Riverfront
Park (ACP), downgradient from the Naval Industrial Reserve
Ordnance Plant, in Fridley, Minnesota. The pilot project
was undertaken by the U.S. Naval Facilities Engineering
Command, Southern Division, for the purpose of evaluating
biostimulation using emulsified vegetable oil to treat ground
water contaminated with chlorinated hydrocarbons. Vegetable
oil was introduced to the subsurface to serve as substrate for
naturally occurring microbes, which ultimately break down
chlorinated hydrocarbons into chloride, carbon dioxide, and
water through oxidation-reduction reactions. In support of
this effort, the USGS collected cross-borehole radar data
and conventional borehole geophysical data in five site visits
over 1.5 years to evaluate the effectiveness of geophysical
methods for monitoring emplacement of the vegetable oil
emulsion and for tracking changes in water chemistry. Radar
zero-offset profile (ZOP) data, radar traveltime tomograms,
electromagnetic (EM) induction logs, natural gamma logs,
neutron porosity logs, and magnetic susceptibility logs were
collected and analyzed.

In order to facilitate data interpretation and to test the
effectiveness of radar for monitoring oil-emulsion placement
and movement, three injection mixtures with different radar
signatures were used: (1) vegetable oil emulsion, (2) vegeta-
ble oil emulsion with a colloidal iron tracer, and (3) vegetable
oil emulsion with a magnetite tracer. Based on petrophysical
modeling, mixture (1) was expected to increase radar veloc-
ity and decrease radar attenuation relative to background—a
water-saturated porous medium; mixtures (2) and (3) were
expected to increase radar velocity and increase radar attenua-
tion because of their greater electrical conductivity compared
to background ground water.

Radar ZOP data and tomograms show increased EM
velocity in the vicinity of injection wells. Comparison of
pre- and post-injection datasets shows that velocity anomalies
are observed only in planes connected to injection wells,
indicating that the emulsified vegetable oil does not migrate
far after injection. In contrast to the localization of velocity
anomalies, radar attenuation anomalies are observed in
all zero-offset profiles, particularly those downgradient
from the injection wells. Despite the expected signatures
of different tracers, increases in attenuation are observed
downgradient from all three injection wells; thus, we infer
that the attenuation changes do not result from the iron
tracers alone. Over the period of data collection, the slowness
(reciprocal velocity) anomalies are relatively stable, whereas
the attenuation anomalies generally increase in magnitude
and extent. One explanation for the attenuation changes is
that products of vegetable oil-enhanced biodegradation (for
example, chloride) increase the specific conductance of
ground water and thus bulk electrical conductivity and radar
attenuation. This interpretation is supported by the results of
EM-induction and magnetic susceptibility logs, which indicate
increases in electrical conductivity in the absence of magnetic
anomalies that might result from the iron and magnetite.

Based on the geophysical data, conceptual models of
the distributions of emulsified vegetable oil and ground water
with altered chemistry were developed. The field data indicate
that, in several cases, the plume of ground water with altered
chemistry would not be detected by direct chemical sampling
given the construction of monitoring wells; hence the geo-
physical data provide valuable site-specific insights for the
interpretation of water samples and monitoring of biostimu-
lation projects. Application of geophysical methods to data
from the ACP demonstrated the utility of radar for monitoring
biostimulation injections.
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Introduction

In biostimulation, an amendment (for example, emulsi-
fied vegetable oil) is introduced into the subsurface to enhance
bioremediation by serving as a substrate to native microbes,
which ultimately transform chlorinated hydrocarbons into
carbon dioxide, water, and chloride by oxidation-reduction
reactions. The effectiveness of biostimulation is predicated on
emplacement of the substrate in contact with the contaminant
and at sufficient concentration to support microbial activity.
Field procedures capable of monitoring the spatial and tem-
poral distribution and saturation of amendments are needed
to aid engineers and hydrologists in designing, implementing,
and evaluating biostimulation projects.

The U.S. Naval Facilities Engineering Command, South-
ern Division, has undertaken a field-scale biostimulation pilot
project at the Anoka County Riverfront Park (ACP), located
downgradient from the Naval Industrial Reserve Ordnance
Plant (NIROP), Fridley, Minnesota (fig. 1). The purpose of
the pilot project is to assess biostimulation using emulsified
vegetable oil for remediation of chlorinated hydrocarbons
including trichloroethene (TCE) and dichloroethene (DCE),
which are present in ground water at the site (CH2M Hill
Constructors, Inc., 2002). In support of this effort, the U.S.
Geological Survey (USGS) collected geophysical data over the
course of 1.5 years to monitor the emplacement and movement
of the vegetable oil emulsion and resulting changes in ground-
water chemistry.

Lane and others (2003, 2004a, 2004b, 2004c, 2006)
evaluated the use of cross-borehole radar methods to monitor
the injections of vegetable oil emulsion and the subsurface
changes resulting from the bioremediation effort at the ACP.
Modeling results and analysis of field experimental data from
the ACP indicated that radar methods can provide valu-
able information about the spatial distribution of emulsified
vegetable oil. Comparison of pre- and post-injection datasets
provided insights into the spatial and temporal distribution of
both emulsified vegetable oil and the extent of ground water
with altered chemistry.

Purpose and Scope

The purpose of this report is to describe the geophysical
methods used to monitor the biostimulation experiment at the
ACP and to report the interpretation of the geophysical data.
A suite of geophysical measurements were made to monitor
the emplaced vegetable oil emulsion and the plume of ground
water chemically altered as a result of the injections; these
methods include (1) cross-hole zero-offset radar profiles,

(2) cross-hole radar traveltime tomograms, (3) electromagnetic
(EM) induction logs, (4) magnetic susceptibility logs, (5) neu-
tron porosity logs, (6) natural gamma logs, and (7) deviation
logs. The data are interpreted to provide distributions of emul-
sified vegetable oil and ground water with altered chemistry.

Description of the Study Area

The ACP is adjacent to and northeast of the Missis-
sippi River and is downgradient from the NIROP in Fridley,
Minnesota (fig. 1). The surficial deposits at the site are of
glacial and glacial-fluvial origin and consist of unconsolidated
coarse- to fine-grained sediments. Regional ground-water flow
is inferred to be toward the Mississippi River to the southwest.
Chlorinated-hydrocarbon contamination at the site includes
TCE and DCE (CH2M Hill Constructors, Inc., 2002).

Borehole Geophysical Methods

Borehole radar and conventional borehole geophysical
methods were used in this study. The radar methods provide
time-lapse information about the subsurface distribution of
vegetable oil emulsion and about changes in ground-water
chemistry, which may indicate oxidation-reduction reactions
occurring in the vicinity of the injected vegetable oil emul-
sion. The conventional borehole geophysical methods provide
information about lithology, aquifer structure, porosity, and
ground-water chemistry.

Borehole Radar Methods

Cross-well radar tomography is an established method
for dynamic imaging of mass transport associated with tracer
tests, fluid injection tests, and natural physical processes.
Cross-well radar and EM tomography methods have been used
with tracers to (1) identify permeable fractures and fracture
zones in igneous and metamorphic rocks (Ramirez and Lytle,
1986; Niva and others, 1988; Olsson and others, 1992; Lane
and others, 1996, 2000; Wright and others, 1996; Day-Lewis
and others, 2003); (2) identify flow paths in dual-porosity
media (Lane and others, 1998) and unconsolidated sediments
(Kong and others, 1994; Hubbard and others, 2001); and
(3) monitor unsaturated zone recharge (Eppstein and Dough-
erty, 1998; Binley and others, 2001).

This section includes discussion of (1) a petrophysical
model to interpret radar measurements in terms of changes
in subsurface vegetable oil emulsion saturation and estimates
of total dissolved solids, and (2) two cross-hole radar
methods used to acquire data for this study—ZOPs and
radar tomography.

Petrophysical Basis for Radar Monitoring of a
Vegetable Qil Injection

In geophysical radar methods, high-frequency EM
waves are generated by a transmitter, and waveform traces are
recorded at receivers. Measurements of EM-wave traveltime
and (or) amplitude provide information about subsurface
lithology, geologic or sedimentary structure, porosity, and pore
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Figure 1. (a)Location of the study area, Anoka County Riverfront Park, Fridley, Minnesota, and (b)location of boreholes at the
study area (modified from Lane and others, 20044, fig. 10).
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fluid. The utility of radar methods for time-lapse monitoring
of injection experiments depends on the contrasts between the
dielectric permittivity and (or) electrical conductivity of the
injectate relative to those of native ground water.

Radar Wave Slowness and Estimates of Vegetable Oil
Emulsion Saturation

The slowness (reciprocal velocity) at which radar-fre-
quency EM waves propagate is a function of dielectric permit-
tivity, which is determined by pore fluid, porosity, saturation,
and the soil or rock matrix:

S=—=
v c (1)
where
s is radar slowness, in seconds/meter;
v is radar velocity, in meters/second;
g, isthe dielectric permittivity of the medium,
relative to a vacuum, dimensionless;
and

c is the velocity of EM waves in a vacuum,
in meters/second.

This discussion of radar methods focuses on slowness

rather than the more intuitive velocity, because (1) slowness,
and not velocity, is the property estimated in the tomographic
inversion, and (2) slowness is, in theory, linearly related

to the saturation of injected vegetable oil emulsion, as

shown subsequently.

The effect of vegetable oil emulsion on bulk slowness can
be derived using the complex refractive index method (CRIM)
(Birchak and others, 1974; Wharton and others, 1980). The
CRIM model predicts the bulk dielectric permittivity of a
mixture based on the relative dielectric permittivities of the
component materials and their volume fractions:

V=3 e,

2

where
g is the relative bulk dielectric permittivity of
the mixture, dimensionless;
n is the number of materials the mixture
comprises;
#, is the fraction of the total volume occupied by
material 7, dimensionless;
and
ri is the relative dielectric permittivity of
material 7, dimensionless.

To relate changes in radar slowness to vegetable oil emul-
sion saturation, a three-phase CRIM model was developed for
vegetable oil emulsion saturation. Implicit in the CRIM mod-
eling are assumptions that electrical conductivity effects are
negligible (“low-loss” assumption) and EM-wave propagation
velocity is controlled by the real components of the relative
dielectric permittivity. If matrix porosity is known or can be
estimated from other information (such as cores, neutron logs,
or petrophysical analysis of pre-injection EM-wave velocity),
the vegetable oil emulsion saturation, S"°%, can be estimated
from the inverted slowness difference. For pre-injection condi-
tions, the CRIM formula gives the relative dielectric permittiv-
ity of the bulk medium as a function of the relative dielectric
permittivities of the sediment matrix and water:

gful/c,pre :(1_¢)\/€;Td+¢ ’6{120 ’ 3)

where
gbulk, pre . . . . e .
- is the relative dielectric permittivity of the
bulk medium, pre-injection, dimensionless;
1) is porosity, dimensionless;
ol is the relative dielectric permittivity of the
" sediment matrix, dimensionless;
and

o
&" is the relative dielectric permittivity of water,
dimensionless.

The CRIM formula for post-injection conditions includes an
additional term to account for the presence of vegetable oil
emulsion, which has a dielectric permittivity of £ :

e = (1= g 4 g1 e+ g8' " e

where
bulk, post . . . . .
¢ is the relative dielectric permittivity
of the bulk medium, post-injection,
dimensionless;
and
SVOE

is the saturation of the vegetable oil emulsion.

Modeling slowness as \/g/ € (eq. 1), the slowness
difference, As = s,— s5,, can be calculated by subtracting
equation 3 from equation 4, and dividing by c, the velocity
of EM waves in a vacuum:

lgfulk‘post _ [Efuu\-,m ¢SV0E( [ g:/OE _ ,g:{zo)
C C

As =5 —s5 =

2 1

.(5)



Thus, the saturation of the vegetable oil emulsion is related to
slowness difference by

SVOE —

As ¢
¢(‘/ﬁ_‘/ﬁ) (6)

According to equation 6, the change in radar slowness varies
linearly with the saturation of vegetable oil emulsion.

In the design phase of this study, the CRIM model was
used to predict (1) the relative permittivity of vegetable oil
emulsions for a range of water/oil ratios (fig. 2a); (2) the bulk
EM velocity assuming a sediment matrix of low-loss quartz
sand (™™ about 4.5), for a range of porosities and satura-
tions of vegetable oil emulsion (fig. 2b); and (3) the slowness-
difference anomaly that would result from injection of a veg-
etable oil emulsion containing 35 percent oil and 65 percent
water into water-saturated quartz sand for different levels of
pore-space fluid displacement by the emulsion (emulsion satu-
ration) (fig. 2c). Because the relative dielectric permittivity of
pure vegetable oil is much lower than that of water (&”' about
2.9-3.5; gfzo about 80), the presence of emulsified vegetable
oil in the saturated zone is expected to decrease radar slowness
(increase radar velocity).

In the data-analysis stage of this investigation, the
CRIM model was used to interpret the degree of pore-fluid
displacement resulting from injection of the vegetable
oil emulsion. Equation 6 can be applied to tomograms of
slowness difference to yield estimates of S”°F ; however,
the reliability of such estimates is difficult to quantify, as
tomograms may include inversion artifacts and blurring (for
example, Day-Lewis and Lane, 2004; Lane and others, 2004a).

Radar Wave Attenuation and Estimates of
Total Dissolved Solids

The attenuation (absorption) of radar-frequency EM
waves propagating through earth materials is a strong func-
tion of electrical conductivity, which depends on the chemi-
cal composition of the soil or rock matrix and pore fluid.

In low-loss, non-magnetic earth materials where EM waves
propagate relatively independent of frequency, EM attenuation
is approximately:

Q'=BO'/\/g’ (7)

where

a is attenuation, in decibels/meter;

B is 1.685 x 10°dB/siemens; B incorporates
free-space impedence and unit conversion
to work in decibels rather than nepers;

and

o is the bulk electrical conductivity, in
siemens/meter.
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Because the electrical conductivity of oil is less than that
of native ground water at ACP, the presence of emulsified oil
in the saturated zone is expected to decrease radar attenuation;
however, the addition of magnetite and colloidal-iron tracers to
emulsified vegetable oil results in mixtures with bulk electri-
cal conductivities higher than that of native ground water.
Also, the presence of the vegetable oil promotes oxidation-
reduction reactions that can increase the electrical conductivity
of ground water. For example, reduction of solid ferric iron in
soils to ferrous iron in ground water could result in increased
electrical conductivity; furthermore, biodegradation of hydro-
carbons is expected to result in increased chloride concentra-
tion. Recent research by Atekwana and others (2004) indicates
that biodegradation processes can increase bulk electrical con-
ductivity of aquifer materials. Increases in conductivity result-
ing from the presence of bacteria can be greater than decreases
that result from the presence of light non-aqueous phase liquid
(LNAPL) contaminants of low electrical conductivity.

To convert measurements of amplitude to estimates of
total dissolved solids (TDS), we assume a mixing law for
electrical conductivity based on a porosity-weighted arithmetic
average of the conductivities of the soil matrix and pore fluid:

o=gdo, +(1-¢)o, )
where
o, is the fluid specific conductance, in siemens
per meter;
and
o, is the electrical conductivity of the sediment

matrix, in siemens per meter.

For pre-injection conditions, superscript “(1),” we can com-
bine equations (7) and (8) to define the attenuation coefficient:

A = 168501‘/«/«951) = 1/6%[4%'53) +(1-¢) Ofl)]
&, .

©)
For post-injection conditions, superscript “(2),”
a? = 1685&2%/5?) = 16825 [¢a(fz) +(1-¢) aﬁz)]
Ve . (10)

Assuming no change in the electrical conductivity of the rock
matrix, difference attenuation, A« is modeled as

Aa=d? —d" =1685¢
ér & 1. an
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Figure 2. (a)Reflective permittivity of vegetable oil emulsions plotted against
emulsion water content predicted by the two-phase complex refractive index
method (CRIM), (b) electromagnetic (EM) wave radar velocity through quartz sand
and saturated by vegetable oil emulsions with different emulsion-to-water ratios
plotted against porosity predicted by the three-phase CRIM, and (c) expected
slowness difference resulting from injecting a vegetable oil emulsion containing
35 percent oil and 65 percent water into a water-saturated quartz sand for
different levels of emulsion pore-space saturation plotted against porosity
predicted by the CRIM (modified from Lane and others, 2004a, fig. 1).



Dielectric permittivity is not a strong function of TDS or fluid
specific conductance, allowing the additional approximation
that &% ~ gV, which simplifies the analysis:

Aa:1685i[o{3>—a§})]

A

Changes in attenuation can be related to changes in TDS
through an empirical relation (Todd, 1980, p. 281) with fluid
specific conductance:

(12)

4
TDS =1.56x10 O'/’ (13)

where TDS is total dissolved solids, in milligrams per liter,
and fluid specific conductance is in siemens per meter. This
specific conductance/TDS relation applies over the range from
0.01 to 0.5 S/m, or an equivalent TDS range of about 150 to
7,800 mg/L. Substituting equation 13 into equation 12,

16854 ¢

o =——
156 10"\ & Ve

Equation 14 can be cast in terms of slowness or velocity, using
equation 1, and rearranged to yield estimates of ATDS from
field-experimental difference attenuation:

A

ATDS
.(14)

[7Ds" - 7Ds" | =1.080x 10"

Aas Ao

ATDS = - = -
3.6x107°¢  3.6x10 gy

15)

where s is in seconds per meter or v is in meters per second. In
a saturated porous medium with a porosity of 30 percent and
EM wave velocity of 60 m/us, equation 15 predicts a linear
attenuation increase of 1 dB/m per additional 155 mg/L of
TDS, assuming negligible velocity change.

To calculate difference attenuation from measured ampli-
tudes, the ray-theoretic approximation is used and straight
raypaths are assumed to be unaffected by the presence of the
vegetable oil emulsion:

1
Aa= L In ﬁ
R A4¥ , (16)
where
Ao is difference attenuation, in decibels per
meter;
R is the length of the raypath between the
transmitter and receiver, in meters;
A" is the amplitude in the pre-injection,
background dataset, in microvolts;
and
A? is the amplitude in the post-injection dataset,

in microvolts.
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Borehole Radar Acquisition Methods

Borehole radar data were collected with a Mala GeoSci-
ence RAMAC borehole radar system using broad-band elec-
tric-dipole antennas. Most data were collected with antennas
having a center frequency in air of about 100 MHz, though
several datasets were collected with 250-MHz antennas, which
would have higher resolution. Additional vertical-radar profile
(VRP) data were collected and reported in Witten and Lane
(2003); however, the results of the VRP surveys provide infor-
mation primarily for the unsaturated zone above the vegetable
oil emulsion injections, which is not the focus of this report.
The cross-hole ZOP and tomographic data provide information
down to the bottom of the boreholes, and were able to provide
results for the saturated zone where the injections occurred.

Cross-Hole Zero-Offset Radar Profiling

The cross-hole ZOP survey consists of measurements
taken between transmitter and receiver antennas located
at identical depths in different boreholes (fig. 3a). ZOP
data provide horizontally averaged measurements of EM
properties at different depths. In contrast to tomography data,
ZOP data do not require tomographic inversion, which can
result in artifacts and blurring (Day-Lewis and Lane, 2004);
furthermore, the acquisition of ZOP data is fast, and the
processing and interpretation of ZOP data are straightforward.
Although the ZOP geometry provides less information about
spatial variability than do tomography or VRP surveys, the
dense network of ZOP data collected at the ACP provides
sufficient spatial coverage to develop a conceptual model of
the distribution of vegetable oil emulsion and ground water
with altered chemistry. The interpretations developed in this
report rely heavily on ZOP data.

Cross-Hole Radar Tomography

In cross-hole tomography, the transmitter antenna is
located at multiple depths in one borehole, and for each
transmitter location, measurements are made at multiple
receiver locations in a second borehole (fig. 3b). Arrival time
or amplitude data are inverted to produce tomograms of radar
slowness or attenuation, respectively.

Tomographic inversion consists of solving an
optimization problem to identify the two-dimensional (2D)
or three-dimensional (3D) slowness or attenuation model that
minimizes a weighted combination of (1) weighted errors
between predicted and measured data in a least-squares
sense, and (2) a measure of solution complexity, for example,
roughness or deviations from a mean value. Numerous
algorithms have been developed for this purpose, including
the simultaneous iterative reconstruction technique (SIRT)
(for example, Dines and Lytle, 1979; McMechan and others,
1987), the LSQR algorithm (for example, Bregman and others,
1989), and conjugate-gradients (for example, Olsson and
others, 1992). Most approaches involve parameterizations
that discretize the interwell region as a grid of 2D pixels or
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Figure 3. Radar survey geometries for (a) cross-hole zero-offset profiling, and (b) cross-hole tomography.

3D voxels. In this study, a weighted damped least-squares
algorithm (Lane and others, 2003) was used to invert each
tomography dataset; the resulting image was then refined by
running one iteration of a SIRT algorithm considering only
ZOP data. The final SIRT step places greater emphasis on the
ZOP data, which, in our experience, are more reliable than
measurements for the higher-angle raypaths included in the
tomography data. Measurements for higher-angle raypaths
tend to have low signal-to-noise ratios because of their
lengths and antenna radiation patterns. Borehole deviations
are accounted for by projecting data to a best-fit image plane
between transmitter and receiver boreholes. The tomographic
inversion is implemented in MATLAB®.

Tomograms provide qualitative information about vertical
and horizontal variations in radar properties between wells;
however, resolution depends on data error, the survey geom-
etry, and prior information used for inversion (Day-Lewis and
Lane, 2004). Tomograms tend to be smoother than reality
and overestimate the size and underestimate the magnitude of
target anomalies; moreover, tomograms often include artifacts;
thus quantitative estimates of the saturation and extent of veg-
etable oil emulsion from tomograms are potentially unreliable

(Lane and others, 2004a). For the dataset collected at the ACP,
Lane and others (2004a) ran a series of synthetic experiments
to identify likely artifacts in the tomograms and to improve
interpretation of observed anomaly extent and magnitude; in
addition, they demonstrated a novel object-based inversion
that, based on synthetic examples, yields more reliable models
of the vegetable oil emulsion anomaly magnitude and extent.
These results are summarized later in this report.

Conventional Borehole Geophysical Methods

Borehole geophysical methods measure the physical and
chemical properties of the aquifer material, borehole fluid,
and pore fluid, and thus provide information about subsurface
structure, lithology, and ground-water chemistry. At the ACP,
the USGS collected a suite of conventional borehole geophysi-
cal logs, including EM induction, magnetic susceptibility,
neutron porosity, natural gamma, and borehole deviation. A
brief background on the physics, instruments, and analysis
of the borehole measurements is provided. Additional details
about borehole geophysical methods are given by Keys (1990)
and Hearst and others (2000).



Electromagnetic Induction Logging

EM induction logs measure the electrical conductivity of
the bulk medium, averaged over a volume extending radially
from the borehole into the surrounding formation. A Mount
Sopris 2PIA-1000 tool was used in this study. A transmitter
generates a primary EM field, which induces eddy currents
in the formation surrounding the borehole. The primary field
induces a secondary magnetic field that is measured by two
receiver coils. The strength of the secondary magnetic field
is proportional to the electrical conductivity of the volume
over which the instrument samples. The instrument’s peak
response comes from a distance of 28 cm from the tool, with
half of the response contributed from distances more than
58 cm; thus, the instrument response is not dominated by the
borehole fluid, particularly in small diameter (less than 15 cm)
boreholes (McNeill, 1986). The EM tool is capable of measur-
ing through polyvinyl chloride (PVC) casing, but not metal. In
this study, the EM induction log is used to monitor emplace-
ment of the oil emulsion, which manifests initially as a low
conductivity anomaly, and to monitor changes in ground-water
chemistry. An 11-point moving-average filter was applied to
the data to suppress noise and reveal larger-scale variations
indicative of lithology and (or) water chemistry. McNeill
(1986) provides additional background on EM induction log-
ging tools, data analysis, and theory.

Natural Gamma Logging

Natural gamma log instruments measure the natural
gamma radiation emitted by the formation surrounding the
borehole. Gamma logs are commonly used for identification
of lithology and for correlating stratigraphy between bore-
holes. The most important natural sources of gamma radiation
include potassium-40 and daughter products of the uranium
and thorium decay series. Potassium-40 is abundant in some
feldspar and mica that weather to clay; uranium and thorium
also concentrate in clay, through adsorption and ion exchange
processes (Keys, 1990, p. 79). Fine-grained, detrital sediments
with abundant clay tend to have high gamma emissions.

A Mount Sopris 2PGA-1000 natural gamma probe was
used in this study. The vertical resolution of the probe is about
30 to 60 cm. Measurements are possible through both PVC
and steel casing. In this study, gamma radiation is measured in
counts per second, to provide a relative measurement. An 11-
point moving-average filter was applied to the data to suppress
noise and reveal larger-scale variations indicative of lithology.

Neutron Logging

The neutron logging tool includes a neutron source,
which emits neutrons that bombard the formation surround-
ing the borehole, and one or two neutron detectors. As the
neutrons collide with atomic nuclei in the formation, they lose
energy. The rate of energy loss is a function of the hydrogen
content of the bulk rock, and thus water content (Keys, 1990,
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p- 93). In this study, a Mount Sopris LLP-2676 probe was
used. This is an epithermal instrument with a single Am,, /Be
(americium-241/beryllium) neutron source and a single He*
(helium-3) detector. In saturated, porous formations, the emit-
ted neutrons lose energy within a short distance of the bore-
hole, and the tool response is dominated by the region within
20 cm of the borehole; in low porosity media, the response
region may extend to about 60 cm from the borehole (Telford
and others, 1990, p. 678).

The neutron-porosity probe provides raw data consist-
ing of detection counts per second, which are converted to
estimates of porosity through an empirically derived instru-
ment calibration. Different regression equations are required,
depending on the particular instrument and on the borehole
diameter. Ideally, a site-specific or formation-specific cali-
bration would be made; however, this is usually impractical.
Corrections for lithology, bound water, and casing type may be
required in some applications; these corrections were not con-
sidered here. For the 7.62-cm diameter PVC wells at the ACP,
the following calibration formula was used (Richard Hodges,
U.S. Geological Survey, written commun., 2002):

$=217-26.22In(CPS) (17

where
] is the estimated porosity;
and
CPS  is the counts per second measured by the

probe.

The calibration (eq. 17) is based on data from the calibration
pits in Grand Junction, Colorado, and Houston, Texas, where
the lithologies consist of limestone and dolomite (Roger
Morin, U.S. Geological Survey, oral commun., 2004). Because
the calibration is not local or specific to the geologic materi-
als at the ACP site, neutron-porosity estimates in this study
should be viewed as approximate; use of limestone calibration
for sandstone can result in negative porosity estimates for low
porosity values (Schlumberger, 1989, p. 5-22).

Magnetic Susceptibility Logging

Magnetic susceptibility logs provide information about
the mineral composition of rocks around the borehole. Two
instruments, based on the same principle and design, were
used in this investigation: the Mount Sopris 2PMA-1000
and the Geonics EM-39S. Magnetic susceptibility is a func-
tion primarily of magnetite content, although the minerals
pyrrhotite, ilmenite, chromite, and hematite also have pro-
nounced magnetic susceptibility (Telford and others, 1990,
p- 74). The borehole magnetic susceptibility probe consists
of two coils, a transmitter and receiver. An audio-frequency
alternating current is passed through the transmitter coil. The
resulting magnetic field is measured at the receiver coil. The
magnetic field is a function of the magnetic permeability and
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electrical conductivity of the earth, the instrument frequency,
and the coil spacing (McNeill and others, 1996). Under the
low-induction number assumption, which is valid at low
frequencies, the effects of electrical conductivity and magnetic
susceptibility can be separated; in these cases, the measured
magnetic field can be approximated as having an in-phase
component that is a function solely of magnetic susceptibility,
and a quadrature component that is a function solely of electri-
cal conductivity (McNeill and others, 1996). The instrument
measures only the in-phase component of the magnetic field.
In areas of moderate-to-high conductivity or low susceptibil-
ity, additional conductivity measurements are necessary to
correct for the effect of conductivity on the in-phase response;
however, this effect is commonly small (McNeill and others,
1996). Magnetic susceptibility may be calculated from the raw
data (in counts per second), using an instrument calibration. In
this study, only time-lapse changes in susceptibility result-

ing from the presence of a dissolved magnetite tracer were of
concern, not accurate determination of the susceptibility at the
site; thus, the data were examined in parts-per-thousand units,
rather than applying the instrument calibration. For additional
information about magnetic susceptibility logs, the interested
reader is referred to Hearst and others (2000).

Deviation Logging

The borehole deviation log provides a model of 3D
borehole geometry (Keys, 1990). The log measures the

Table 1.

[All wells are cased with polyvinyl chloride]

azimuthal direction and inclination of the borehole at
different depths. In general, deviation logs provide direction
information within +2° and inclination within +0.5°. The
same tool used for magnetic susceptibility, the Mount Sopris
2PMA-1000, was used for borehole deviation.

Borehole Geophysical Monitoring at
the Anoka County Riverfront Park

The field data presented in this report were collected
from nine wells in the ACP (fig. 1). The wells are cased with
7.62-cm-diameter PVC and completed to depths ranging from
13.0 to 22.9 m. Table 1 summarizes the borehole construc-
tions. Data were collected during five site visits between
December 2001 and June 2003, and include pre- and post-
injection surveys.

Vegetable Oil Emulsion Biostimulation
Experiments

Oil emulsion injections were performed in boreholes
INJ-1, INJ-2, and INJ-3 on December 11-12, 2001. Three
injection mixtures with different radar signatures were
evaluated:

Borehole constructions for injection and observation wells at the Anoka County Riverfront Park, Fridley, Minnesota.

. Depth of screened interval ~ Borehole depth Altitude of top  Height of measuring point
Borehole Borehol_e diametar (from top of casing) (meters below of casing above land surface
(centimeters) (meters) top of casing) (meters) (meters)
BG-1 7.6 (3 inch) 11.24 to 14.29 22.72 253.81 0.87
BG-2 7.6 (3 inch) 11.29 to 14.33 22.87 253.80 92
MW-1 7.6 (3 inch) 11.52 to 14.57 22.17 253.73 .85
MW-2 7.6 (3 inch) 11.48 to 14.53 18.85 253.71 .82
MW-3 7.6 (3 inch) 9.98 to 13.03 13.04 253.83 .84
MW-6 7.6 (3 inch) 11.49 to 14.54 18.68 253.71 .83
MW-7 7.6 (3 inch) 13.04 to 16.09 21.87 253.76 .85
MW-8 7.6 (3 inch) 10.00 to 13.04 13.04 253.78 .85
MW-9 7.6 (3 inch) 9.98 to 13.02 13.09 253.84 .83
INJ-1 7.6 (3 inch) 11.53 to 14.58 21.97 253.71 .87
INJ-2 7.6 (3 inch) 13.09 to 16.14 21.72 253.85 .90
INJ-3 7.6 (3 inch) 13.02 to 16.07 21.87 253.80 .83
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1. 4,542 L of 65 percent native water and 35 percent
soybean oil and a lecithin emulsifier were injected
in INJ-2;

2. 4,542 L of 65 percent native water and 35 percent
soybean oil and a lecithin emulsifier and 3.5 kg of
dissolved magnetite were injected in INJ-3; and

3. 4,542 L of 65 percent native water and 35 percent
soybean oil and a lecithin emulsifier and 50 kg of
colloidal iron were injected in INJ-1.

Based on petrophysical modeling and laboratory experi-
ments (Lane and others, 2003, 2004a, 2004b), mixture (1)
was expected to increase radar velocity and decrease radar
attenuation relative to background; mixtures (2) and (3) were
expected to increase radar velocity and also increase radar
attenuation because of their greater electrical conductivity
relative to native ground water. The magnetite tracer remained
in solution, but the colloidal iron settled out quickly during the
injection. Boreholes INJ-1, INJ-2, and INJ-3 were screened
over depth intervals of 11.5 to 14.6, 13.1 to 16.1, and 13.1

to 16.1 m below ground surface, respectively. At the time of
the injections, the water table in the vicinity of the boreholes

Table 2. Zero-offset radar datasets used in this study.

was about 8 m below ground surface; thus, the top of the well
screens were about 2.5 m below the water table.

Borehole Radar Data

Cross-hole borehole radar data were collected in two
modes—zero-offset profiling and tomography; these data were
used to provide information about the deeper regions around
the boreholes and to detect slowness changes that were inter-
preted to indicate the presence of oil emulsion.

Cross-Hole Zero-Offset Radar Profiles

Cross-hole ZOP radar data were collected at one or more
times between 13 borehole pairs (table 2). Data were collected
in 0.2-m depth increments, with the transmitter antenna in one
borehole, and the receiver antenna in a second borehole at the
same depth.

Based on the petrophysical model (eq. 3), the presence
of oil emulsion should produce a decrease in radar slowness
(increase in velocity) in the saturated zone, or an increase in

[X, data collected for this well pair; S, dataset for the given well pair that shows maximum slowness change from background
dataset; A, dataset from the given well pair that shows maximum amplitude change from background dataset; --, no data]

December 2001 December 2001
Well pair Background after INJ-3 during INJ-1 May 2002 November 2002 June 2003
injection injection
MW-1 to INJ-2 X - S A X X
INJ-1 to INJ-2 X X X S, A X X
INJ-3 to INJ-2 X X - S, A X X
INJ-3 to MW-7 X - X A X S
MW-6 to INJ-1 X X - S, A - -
MW-6 to INJ-2 X S, A - -- - -
IMW-6 to MW-1 X X - - A -
MW-7 to INJ-2 X S, A - - - -
"MW-7 to MW-1 X X - -- A -
MW-7 to MW-2 X - - - A ~
BG-1 to INJ-2 X X S - X -
BG-2 to INJ-2 X S - -- X -
BG-2 to INJ-3 X - X S, A X X

! Only the upper 14 m of the borehole was logged, due to obstruction by the injection apparatus.

2 No substantial changes in slowness were observed in this plane.
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Figure 4. (a)Zero-offset radar slowness, and (b) zero-offset radar amplitude profiles for the MW-1 to INJ-2 plane, Anoka
County Riverfront Park, Fridley, Minnesota. Decrease in radar slowness indicates the presence of vegetable oil emulsion.
Decrease in radar amplitude indicates elevated electrical conductivity, and thus altered geochemistry.
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slowness (decrease in velocity) in the unsaturated zone. The
ZOP slowness data for well pair MW-1 to INJ-2 are shown
in figure 4a, and all processed ZOP data are reported in
appendix A. Well-defined slowness anomalies are evident in
many of the ZOP radar datasets. Decreases in slowness are
observed below the water table in all planes connected to
injection wells (fig. 4 and appendix A, figs. Al, A2, A3,
A4, AS, A6, A8), but no substantial changes in traveltime
are observed for well pairs that do not include an injection
well (appendix A, figs. A7, A9, A10); thus, the field data
indicate that the emulsified oil has not migrated far from
injection wells.

Decreases in amplitude, diagnostic of increased TDS, are
observed in ZOP data collected for well pairs downgradient
from the injections. Small increases in amplitude, indicative
of the presence of iron-free oil, are observed only in planes
connecting to INJ-2 (for example, fig. 4b), where the tracer-
free emulsified oil mixture was injected; over time, however,
the amplitudes in these planes decrease, a possible result of
biodegradation and increased TDS.

Although the principal geophysical anomalies observed
at the ACP are located in the saturated zone, several radar ZOP
datasets indicate changes in the unsaturated zone. In sev-
eral planes, increases in slowness (decreases in velocity) are
observed directly above the water table, for example, the
MW-6 to INJ-2 plane (fig. A6), the MW-6 to MW-1 plane
(fig. A7), and the MW-7 to INJ-2 plane (fig. A8). These
changes are consistent with the presence of vegetable oil
emulsion above the water table, which could result from the
lighter-than-water vegetable oil emulsion rising up to the water
table in the same manner as LNAPL “skims” or “pancakes.” In
the absence of direct sampling to corroborate this interpreta-
tion, however, the ZOP radar results are inconclusive.

Cross-Hole Radar Tomography

Tomography data collection focused on planes MW-7
to INJ-3 and MW-1 to INJ-2. For tomography surveys, the
transmitter antenna was positioned at different locations in
one borehole, and the receiver antenna was moved from the
top to the bottom of a second borehole, with measurements
triggered at 0.2-m depth increments. A representative transmit-
ter-receiver geometry used for tomography surveys is shown in
figure 5 for the plane between boreholes INJ-3 and MW-7; this
tomography dataset includes measurements for 325 raypaths,
each measurement corresponding to a unique transmitter-
receiver combination. The tomography data were inverted on a
grid of 0.5-m square pixels.

The results of cross-hole radar tomography at the site
corroborate the interpretation of the ZOP data. Slowness-dif-
ference tomograms for December 2001 for the MW-1 to INJ-2
and MW-7 to INJ-3 planes are shown in figures 6a and 6b,
respectively. The presence of emulsified vegetable oil appears
as blue (negative) slowness-difference anomalies—velocity
increases—in both planes. In both tomograms, the anomalies
extend away from the injection well toward the monitoring
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Figure 5. Cross-hole radar tomography
raypath geometry for the MW-7 to INJ-3
plane, Anoka County Riverfront Park, Fridley,
Minnesota.

wells. In the MW-1 to INJ-2 plane, the anomaly extends away
from INJ-2 and appears to pinch out at a depth of about 18 m,
near MW-1. Results for the MW-7 to INJ-3 plane are similar,
with the anomaly localized between depths of about 13 and
16 m, and pinching out perhaps 2 m from MW-7. The actual
region affected by oil is likely smaller than the estimated
anomalies, as blurring and streaking of anomalies are
expected due to the underdetermined nature of the tomo-
graphic inverse problems.
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Figure 6. December 2001 cross-hole radar tomograms for the (a) MW-1 to INJ-2 planes, and (b)) MW-7 to INJ-3 planes,
Anoka County Riverfront Park, Fridley, Minnesota. Decrease in radar slowness (blue) indicates the presence of vegetable
oil emulsion.
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A powerful method for exploratory analysis of cross-hole
radar tomography data and interpretation of anomaly extent
is to compare plots of (1) raypaths for measurements show-
ing large changes in slowness or attenuation and (2) raypaths
for measurements showing small or insignificant changes in
slowness or attenuation (Day-Lewis and others, 2003). For
data collected in December 2001 and differenced against the
background dataset, figure 7a shows raypaths in the MW-7 to
INJ-3 plane with slowness-difference values above the median
value (50th percentile) for the dataset, that is, measurements
that do not indicate decreases in radar slowness or the pres-
ence of vegetable oil emulsion. Figure 7b shows raypaths in
the same plane for which slowness-difference values are below
the 30th percentile of the dataset, that is, measurements that
indicate substantial decreases in slowness, and possibly the
presence of vegetable oil emulsion. By visualizing raypaths
that are not affected (fig. 7a), and those that are strongly
affected (fig. 7b), it is possible to infer where emulsified
vegetable oil is likely to be found in the interwell region. The
inferred altered region extends from INJ-3 toward MW-7, but
appears to pinch out near MW-7. The raypath plots (fig. 7)
are qualitatively consistent with the location and extent of the
anomaly in the MW-7 to INJ-3 plane, providing a check on the
tomographic inversion results (fig. 6b). Although the 50th and
30th percentiles were used as cutoffs for raypath visualization,
other cutoffs might be equally or more appropriate for other
datasets, depending on the degree of error and magnitude of
slowness difference.

Although the pixel-based tomograms (fig. 6) provide
qualitative insight into the extent of injected vegetable oil
emulsion, the tomograms include spurious positive-valued
slowness-difference anomalies (red) that frame the target
negative-valued anomaly (blue). The measurements do not
indicate the presence of such positive-valued anomalies;
rather, they are inversion artifacts that result from the regular-
ization, which forces the image to be smooth (Lane and others,
2003, 2004a). Because of the presence of such artifacts and
blurring, application of petrophysical models to pixel-based
tomograms is, in many situations, inappropriate (Day-Lewis
and Lane, 2004). As an alternative to conventional pixel-based
parameterization of the tomographic inverse problem, Lane
and others (2004a) used an object-based inversion (OBI)
approach, in which the parameters to be estimated are chosen
based on a conceptual model of the geology and physics con-
trolling the process being monitored.

Based on the results of ZOP radar data and pixel-based
tomograms, the ACP aquifer materials appear approximately
horizontally stratified. The injected vegetable oil emulsion
appears to move outward from injections wells, with oil pen-
etrating farther and at higher saturation in certain layers. Using
these insights, Lane and others (2004a) chose a parsimonious
parameterization that resulted in an overdetermined inverse
problem, thus eliminating the need for regularization criteria

regarding the smoothness or flatness of the tomogram. In their
inversion of data from the ACP, they assume the cross-sec-
tional geometry of the geophysical anomaly can be adequately
described by a stack of rectangles having variable extents and
radar slownesses (fig. 8). The inversion parameters include

(1) the top of the anomaly, (2) the bottom of the anomaly,

(3) the horizontal coordinate at the left edge of each compo-
nent rectangle, (4) the horizontal coordinate at the right edge
of each component rectangle, (5) the slowness difference
inside each rectangle, and (6) the slowness difference of the
region outside the anomaly.

Application of the OBI approach to tomography data
from the MW-7 to INJ-3 plane yielded the tomogram shown
in figure 9. Based on results of synthetic modeling (Lane
and others, 2003, 2004a), the OBI approach was shown to
provide better estimates of anomaly magnitude compared to
pixel-based approaches; moreover, the OBI tomograms are not
subject to the spurious postitive-valued slowness-difference
anomalies seen in the pixel-based tomograms (fig. 6). Apply-
ing the petrophysical model (eq. 6) to the OBI tomogram,
slowness-difference estimates are converted to estimates of
vegetable oil emulsion saturation (table 3). To model the 3D
shape of the oil-affected region based on the 2D cross section,
Lane and others (2004a) assumed that each block in the OBI
tomogram is a cross section of a cylinder centered on the bore-
hole. ZOP data considered here (table 2), however, indicate
the anomaly is not symmetric about the borehole; rather, the
geophysical anomaly extends farther in downgradient cross
sections. In this study, the cylinders’ common axis is assumed
to lie along the transect between the injection well (INJ-3) and
monitoring well (MW-7) directly downgradient. The location
of the axis is identified such that the 3D stack of cylinders
would account for all of the injected vegetable oil emulsion
mass, allowing for mass outside the 2D cross section of the
tomogram and upgradient of INJ-3. By trial-and-error, the axis
of symmetry was determined to lie 0.8 m downgradient from
INJ-3. Although additional direct sampling would be neces-
sary to confirm this interpretation, the result is qualitatively
consistent with the radar ZOP data, which indicate a stronger
slowness anomaly downgradient from INJ-3 (fig. A4a) than
upgradient (fig. Al3a).

Conventional Borehole Geophysical Data

Representative borehole geophysical data for wells MW-1
and INJ-2 are shown in figures 10 and 11, respectively. Data
include well construction and lithology logs, electromagnetic
conductivity, natural gamma logs, neutron porosity logs, and
magnetic susceptibility logs. Processed borehole geophysical
data for other wells are included in appendix B. Table 4
provides a list of the borehole geophysical data considered in
this report.
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(a) Raypaths corresponding to slowness-difference data of greater than the median value of the

dataset, and (b) raypaths corresponding to slowness-difference data showing less than the 30th percentile,

Figure 7.

Anoka County Riverfront Park, Fridley, Minnesota. Relatively large decreases in radar slowness are observed

along raypaths shown in green (b), presumably resulting from replacement of pore water by vegetable oil

emulsion. Raypaths shown in blue (a) seem largely unaffected by the oil injection. Differences are calculated

against the background dataset.
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ASBackground

Electromagnetic Induction Log Data

EM induction logs collected at the ACP indicate changes
in electrical conductivity at the injection wells and wells
downgradient from the injections. These logs were calibrated
using the background dataset as reference; thus the numerical
conductivity values should be considered as qualitative, not
quantitative, measures relative to the background. In general,
there is good correlation between electromagnetic conductivity
and the radar results in the saturated zone. In the upper parts
of logs, the effects of time-varying saturation result in differ-
ences between datasets that are not indicative of changes in
water chemistry or emulsion saturation. Well-defined increases
in conductivity were observed in many of the downgradient
wells, at depth ranges similar to the locations of radar-attenua-
tion anomalies. For example, in the MW-1 to INJ-2 zero-offset
radar amplitude profile, amplitude decreases are observed at
depths of 12 to 18 m after the injection (fig. 4b). In the electro-

R; Ry
RS RS
Zto
As, P
As,
As,
As,
Asg
- 7
RS R bot
R} R§
R R

Figure 8. Conceptual diagram of the
object-based inversion parameterization
of slowness difference (As) in the
tomographic image plane. The region
affected by oil-tracer injection is
discretized as an object consisting of a
small number of rectangles. The shape
and extent of the affected region are
determined by the inversion (modified
from Lane and others, 20044, fig. 7). See
text for definition of symbols.

magnetic conductivity for the two wells, changes are observed
from depths of about 12 to 20 m (figs. 10 and 11). The EM
changes in the vicinity of the water table, which can be large,
result from changing water saturation and not changing water
chemistry or the presence of vegetable oil emulsion.
Comparisons of borehole logs (appendix B) and ZOP
radar data (appendix A) are useful to interpret the proximity
of target anomalies to wells. Whereas ZOP radar data give
horizontal averages between wells, the conventional logs
give measurements local to a single well. A zero-offset radar
attenuation anomaly observed between two wells at which no
electromagnetic anomalies were seen might indicate that high
TDS ground water was migrating between, but not directly
adjacent to, the two wells; conversely, if an electromagnetic
anomaly is relatively strong but the radar anomaly is weak, the
feature may be closer to the borehole where the EM induction
log was collected.
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Figure 9. Radar slowness-difference tomography inversion results from well-pair MW-7 and INJ-3 using the
object-based inversion (0BI) method. (a) The OBl starting model, and (b) OBl tomogram, Anoka County Riverfront
Park, Fridley, Minnesota (modified from Lane and others, 2004a, fig. 13). Decreases in radar slowness indicate the
presence of vegetable oil emulsion.
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Table 3. Estimates of vegetable oil emulsion saturation (modified from Lane and others, 2004a, table 2).

[OBI, object-based inversion]

0Bl inverted slowness difference

Layer thickness

Mean neutron  Estimated saturation

Layer . Layer radius
(microseconds per meter) .
number (1x10%) (meters) (meters) log porosity (percent)
1 -8.8 3.1 1.3 0.31 33
2 -11.9 3.2 1.3 31 45
3 -12.3 3.1 1.3 31 46
4 -15.3 2.9 1.3 31 57
5 -9.8 2.7 1.3 31 36
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Figure 10.

Borehole geophysical logs for MW-1, Anoka County Riverfront Park, Fridley, Minnesota.
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Figure 11. Borehole geophysical logs for INJ-2, Anoka County Riverfront Park, Fridley, Minnesota.
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Table 4. Conventional borehole geophysical data considered in this report.
[Date given as month/year; ‘X’ indicates the dataset was collected and processed; --, no data]
Electromagnetic conductivity Natural gamma Magnetic susceptibility Neutron
Date 11/01 12/01 15/02 11/02 6/03 11/01 12/01 11/02 11/01 5/02 6/03 5/02

BG-1 X X X X X X X X X X X X
BG-2 X X X X X X X X X X X X
INJ-1 X X X X X X X X X X X X
INJ-2 X X X X X X X X X X X X
INJ-3 X X X X X X X X X X X X
MW-1 X X X X X X X X X X X X
MW-2 X - X X X X - X X X X X
MW-3 X - X X X X - X X X X X
MW-6 X X X X X X X X X X X X
MW-7 X X X X X X X X X X X X
MW-8 X X X - -- X X X X X
MW-9 X - X X - - - X X X X X

! Electromagnetic conductivity data collected in May 2002 were collected using a different tool of the same model.

2 These magnetic susceptibility datasets were collected with a different tool.

was based on data from a limestone, and does not account for

Natural Gamma Log Data > based on « (
variations in lithology or saturation.

The natural gamma logs collected at the site (figs. 10 and
11, and appendix B) show only a weak relation to sedimentary
stratigraphy, as identified in drillers’ logs at the site (CH2M
Hill Constructors, Inc., 2002; appendix B2). In some cases,

Magnetic Susceptibility Log Data

Magnetic susceptibility logs collected at the site were
used primarily to detect the magnetite mixtures. The only
substantial magnetic susceptibility changes over time were
observed at INJ-3 (fig. BS); thus, it appears that the magne-
tite tracer remained in the vicinity of INJ-3 and did not reach
downgradient wells. The magnetic susceptibility logs indi-
cate that electromagnetic conductivity and radar attenuation
anomalies do not result from the presence of the magnetite
tracer; rather, these changes are attributed to changes in TDS.

silty or clayey layers manifest as positive gamma-log anoma-
lies; however, the magnitude of these anomalies is on the same
order as the variability seen within thick layers identified in
drillers’ logs as poorly sorted sand. The gamma measurements
did not change substantially with the presence of vegetable oil
emulsion, and thus only gamma logs from November 2001

are shown.

Neutron Log Data Deviation Log Data

In this study, deviation logs were not used to provide
information about subsurface materials or architecture, but
rather to provide accurate antenna positions for inversion of
radar data. Radar antenna offsets must be known accurately

The neutron logs (figs. 10 and 11, and appendix B) were
used to estimate a representative porosity value to use in the
calculation of vegetable oil emulsion saturation (table 3). The

logs show a wide range in porosity values, particularly in the
unsaturated zone. It is important to reiterate the caveat stated
earlier in this report—the porosity-neutron calibration used

for calculation of radar velocity or slowness. Small errors
in antenna position result in large errors in estimates of
EM properties.
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Distributions of Vegetable 0il and
Geochemical Changes

The borehole geophysical logs and cross-hole radar
data were interpreted together to develop a site conceptual
model for the spatial and temporal distribution of emulsified
vegetable oil and the extent of ground water with altered
chemistry. The vegetable oil emulsions appear to remain
in the vicinity of the three injection wells—the ZOP radar
data show slowness changes, diagnostic of the presence
of vegetable oil emulsion, only in planes connected to
injection wells. Slowness-difference anomalies develop
simultaneously with the injections and are observed in all
planes connected to injection wells (figs. Al, A2, A3, A4,
A5, A6, A8); no substantial changes in slowness are observed
in planes that do not include an injection well (figs. A7, A9,
A10). The borehole magnetic susceptibility logs corroborate
this interpretation—no magnetic anomalies are seen at
downgradient wells.

The timing of maximum changes in slowness varies
spatially, with peak changes occurring at different times in
different zero-offset planes. For planes connecting injection
wells with other injection wells or downgradient monitoring
wells (MW-1 to INJ-2, INJ-1 to INJ-2, INJ-3 to INJ-2, INJ-3
to MW-7, and MW-6 to INJ-2), the peak change in slowness
is observed months to years after the injections (figs. Al,

A2, A3, A4, A5, respectively). Differences in the timing of
maximum attenuation change (table 2) may result from spatial
variability in microbial activity, contaminant concentrations,
vegetable oil emulsion saturation, hydraulic properties, or
other unknown factors.

In contrast to the apparent localization of the vegetable
oil emulsion inferred from traveltime data, changes in water
chemistry are inferred at all downgradient wells based on
changes in both zero-offset radar amplitude (appendix A) and
EM conductivity (appendix B). In general, changes in the EM
conductivity are consistent with changes in radar attenuation;
discrepancies can be explained by the different sample vol-
umes for the two measurements. Whereas the radar measure-
ments average over a volume that extends between two wells,
the EM induction logs are sensitive only to changes near to the
boreholes; about half of the EM induction log measurement
response comes from within 58 cm of the borehole (McNeill,
1986). In cases where the radar measurements show large
changes and the electromagnetic conductivity does not, we
interpret the differences to result from spatial variations in
electrical conductivity between the boreholes. For example,

no substantial changes in EM conductivity were observed at
MW-6 (fig. B9), yet the zero-offset radar amplitude profile

for the INJ-1 to MW-6 plane (fig. A5) indicates substantial
changes; these findings are consistent with a scenario where
the plume of increased TDS migrates through the INJ-1 to
MW-6 plane but does not come within about a meter of MW-6.

Based on the integrated interpretation of borehole geo-
physical and radar data, a conceptual model was developed for
the spatial distribution of vegetable oil emulsion and ground
water with altered chemistry as of June 2003; the model is
shown in plan view in figure 12 and cross section in figure 13.
The vegetable oil remains close to the injection wells through-
out the period of monitoring. The water-chemistry changes
propagate downgradient from the injection wells, with the
largest changes in radar amplitude and electromagnetic con-
ductivity occurring at different times across the site (table 2).

The ZOP and borehole geophysical log data (appen-
dixes A and B, respectively) indicate that direct fluid sampling
does not target all regions where large changes in TDS are
inferred. For example, in the interpreted cross section (fig. 13),
large changes are inferred at two intervals of MW-1 (at depths
of about 14 m and 16 m) based on zero-offset amplitude data
(fig. Alb) and a third, deeper interval is inferred (at a depth
of about 20-21 m) from borehole geophysical logs (fig. B6);
however, the screened interval of MW-1 intersects only one of
the three geophysical anomalies identified. Similarly at MW-2,
large changes are observed in the ZOP data at two depth inter-
vals (at depths of about 14.5 m and 16 m), yet the screened
interval intersects only the upper zone. Thus, the geophysical
measurements provide additional information that supple-
ments direct fluid sampling of monitoring wells.

Equations 15 and 16 can be used to estimate TDS
changes (ATDS) from measured zero-offset radar amplitude
data. Estimates of ATDS are made for selected geophysical
anomalies in zero-offset planes where substantial changes
in radar amplitude are observed; table 5 summarizes these
results. In many cases, changes in TDS are indicated at depth
intervals where wells are unscreened and direct fluid sampling
is not possible. Given the simplifying assumptions and approx-
imations underlying the ATDS calculations, estimates should
be viewed as approximate; moreover, zero-offset measure-
ments average over the interwell region, and thus ATDS esti-
mates also should be considered horizontal averages. Based on
the geophysical data alone, it is not possible to conclusively
attribute the changes in electrical conductivity to biodegrada-
tion of contaminants or biologic processes. Abiotic breakdown
of the amendment or soil-water reactions might also affect
water chemistry and, therefore, electrical conductivity.
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were measured August 18, 2003.
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Summary and Conclusions

Cross-borehole radar monitoring of biostimulation
injections of emulsified vegetable oil provided insights into
the spatial and temporal distribution of the vegetable oil emul-
sion and the extent of ground water with altered chemistry at
Anoka County Riverfront Park (ACP) in Fridley, Minnesota.
Specifically, radar traveltime data proved useful for identifying
the distribution of vegetable oil emulsion that remained close
to the three injection wells. Radar amplitude data were useful
for identifying changes in ground-water chemistry. Over time,
radar attenuation increased downgradient from the injection
wells, consistent with an increase in electrical conductivity
and, therefore, total dissolved solids; this change does not
appear to result from the colloidal-iron or magnetite tracers
alone, as the attenuation change is also observed downgradient
from an injection vegetable oil emulsion that did not contain
a conductive tracer. The attenuation changes could result
from biologically induced transformation of the aquifer sedi-
ments, biodegradation of the chlorinated-solvent contamina-
tion at the site, and (or) breakdown of the vegetable oil emul-
sion amendment.

Geophysical surveys provided subsurface information
for areas where direct sampling was not conducted. Whereas
direct sampling is restricted to the screened intervals of wells,
the EM induction logs sample over unscreened intervals, and
the radar data sample between wells. Comparison of zero-
offset radar amplitude profiles and electromagnetic conductiv-
ity provides additional information about the lateral loca-
tion of conductive features. In cases where electromagnetic
anomalies are relatively weak, yet zero-offset radar attenuation
anomalies are strong, the conductive feature may be located
in the interior of the interwell plane; conversely, if an electro-
magnetic anomaly is relatively strong but the radar anomaly
is weak, the feature may be closer to the borehole where the
EM induction log was collected. The geophysical data from
the ACP indicate that the conductive plume emanating from
the emplaced and apparently immobile vegetable oil emulsion
may not be adequately sampled by the present configuration of
wells, given their construction and the location of well screens.
Based on these results, geophysical monitoring can (1) sample
larger volumes of the aquifer than traditional, direct measure-
ments, (2) help optimize locations for additional sampling, and
(3) verify amendment emplacement and effects.
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APPENDIX A. Zero-Offset Radar Profiles
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Figure A1. (a)Zero-offset radar slowness, and (b) zero-offset radar amplitude profiles for the MW-1 to INJ-2 plane,
Anoka County Riverfront Park, Fridley, Minnesota.
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APPENDIX B. Conventional Borehole Logs
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Figure B1. Borehole geophysical logs for BG-1, Anoka County Riverfront Park, Fridley, Minnesota.
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Borehole geophysical logs for BG-2, Anoka County Riverfront Park, Fridley, Minnesota.
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Figure B3. Borehole geophysical logs for INJ-1, Anoka County Riverfront Park, Fridley, Minnesota.
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Borehole geophysical logs for INJ-2, Anoka County Riverfront Park, Fridley, Minnesota.
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Figure B5. Borehole geophysical logs for INJ-3, Anoka County Riverfront Park, Fridley, Minnesota.
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Figure B6. Borehole geophysical logs for MW-1, Anoka County Riverfront Park, Fridley, Minnesota.
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Figure B7. Borehole geophysical logs for MW-2, Anoka County Riverfront Park, Fridley, Minnesota.
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Figure B8. Borehole geophysical logs for MW-3, Anoka County Riverfront Park, Fridley, Minnesota.
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Figure B9. Borehole geophysical logs for MW-6, Anoka County Riverfront Park, Fridley, Minnesota.
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Figure B10. Borehole geophysical logs for MW-7, Anoka County Riverfront Park, Fridley, Minnesota.
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ELECTROMAGNETIC
CONSTRUCTION CONDUCTIVITY, IN GAMMA | IN NEUTRON
AND LITHOLOGY MILLISIEMENS PER COUNTS PER POROSITY, IN
LOGS METER SECOND PERCENT
40 180 20 80 50 0
CASING
. RANGE OF
WATER [E L oo ‘l

'“"ﬁl‘l‘-m‘\ﬂ\

Appendix B 53

EXPLANATION

NOVEMBER 2001

DECEMBER 2001

MAY 2002

S |

NOVEMBER 2002

JUNE 2003

PATTERN GRAIN SIZE

Coarse sand
with gravel

Gravel with
coarse sand

Coarse sand

] silt with
fine sand

Clay with
— — — | fine sand

Borehole geophysical logs for MW-8, Anoka County Riverfront Park, Fridley, Minnesota.
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Figure B12. Borehole geophysical logs for MW-9, Anoka County Riverfront Park, Fridley, Minnesota.
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