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The correct positioning of deep wells to monitor groundwater and entrained contaminants is greatly aided by
using remote sensing methods. The geologic setting at the Anniston Army Depot (ANAD) consists of a
sequence of fractured dolostones and clastic rocks that have been thrust-faulted, creating a highly complex and
heterogeneous aquifer. The drilling of deep bedrock groundwater monitoring wells at this site is expensive due
to depth, the nature of the rock, and the required use of casing-advancement drilling techniques; thus, well
positioning is critical. A geophysical program consisting of seismic reflection, seismic refraction, electrical
imaging (EI), and magnetotellurics (MT) has been used at ANAD to position groundwater monitoring wells at
locations selected to intercept fractured bedrock. In addition, borehole geophysical and hydrophysical logging
has been completed to assess flow conditions and to calibrate the geophysical survey measurements.

Past operations at ANAD included the disposal of large volumes of spent solvents, resulting in the presence of
dense nonaqueous-phase liquids (DNAPL) in the shallow residuum and underlying fractured bedrock. The
investigation of the groundwater flow conditions and direction within the deeper portions of the aquifer was
necessary to determine the nature and extent of groundwater contamination resulting from the presence of
DNAPLs. The initial assessment required a hydrogeologic characterization of the previously mapped
Jacksonville thrust fault along the southern depot boundary. Three transects, each approximately 2,000 feet in
length, were positioned perpendicular to the trace of the thrust fault to complete seismic reflection, seismic
refraction, and EI surveys. The results of the surveys were used to position both shallow and deep groundwater
monitoring wells within the bedrock portion of the aquifer.

The seismic reflection survey at ANAD was designed to provide information on the interval beneath the top of
bedrock to a depth of approximately 2,000 feet below ground surface (bgs). Although this depth extends well
beyond the depth required for installation of groundwater monitoring wells, the information collected aided in
the interpretation of the location of faults, subsurface stratigraphy, and deeper structural features. A seismic
refraction survey was completed along each transect to model the top of bedrock and residuum thickness. The
information provided by this type of survey aided in mapping the top of bedrock surface, allowed correlation of
fault traces (from the seismic reflection survey) to top of bedrock depth, and aided in positioning of wells
designed to monitor the residuum/top of bedrock interface. The refraction survey results also provided
information on the thickness of the upper weathered bedrock versus the deeper fractured bedrock. The EI
survey was useful for mapping the geoelectric properties of the bedrock along each transect. This imaging
method is useful for locating intervals of lower resistivity rock, typically indicative of fractures or cavities.

A fourth method of remote sensing (MT) was completed along one transect in an attempt to identify a location
for a deep groundwater monitoring well. The results of the seismic reflection, refraction, and EI resulted in
drilling rock with permeability too low for construction of monitoring wells. An MT survey was completed, and
the results were used to identify a well location that intersected a high-permeability fractured bedrock interval,
thus allowing completion of a deep monitoring well. MT surveying is now used to locate deep bedrock wells at
ANAD, as correlation of survey results to drilling results is quite high, costs for this type of survey are
relatively low, and the completion of a survey can be performed in a short field effort.

Borehole logging of each hole, using a suite of downhole geophysical tools, was followed by HydroPhysical™
testing to determine the correct placement of well screen intervals at depths correlative to fracture flow zones.
Borehole logs also allowed transect-to-transect correlation of subsurface formations to allow extension of the
subsurface geology beyond an individual borehole and transect. This multi-method approach of remote sensing
was successful in providing characterization data for the Jacksonville fault zone and the nature of the fractured
rock aquifer. The collection of similar data using only drilled wells would have been prohibitively costly and
inefficient.
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Introduction

The positioning of deep wells to monitor groundwater and entrained contaminants in complex geologic settings
may be greatly aided by using remote sensing methods. A surface geophysical program, aided by drilling and
borehole testing, allowed the installation of deep groundwater monitoring wells at locations and at depths
sufficient to monitor a highly fractured aquifer downgradient of DNAPL source areas at ANAD. Fractured rock
aquifers will typically require an integrated study to characterize the hydrogeologic properties and degree of
heterogeneity (Cohen 1995, EPA 2001). The drilling of deep bedrock groundwater monitoring wells at this site
is expensive due to depth, the nature of the rock, and the required use of casing-advancement drilling
techniques; thus, proper well positioning is critical. A geophysical program consisting of seismic reflection,
seismic refraction, electrical imaging (EI), and magnetotellurics (MT) has been used at ANAD. In addition,
borehole geophysical and hydrophysical logging has been completed to identify open fractures, select the depth
for well screen intervals, and to calibrate the surface geophysical survey measurements. The survey program
was completed along three separate transects positioned perpendicular to the trend of the Jacksonville thrust
fault. The fault was considered a potential flow zone controlling migration of contaminated groundwater from
the ANAD Southeast Industrial Area (SIA).

Geologic and Hydrologic Settings
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ANAD lies within the fold-and-thrust igure 1 Geologic setting and stratigraphy of the area
belt of the Appalachian Valley and
Ridge Province (Figure 1). The fold-and-thrust belt is characterized by Paleozoic rock formations that were
repeatedly folded and thrust-faulted by northwestward-directed tectonic stresses during the Appalachian
orogenesis (AGS 1988, Thomas and Neathery 1982). As a result of this deformation, major geomorphic and
geologic structures, including fold axes, fault traces, and lithologic boundaries, are commonly oriented in a
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northeast—southwest direction. Northwestward transport of the Paleozoic rock sequence along thrust faults has
resulted in the overlapped stacking of large slabs of rock referred to as thrust sheets. Within an individual thrust
sheet, smaller faults can splay off the larger basal thrust fault, resulting in multiple stacking and repetition of
rock units (Osborne and Szabo 1984). Geologic contacts in the region are generally oriented parallel to mapped
faults, and repetition of rock units is common in vertical sequences.

The major thrust fault in the Anniston area is the Pell City fault, a regional-scale feature along which Cambrian
and Ordovician rocks have been thrust over younger Mississippian-Pennsylvanian rocks. The Pell City fault
also defines the western boundary of the Appalachian Valley and Ridge Province in Alabama. The smaller
Jacksonville thrust fault, which was the focus of this geophysical investigation, is a northeast-to-southwest-
trending, low-angle thrust fault interpreted as a major splay of the Pell City fault (Osborne and Szabo 1984).
Rock formations encountered in the vicinity of ANAD include, from youngest to oldest, the Knox Group, the
Conasauga Formation, the Rome Formation, the Shady Dolomite Formation, and the Chilhowee Group (a
stratigraphic column is provided in Figure 6). In many areas of ANAD, it is typical that the original depositional
sequence of the strata is disrupted by the movement of rocks of older age atop rocks of younger age (e.g., older
Chilhowee Group rock atop younger Knox Group rock).

ANAD is located at the leading edge of the Jacksonville thrust fault and its associated minor faults (Figure 1).
The method of thrust-faulting related to generation of the Jacksonville thrust fault zone is typical within the
Appalachian Valley and Ridge foreland and is referred to as bedding plane thrust [i.e., thrust faults along
surfaces that parallel rock bedding (Odom and Hatcher 1980)]. Faults within aquifers, such as the Jacksonville
fault, can add complexity to flow paths, acting both as groundwater conduits and as barriers to flow. Faults and
fractures may actually create secondary porosity and permeability that did not exist in the rock previously, and
mapping of these features may allow delineation of preferential pathways for water flow. The role of the
Jacksonville fault as a factor in controlling groundwater flow and contaminant migration within the Anniston
area of Calhoun County has been previously studied (Scott et al. 1987). Warman and Causey (1961) noted that
many of the springs in Calhoun County are located along the trace of thrust faults with discharges larger than
would be expected if recharged from the local area. The implication is that thrust faults are conduits along
which groundwater from deep or distant sources reaches the surface.

Investigations were conducted to determine the hydrogeologic conditions at the southern perimeter of ANAD,
especially the role of the Jacksonville thrust fault in controlling groundwater movement. Prior to this
investigation, the proximity of the Jacksonville thrust fault to documented groundwater contaminant plumes
within the SIA and the geologic characteristics of the fault zone were critical concerns related to nature and
extent assessment of groundwater contamination. The ultimate goal of the hydrogeologic characterization of the
fault zone was to begin to determine the potential for the Jacksonville thrust fault to affect offpost migration of
contaminants sourced from the SIA; to identify exit pathways for potential future contaminant migration; and,
ultimately, to optimize long-term remedial actions and associated remedial effectiveness monitoring.

Geophysical Surveys and Interpretation

The investigation of the Jacksonville fault and deep groundwater flow benefited from the integration of seismic,
EL, and MT survey methods to allow the optimal positioning of groundwater monitoring wells. The results of
these sensing methods were supplemented by borehole hydrophysical testing and downhole geophysical
logging. The integration of these data yielded a comprehensive evaluation of the fractured aquifer in the ANAD
area, especially the SIA.

The geophysical profiling and well drilling of the fault zone for the investigation were primarily conducted
along three transects, each approximately 2000 feet in length. To the extent possible, considering access
restrictions and terrain, each transect was positioned perpendicular to the mapped surface trace of the
Jacksonville thrust fault, as mapped by the Geological Survey of Alabama (GSA 1984). As indicated in
Figure 2, the transects are designated as X-2 (at the south end of the SIA), X-3 (near the entrance to the
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Figure 2 Location of the X-2, X-3, and X-4 geophysical survey transects

Ammunition Storage Area), and X-4 (at the southwest corner of ANAD). Originally, a transect X-1 was
planned near the northeastern end of the SIA, but it was relocated as an extension onto the southeastern portion
of transect X-2.

The investigation was designed to perform the remote sensing surveys along the three transects, process and
evaluate the data, and then use the information to select locations for the drilling of deep bedrock borings to be
completed as groundwater monitoring wells. Following the drilling program, vertical velocity profiles were
completed in several transect boreholes to allow calibration (via reprocessing) of the seismic reflection data to
site conditions. Even though the reprocessed seismic data were not available for borehole location selection, the
improved data were used in the final integration of the project data. For the purposes of this paper, the primary
focus will be the results of the X-3 and X-4 transects, which are representative of all three transects.

EI Survey

The EI method involves the measurement of the geoelectric response of the earth layers to an input of electricity
that can provide information on distinct subsurface electrical boundaries and conditions that can indicate depth to
bedrock, water table location, vertical bedrock fractures, and weathered zones below top of bedrock. EI surveying
involves the measuring of apparent resistivity and relative resistivity changes to characterize the subsurface
materials in the near surface along a series of profiles. Electrodes spaced along a conducting cable are placed in
the ground at fixed intervals. The instrumentation includes an automatic multi-electrode switching system,
which passes current through the ground (via the electrodes) at various paths and depths. The electrode system
then measures the potential differences along these various paths and records the data. The length of a profile,
the desired depth of the investigation, and the resolution determine the electrode spacing. The resistivity data
are modeled using two-dimensional (2-D) forward and inverse modeling software with resistivity ranges
displayed using color variation.

467



The resistivity of soils and rocks is predominately controlled by the porosity and permeability of the system, the
amount of pore water, and the concentration of the dissolved solids (Benson et al. 1982). The dominant
lithology of the ANAD area is silicified carbonate bedrock, which when competent, typically will have a high
resistivity. Saturated, fractured, less competent and weathered rock typically has a lower resistivity than competent
rock. EI surveys were conducted along each of the three primary transects, as well as along five secondary lines
for which seismic profiles had previously been conducted (Figure 2).

The lower panel of Figure 3 presents the EI survey results in a cross-sectional profile for the X-3 transect
spanning a distance of approximately 1850 feet. Higher resistivity values are indicated with the yellow-to-red
colors, with green-to-blue indicating lower resistivity areas. Several EI station locations are indicated at the top
of the figure, and an elevation column is presented for the vertical scale. It is evident a highly resistive feature
(red) occupies the central portion of the line and is abruptly terminated to the south of the EI station 69. The
location and shape of this subsurface feature were also detected with the seismic survey. The rise in surface
topography at the southern end of the line correlated with the presence of this subsurface feature, indicating a
ramp anticline is present. The northern third of the survey line is impacted by the presence of railroad lines,
creating anomalous low resistivity (blue) features.

It was found during this investigation that the EI results were useful in identifying potential areas for boring
installations along each transect but, due to the cultural interferences (e.g., railroad tracks, pipelines), it required
the integration of the results from the seismic survey to make a final drilling location decision. It was necessary
on all three transects to either shift the line position to minimize the cultural influences, such as power lines,
railroad tracks, buried utilities, etc., or recognize that the data within certain intervals of the line would be
impacted by these features. The EI resistivity information was used cautiously to prevent placing a well at a site
at which the response was not due to subsurface (i.e., natural) geoelectric contrasts.

Seismic Reflection and Refraction Surveys

Seismic surveying involves measuring the elapsed time for an acoustic energy signal (e.g., a “shot) generated at
the land surface to return to the surface after reflecting or refraction off of geologic layers and features at depth.
The returned signal is measured in units of elapsed travel-time, typically microseconds to seconds. A seismic
reflection profile models changes in acoustic impedance (velocity and density variations) and is used to
construct a profile of the reflected images in the subsurface (Thompson et al. 2000). Seismic energy is also
refracted and diffracted at boundaries in the subsurface where a significant velocity contrast exists, such as the
interface of the lower-velocity unconsolidated residuum and the more competent (higher-velocity) bedrock. A
seismic refraction model is created using the travel-time of the first returning seismic signal. Figure 4 is a cross-
sectional diagram showing the ray paths of various types of seismic waves in the earth resulting from input of
the vibration energy pulse (e.g., shot point). The direct, refracted, and reflected waves are annotated on this
figure. Direct waves travel just below the ground surface whereas the paths of the reflected and refracted waves
are dependent upon the velocity contrasts of the geologic layers. A linear array of geophones was laid along
each transect and used to measure return energy generated at the surface. An elastic wave generator or hammer
and steel plate were the primary energy sources for the ANAD surveys.

Refraction and reflection seismic surveys were used to profile the intervals above and below the top of the
unconsolidated/bedrock horizon, respectively, with emphasis on resolution of the Jacksonville thrust fault zone.
The contribution from the refraction and reflection profiling was an initial estimation of the depth to bedrock
and an imaging of the subsurface structures within the bedrock. These seismic data were used to evaluate the
likely position of the Jacksonville thrust fault zone, other ancillary faults, and potential fractured rock areas. For
all three transects, the placement of borings was dependent upon the interpretation of the seismic data and
EI data.

The seismic survey along the X-3 transect was completed over a distance of 1870 feet. The results of this survey
mimicked the response of the EI survey, indicating a significant change in rock character from north to south.
The seismic reflection profile section along the X-3 transect, the upper panel of Figure 3, is presented with shot
point stations along the top and a vertical axis in elapsed signal travel time (milliseconds). Strong reflector
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Figure 4 Seismic ray paths following activation of surface energy source

packages have been annotated with color lines to emphasize continuity and terminations. The seismic reflection
response indicates relatively flat reflectors with several reflector interruptions that likely indicate faults arising
in the direction of thrust movement (i.e., to the north—northwest). The fault indicated by the red-dashed line and
break of the yellow reflector between shot point stations 282 and 305 is interpreted as the leading fault in front
of a ramp anticline at the south end of the transect. Faulting has placed the older Rome Formation atop the
younger Conasauga Formation, as indicated in the seismic section and by the sharp contrast in EI response. This
interpretation was supported by expression of the fault at the ground surface, where slickenside was evident in
the rock at the X3BO0S drill site. Boring X3B08 was placed at this location (at approximately shot point 270.5)
to investigate potential flow zones along the fault and the transition from the Conasauga Formation to the Rome
Formation.

The refraction profile generated from these data was created using a simple three-layer model to account for
surface cover, the residuum interval (unconsolidated), and bedrock (Figure 5). The profile is overlain along a
topographic relief profile and depicts a residuum interval (stipple pattern) of variable thickness, even along the
higher relief feature at the southern end of the line. As confirmed by the drilling of three boreholes along this
transect (X3B06, X3B07, and X3B08 in Figure 5), the prediction of the top of bedrock by this method was
relatively accurate with the actual drill depths for rock being slightly deeper than predicted depths. Note the
variability of the rock interval velocities, as measured during post-drilling vertical velocity surveys. Refraction
profiling was evaluated as the most reliable of the surface geophysical methods and, due to its capability of
resolving the unconsolidated/weathered bedrock depth, useful in the mapping of the depth of this contact.

The evaluation of the EI and seismic data results from the transect surveys was used to select three locations for

the drilling of boreholes for evaluation of aquifer properties and installation of groundwater monitoring wells.
Borings X3B06, X3B07, and X3B08 were drilled to depths of 410, 301, and 276 feet bgs, respectively. The
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Figure 5 Transect X-3 seismic refraction profile

information provided by drilling the borings, such as lithology and formation contact depths, and the borehole
logging, as discussed below, allowed construction of a transect conceptual model. Figure 6 is an interpretation
of the subsurface structure in a cross-section profile with projected fault locations and formation contacts.
Similar profiles for the X-2 and X-4 transects were incorporated into a site conceptual model for ANAD.

MT Surveys

Despite the information obtained through the completion of an EI and seismic survey, the use of an additional
geophysical survey method was necessary in order to locate a fractured rock interval following the drilling of
two unsuccessful borings along the X-4 transect. The first two borings for the X-4 transect drilled into indicated
anomalies yet penetrated dense rock that yielded no groundwater. At this point, an MT survey was designed and
completed along the X-4 transect with the results allowing the drilling of water-productive boring that was
completed as a dual-interval groundwater monitoring well. The successful (and fortuitous) use of MT along the
X-4 transect has subsequently led to using this survey method for locating all subsequent deep bedrock wells at
ANAD. This type of data allows optimal locations to be selected that have a high potential for intersecting
fractured rock and possible flow zones.

MT is an electromagnetic geophysical method commonly used in the groundwater and mining industries. MT
determines the earth’s subsurface electrical resistivity distribution by measuring time-dependent variations in the
earth’s natural electric (E) and magnetic (H) fields, as well as the electric and magnetic fields resulting from high-
frequency-induced electromagnetic fields (Hasbrouck 2003). MT is particularly adapted to deep groundwater
investigations as the signal-to-noise ratio actually increases with depth, which allows better resolution of a
potential target with depth.
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Figure 6 Conceptual model of X-3 transect subsurface structure and ANAD stratigraphic column

The MT survey equipment consists of a transmitter and electrodes that are placed at multiple stations along the
survey line. The transmitter consists of a dual-loop antenna, transmitter electronics, and controller. The magnetic
fields are detected with two perpendicular magnetic-field sensors. The electric fields are detected by measuring the
differential voltage between the two electrodes of the electric dipoles. The response of the field sensors is amplified
and filtered, and converted from analog to digital for signal processing. MT measures the resistivity of earth
materials in perpendicular directions. This is achieved by measuring the E and H fields in perpendicular directions,
thus giving MT a 2-D capability that is not achieved by other electromagnetic methodologies. These modes exhibit
significantly different resistivity values over planar geologic features and are, therefore, useful to resolve such
features. In general, MT measurements over homogeneous and isotropic materials, such as thick sections of
sedimentary material, are similar in perpendicular directions. However, measurements over planar geologic
features, such as faults or fracture zones, exhibit different resistivities in perpendicular directions. This allows for
the resolution of such features that store and transmit significant amounts of groundwater (SAIC 2000). Once the
sounding data are processed and modeled, they are used to construct cross-sections of subsurface resistivity. A
modeled cross-section was used for selection of a potential fractured area on the X-4 transect for placement of a
third boring.

The cross-section profile of the X-4 transect MT survey shows low-resistivity areas with red-to-yellow colors and
higher resistivity areas in shades of blue and grey (Figure 7). In terms of detecting groundwater pathways with this
survey method, the low-resistivity areas are of prime interest. The MT results indicate two potential locations to
place a boring to intercept low-resistivity features: the feature between line distance —300 and —400 feet and between
—900 and 1,000 feet. The red-to-yellow feature within the —300- to —400-foot section extends from surface to depth
and implies migration of deep groundwater upwards to near the surface in this area. This interpretation is supported
by the presence of two deep-sourced springs in the vicinity that emerge into ponds. Therefore, boring X4B09 was
placed at the —350-foot station. Drilling of this boring resulted in encountering several fractured and weathered
intervals. As indicated in Figure 7, borings X4B10 and X4B11, which were drilled prior to the MT
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survey, were placed in an interval corresponding to high resistivity. The dense rock encountered in these borings
correlated to high resistivities resulting from the pores spaces lacking water to conduct electrical current.

The success of the MT method in locating fractured rock at ANAD has been confirmed with the drilling of recent
wells for ongoing groundwater investigations. Subsequent to the drilling program described here, four additional
deep wells (>500 feet) have been located following completion of an MT survey. In addition, several other
considerations make this remote sensing method appealing. The method is less expensive (per linear foot) to
complete in the field relative to EI and seismic surveying, the data processing time following acquisition is short,
and the method does not require extensive terrain preparation. Similar to the EI method, nearby sources of metal or
electricity must be considered when locating survey stations.

Borehole Evaluation Methods

The evaluation of each borehole was completed by downhole logging using gamma, density, caliper, acoustic
velocity, and resistivity tools and by the completion of HydroPhysical™ testing. Gamma and density
measurements are critical to assessing lithology changes and formation bulk densities. A caliper tool is useful as
an indicator of fractured bedrock intervals and an assessment of borehole conditions prior to logging with other
tools. Acoustic velocity can be used for calculations of porosity and for calibration of seismic velocity data.
Resistivity measurements were useful in well-to-well correlations and determination of lithology transitions.

Borehole logging was performed following cessation of drilling beginning with the lowering of the caliper tool
into the hole. As the rock formations in the ANAD are highly fractured, borehole collapse and bridging was a
constant concern. Therefore, an assessment of the borehole condition was critical prior to lowering the less
expendable tools downhole, especially the density tool containing a radioactive source. Using a suite of tools
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also allowed logging both the cased and open (uncased) sections of the borehole, as only the gamma and density
tools are capable of recording measurements through the metal casing. The casing-advancement drilling method
used by SAIC allowed retrieval of the casing from the borehole during well construction; therefore,
measurements of the cased section of the borehole were necessary.

HydroPhysical™ testing is an in situ flow characterization method that allows identification of fracture flow
zones and the calculation the zone-specific flow rates and hydraulic conductivity (COLOG 2001). The method
involves the replacement of borehole water with deionzed water and the measurement of the subsequent
changes in borehole fluid conductivity and temperature over time. Following the placement of the deionzed
water, the inflow of native groundwater via bedrock fractures into the borehole creates a contrast in the borehole
fluid conductivity (and temperature) as ion replacement occurs. This change in water chemistry is measured
using a combination conductivity/temperature sonde that is passed continuously up and down the borehole for
an extended period of time. Testing of the borehole can be performed under both ambient and pumping
conditions, but is limited to the open hole section of the boring.

An enhanced video survey was also completed in the borings X3B06 and X3B0S, as the waters in these holes
were sufficiently clear to record an image of the borehole wall. The tool for this survey consists of a downhole
camera, a light source, and a swivel connection for rotation of the camera to allow axial views (vertical section
of the wall face) or radial views (a 360° horizontal view). Digitization and processing of the raw optical image
are used to produce visual displays that allow measurement of apparent strike and dip of bedding, fracture
aperture, and a continuous 2-D projected image.

Borehole Data Interpretation

The interpretation of the borehole data consisted of an initial field evaluation for the selection of screen interval
depths for the construction of monitoring wells. Field evaluations were necessary to utilize drill rigs for well
construction and prevent additional costly mobilizations. The data provided by the drilling and logging of each
borehole was more fully utilized when integrated with adjacent transect boreholes, the transect EI, MT, seismic
reflection/refraction results, and other transect data. The use of the drilling and logging data for borehole-to-
borehole correlation and for selection of flow zones is presented as an example of the usefulness of these data.

The correlation of the X-3 boring drilling logs with the geophysical logs allowed integration of the data
collected at each boring in terms of transect stratigraphy, hydrologic connections (e.g., flow zone to flow zone),
and structural setting. The best method for correlation was found to be comparison of gamma curves, drilling
responses, and significant lithology changes. Gamma curves are correlatable at several intervals on the X-3
boring logs, indicating penetration of the same rock in each boring, therefore allowing depth alignment for
stratigraphic correlation. For example, a similar shift in the curve from 222 to 232 feet in X3B06 is correlatable
to 242 to 252 feet of boring X3B07 and the 182 to 195 interval of X3B08 (Figure 8). The ability to correspond
to subsurface depths in each borehole was critical to validation of the structural interpretation along each of the
three transects. The video survey confirmed high-angle beds and significant lithology changes, which supported
the gamma curve correlations. Bedding dip angles derived from this survey aided in interpreting the structural
setting.

HydroPhysical™ testing of the boreholes along the X-3 transect provided information on the depth of fracture
flow zones, critical information for the placement of monitoring well screen intervals. The method identified
eight flow zones in the X3B06 borehole and five zones in both the X3B07 and X3B0S8 boreholes. Figure 9 is a
plot of the change in fluid conductivity over time during the test of the X3B06 borehole depicting the increase
in fluid conductivity as groundwater replaces the deionized water. Each curve represents a pass of the
conductivity/temperature sonde up the hole. A flow zone in this borehole is indicated by the curve deflections
between the depths of 210 to 217 feet. An ambient flow rate of 0.146 gallons per minute (gpm) was calculated
for this interval. The zone from 210 to 217 feet provided inflow to the borehole (along with two other deeper
intervals) whereas fluid exited the borehole within the 150- to 153-foot interval. Following ambient condition
testing, each borehole was pumped to identify other fracture flow zones. Pumping rates of approximately 8 gpm
were used for the X-3 transect boreholes whereas rates of approximately 30 gpm were required for the X-2
transect boreholes. The information provided by this testing method was critical in the overall hydrogeologic
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fracturing, geologic contacts, and other parameters useful in selection of monitoring well screen depths. The
flow characteristics of the different rock formations drilled at each transect, such as the Rome and Conasauga
Formations along the X-3 transect,
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be calibrated and reprocessed using
the downhole acoustic velocity data,
the vertical velocity profile data, and
drilling data, such as drill depth to
top of competent rock. It was found that the modeled seismic refraction sections matched subsurface depths for top
of rock when checked against actual top of rock depths from each of the borings. Thus, at ANAD, refraction
surveys were a useful tool for predicting subsurface geology and positioning wells in bedrock lows or highs, as
needed. The post-drilling reprocessing of the seismic reflection data using the velocity data indicated a greater
degree of variability in seismic signal travel-time than originally used in the initial processing. The velocity profile
data indicated travel-time velocities are much faster in the ANAD area than the values used to model the pre-
drilling seismic refraction and reflection data. The use of faster formation velocities during the reprocessing
caused a downward shift in the reflectors (i.e., to deeper depths). This information led to the conclusion that
many of the observed structural features along the seismic sections are actually below a reasonable drill depth
for ANAD.

Fluid Electrical Conductivity (1S/em)

Figure 9 Representative hydrophysical test data for X3B06 borehole

The EI survey was useful in identifying potential areas for well installation but required the integration of the
results from the refraction seismic survey. It should be noted that the EI survey data could not be recalibrated
using downhole measurements; they could only be reinterpreted as the drilling progresses. In addition, as
discussed for the X-4 transect, this method can be misleading in identifying potential targets in complex
geologic settings and needs confirmation of targets with an additional surveying method.

The use of MT has been successful at ANAD in identifying locations for drilling wells to intersect water-

productive fractured interval(s). This method has been used exclusively since the X-4 survey to locate an
additional four deep bedrock wells, each of which has intersected productive fractured intervals. Relative to
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seismic surveying, the method is less expensive, the data can be collected quickly, and the processing time is
short. The method is most useful for sites with knowledge of subsurface lithologies and for positioning deep
bedrock wells.

The integration of the survey results and the borehole logging information has been extrapolated along the trend
of the Jacksonville thrust fault to allow for a reinterpretation of its direction and placement, the discounting of
its role as a controlling feature for groundwater flow (i.e., as a preferential contaminant pathway), and a
reinterpretation of the overall ANAD area geologic setting. The economics of this type of approach to
characterizing a complex aquifer, when compared to obtaining a similar level of data from a drilling program
alone, make the approach a sound use of project funds.

Acknowledgements

The authors wish to thank the U. S. Army Corps of Engineers and the Anniston Army Depot Directorate of Risk
Management at the Anniston Army Depot for the release of the data to write this paper.

References

Benson, R., Robert A. Glaccum, and Michael R. Noel, 1982, Geophysical Techniques for Sensing Buried Wastes and Waste Migration,
National Groundwater Association, Dublin, Ohio.

Cohen, Andrew J.B., 1995, Hydrogeologic Characterization of Fractured Rock Formations: A Guide for Groundwater Remediators, Ernest
Orlando Lawrence Berkeley National Laboratory, University of California, Berkeley, California. October.

COLOG 2001, Hydrophysical™ Logging Results, Anniston Army Depot, prepared for SAIC, prepared by COLOG Division of Layne
Christensen Company, Golden, Colorado.

Geological Survey of Alabama (GSA), 1984, Stratigraphy and Structure of the Jacksonville Fault, Calhoun County, Alabama, Circular 117,
Tuscaloosa, Alabama.

Hasbrouck, Jim, 2003, ANAD Comprehensive Groundwater Remedial Investigation MT Survey for SAIC, Oak Ridge, Tennessee, Hasbrouck
Geophysics, Inc., Montrose, Colorado.

Odom, A. L., and R. D. Hatcher, Jr. 1980, 4 Characterization of Faults in the Appalachian Foldbelt (NUREG/CR-1621), prepared for the
Nuclear Regulatory Commission, Washington, D.C.

Osborne, W. Edward, and Michael W. Szabo, 1983, Stratigraphy, Structure and Geohydrologic Significance of the Jacksonville Fault,
Calhoun County, Alabama, Geological Survey of Alabama, Tuscaloosa, Alabama.

Science Applications International Corp (SAIC), 2001, Phase I of the Offpost Remedial Investigation of the Jacksonville Thrust Fault at
Anniston Army Depot, Anniston, Alabama, Oak Ridge, Tennessee.

SAIC 2000, Magnetotelluric Investigation near A.A.D.O.O.M Lake, Anniston Army Depot, Anniston, Alabama, SAIC Geophysical Services
Section, Harrisburg, Pennsylvania.

Scott, John C., Wiley F. Harris, and Riley H. Cobb, 1987, Geohydrology and Susceptibility of Coldwater Spring and Jacksonville Fault
Areas to Surface Contamination in Calhoun County, Alabama, U.S. Geological Survey Water Resources Investigations Report 87-4031,
prepared in cooperation with the Alabama Department of Environmental Management, Montgomery, Alabama.

Thomas, W. A., and T. L. Neathery. 1982, “Appalachian Thrust Belt in Alabama,” in W. A. Thomas and T. L. Neatherly, eds., Appalachian
Thrust Belt in Alabama: Tectonics and Sedimentation, Geological Society of America Guidebook, Field Trip No. 13, pp. 5-40.

Thompson, M.D., S.F. Miller, J.M. Cooper, and P.L. Wilkey, 2000, Report to Sponsor, Seismic Reflection and Refraction Profiling,
Anniston Army Depot, Energy Systems Division, Center for Environmental Restoration Systems, Argonne National Laboratory, Argonne,
Illinois.

USEPA (U.S. Environmental Protection Agency), 2001, The State-of-the Practice of Characterization and Remediation of Contaminated
Groundwater at Fractured Rock Sites, EPA542-R-01-010, Office of Solid Waste and Emergency Response, www.epa.gov/tio.

Warman, J. C., and L. V. Causey, 1961, Relation of Springs to Thrust Faults in Calhoun County, Alabama, The Journal of the Alabama
Academy of Science, v32, no. 2, Tuscaloosa, Alabama.

477



Biographical Sketches

Brian S. Murray is a senior geologist with Science Applications International Corporation in Oak Ridge,
Tennessee (151 Lafayette Drive, Oak Ridge, Tennessee, 37831, email: brian.s.murray@saic.com, phone: 865-
481-4748, fax: 865-481-4700). He holds Bachelor of Science and Master of Science Degrees in Geology and is
a registered professional geologist in Alabama and several surrounding states. He has used geophysical
surveying at multiple sites to aid in the understanding of geologic conditions controlling contaminant migration
in bedrock aquifers.

Matthew Vest is a geologist with Science Applications International Corporation (151 Lafayette Drive,
Oak Ridge, Tennessee, 37830, email: matthew.b.vest@saic.com, phone: 865-481-8758, fax: 865-481-8590). He
is a registered professional geologist in Alabama, with a Bachelor of Science. in geology from Morehead State
University and a Master of Science. in geology from the University of Kentucky.

478



	Program
	Table of Contents
	DNAPL Behavior in Fractured Rock –Transport Facilitated by Pickering Emulsions
	Geophysical Characterization of Fractured Rock Aquifers: Accounting for Scale Effects and Putting Hydrology into the Geophysics
	NGWA Distinguished Darcy Lecture: Recent Advances in Characterizing Ground Water Flow and Chemical Transport in Fractured Rock: From Cores to Kilometers
	Field-Scale TCE Oxidation in Sedimentary Bedrock: KMnO4 and BR- Tracer Test Results and Extended Pilot Design
	Field Testing of Nanoscale Zero-Valent Iron Particle Technology for Insitu Ground Water Treatment in Fractured Bedrock
	Remediation of a Chlorinated Solvent Contaminated Site Using Steam Injection and Extraction
	Implementing RF Heating in Fractured Bedrock to Remediate TCA DNAPL
	Remediation of Tetrachloroethene in Fractured Sandstone: A Case Study in Initial Successes and Long-Term Technological Barriers to Timely and Cost-Effective Closure
	Remediation of a Clay and Fractured Rock Source Area Using Vacuum Extraction and Bioremediation
	Art in-Well Air Stripping Technology: Remediation in Fractured Rocks Completed in Months
	Blast-Fractured Enhanced Permeability Remediation System at Modern Landfill, Your, Pennsylvania: A Five-Year Update
	Characterizing a DNAPL Site in Karst Terrain: Implications for Remediation
	Evaluation of Successful MTBE Remediation in the Stockton Formation
	Remedial Strategies Applied to a Fractured Bedrock Contaminant Plume at the University of Connecticut Landfill Study Area
	Using Major Ions to Support the Demonstration of Hydraulic Containment in a Fractured Bedrock Aquifer
	Technical and Regulatory Challenges Resulting from VOC Matrix Diffusion in a Fractured Shale Bedrock Aquifer
	Technical and Regulatory Considerations for DNAPL Remediation in Complex Hydrogeology
	Observations from Several Bedrock Remediation Programs in EPA Region 1 (New England): A Monitoring Perspective
	LNAPL Behavior in Fractured Rock: Implications for Characterization and Remediation
	Bedrock: From Foe to Friend – A Case History of Investigation and Remediation in Fractured Bedrock from 1979 Through 2003
	Fractured Bedrock Aquifer Hydrogeologic Characterization for a Bioaugmentation Pilot Study
	Fractured Rock Transmissivity Estimates From Oscillatory Slug Test Data
	Ground Water in Fractured Bedrock: A Water Supply Approach
	Pumping Test Analysis in a Fractured Crystalline Bedrock
	A New Visual Synthesis Tool for Transient Test Data
	Gas Injection Tests
	Large Drawdown Slug Tests
	Assessing the Potential for Saltwater Intrusion in a Coastal Fractured-Bedrock Aquifer Using Numerical Modeling
	Vertical Distribution of Hydraulic Conductivity in Cambrian Sandstones in South-Central Wisconsin
	Hydrogeology of Granitic Terrains: A Comprehensive Study of Minho Region (Northwestern Portugal)
	Vertical Cross Connection in a Single borehole: A Case Study in Fractured Sandstone
	Characterizing the Hydraulic Properties of Fractured Bedrock – A Fractured Sandstone Example
	Road Salt Behavior as a Dense Aqueous Phase Liquid in Fractured Bedrock
	Characterization and Monitoring Techniques for Solvent Contamination within Fractured Bedrock
	Assessing the Role of Structural Geologic Elements in Aquifer Hydraulics and Plume Migration
	The Regional Bedrock Structure at Loring Air Force Base, Limestone, Maine; The Unifying Model for the Study of Base-Wide Ground Water Contamination
	Hydrogeologic Framework Based on Van Houten Cyclic Stratigraphy and Gamma-Ray Logging, Naval Air Warfare Center, West Trenton, New Jersey
	Elevated Naturally-Occurring Radioactivity in Ground Water from Three Fractured Bedrock Settings: Implications for the State of Vermont
	Geochemical and Isotopic Characterization of a Local Catchment within Crystalline Basement in Benin/West Africa
	Isotopic and Chemical Characterization of Water from Mine Pits and Wells on the Mesabi Iron Range, Northeastern Minnesota, as a Tool for Drinking Water Protection
	Time Lapse Geophysical Monitoring in Fractured Rock Aquifers
	Lessons Learned from Bedrock Blast Fracturing and Bioremediation at a Superfund Landfill
	An Integrated Approach to Contaminant Mass Removal from Vadose and Saturated Fractured Bedrock
	Evaluating the Performance of a Seepage Barrier Constructed with Coal Combustion Product Grout to Reduce the Loss of Ground Water Seeping into a Former Coal-Mining Shaft
	Toward an Improved Risk Assessment of the Contaminant Spreading in Fractured Underground Reservoirs
	Importance of Flowmeter Logging for Aquifer Characterization at Contaminated Bedrock Sites
	Characterization of Heterogeneous Flow Zones in a Crystalline Aquifer with Borehole Logging and Cross-borehole Flowmeter Experiments
	Evaluating a Conceptual Model for Distant Coal Tar Migration by Bedrock Fracture Flow
	Use of the In Situ, Troll 9000 to Locate Fractures Contributing to Ground Water Flow in Bedrock Wells
	An Innovative Approach to Investigation of an MTBE Plume in Fractured Bedrock
	Imaging Channelized Flow in Bedrock Fractures using Ground Penetrating Radar
	Hydrochemical Facies Analysis of 1,1,1-Trichlorethane and its Degradation Products in Fractured Bedrock
	Examination of the Relationship of Rock Structure to Ground Water Flow in a Fractured Limestone Aquifer
	Aqueous Chemistry of Various Hydrogeologic Units of the Fractured Bedrock Aquifer in the North Carolina Piedmont
	Utility of Rock Core for Characterizing Contamination in Fractured Sedimentary Rocks
	Hydrogeologic Investigation of VOC Contamination in Bedrock Using Mass Flux Analysis: A Case History
	Effectiveness of Monitored Natural Attenuation at Predicting In-Situ Biodegradation in a TCE Contaminated Granitic Bedrock
	Evidence of Biodegradation at a DNAPL Contaminated Fractured Bedrock Field Site Using Stable Carbon Isotopes
	Natural Attenuation of Solute Plumes in Bedded Fractured Rock
	Microfracture Geochemistry as an Indicator of Terminal Electron Accepting Processes in TCE-Contaminated Bedrock
	Measuring Mass Balance, Oxidant Half-Life, and Treatment Efficiency: Field-Scale PCE Oxidation Using KMnO4 in Fractured Phyllite
	In-Situ Chemical Oxidation of Volatile Organic Compounds in a Fractured Bedrock Aquifer
	Fractured Crystalline Bedrock Ground Water Remediation of Dissolved TCE via Sodium Permanganate Solution Injection and Re-circulation
	In-Situ Remediation of Fractured Bedrock DNAPL Sites Using Chemical Oxidation
	Implementation of In-Situ Chemical Oxidation in Fractured Bedrock
	In-situ TCE Oxidation Using Potassium Permanganate in the Columnar-Jointed Preakness Basalt of New Jersey
	In-Situ Chemical Oxidation Using Permanganate for Remediation of Chlorinated VOCS in a Fractured Shale Matrix
	In-Situ Chemical Oxidation with Sodium Permanganate in a fractured Crystalline Bedrock Aquifer: A Case Study
	Multi-Method Geophysical Approach for Characterizing a Deep Fractured Bedrock Aquifer, Anniston Army Depot, Anniston, Alabama
	Ground Water Exploration by VLF Techniques: A Case Study in Granitic Terrains of Northwestern Portugal
	Hydrogeological Exploration by Electrical Resistivity Surveys in Hard Rocks of Montalegre Area (Northern Portugal)
	Hydrogeology of the Châteaguay River Transboundary Aquifers, Canada – USA
	The Use of Borehole Geophysics to Optimize Bedrock Drilling Locations
	Analysis of Geophysical Logs at North Penn Area 6 Superfund Site, Lansdale, Montgomery County, Pennsylvania
	Integrated Characterization of a Naturally Fractured Igneous-Metamorphic Ground Water System for Open Pit Mining Operations
	Use of Fracture Fabric Analysis Facilitates Well Siting and Assessment of Contaminant Distribution in Bedrock
	Fracture Characterization Using Borehole Radar: Computer Simulation and Field Calibration
	Determining Geological Structures in Fractured Bedrock from the Surface for Aquifer Characterization: A Practical and Inexpensive Approach
	Hydrologic and Geophysical Investigation of Bedrock Observation Wells at the University of Maine
	Systemic Characterization of a Bedrock Aquifer in Coastal New England
	Conceptual Flow Model and Ground Water Characterization Strategy for Sedimentary Bedrock Sites
	Thermal Hydrosystem of Gerês Spa (Northwestern Portugal): Proposal of a Conceptual Model
	Characterization of Fractured Rock to Develop Conceptual Models of Ground Water Flow and Transport of Mercury
	Evolving Conceptual Models and Monitoring Well Reconstruction in the Passaic Formation in New Jersey
	Using Fractran Fracture Flow Modeling in Tandem with Modflow to Assist in the Development of Wellfield Protection Zones for Municipal Wells in Bedrock
	Evaluation of Various Slab-Fissured Models for Characterization of Fractured Rock Aquifers: Eastern Pennsylvania
	Control of Fractured Bedrock Structure on the Movement of Chlorinated Volatile Organics in Bedrock and Overburden Aquifers, Newark Basin of New Jersey
	Historical and Present Site Conceptual Models for a Fractured Bedrock Superfund Site in New York State
	Fractured Bedrock DNAPL/Dissolved Phase Plume Conceptual Model Development at the Eastland Woolen Mill Superfund Site, Corinna, Maine
	Structural Characterization and Passive Remediation of NAPL in Fractured Bedrock at a Former MGP Site: Mechanicville, New York
	Use of Vertical Gradient to Compensate for Disparate Completion Depths when Characterizing Horizontal Flow Direction in Stacked Fractured Aquifers During an MTBE Investigation, Maripos County, Califor
	Monitored Natural Attenuation of Chlorinated Solvents in Fractured Bedrock as a Selected Remedy for Ground Water at a Superfund Site
	Characterization of Three Water Types in a Fractured Schist, High Arsenic, Watershed in Maine
	Development of a Conceptual Field Scale Flow Model in a Fractured Bedrock Aquifer
	NAPL Removal from Fractured Bedrock Using (SPTTŽ) Non-ionic Surfactants Successful Ground Water Remediation Cases
	Hydraulic Properties of Granitic Fracture Skins and Their Effect on Solute Transport
	The Approach to Understanding and Controlling Contaminant Fate and Transport on the U.S. Department of Energy's Oak Ridge Reservation, Tennessee (USA); A Review of Status and Future Challenges
	Analysis of X-ray Computed Tomography Scans to Characterize and Measure the Surface Roughness of Natural Rock Fracture Samples
	Steam Injection into Fractured Limestone at Loring Air Force Base
	Using Tracers to Understand Advection, Dispersion, and Diffusion in Fractured Rock
	Innovation Approach for Hydraulic Containment of PCB Contamination in Fractured Bedrock
	Successful Application of Technical Impracticability for Achieving a Cost Effective Remedy for DNAPL in Deep Fractured Limestone/Dolostone at a Superfund Site
	Evaluating Innovative Bioremediation Technologies and Successful Pilot Test Performance
	Ethanol Biostimulation and Bioaugmentation of VOC-Impacted Deep Bedrock Aquifer
	Fracture Characterization at a Bedrock Bioremediation Site in New Hampshire
	Enhanced Bioremediation of DNAPL in a Fractured Limestone Aquifer: Bench Test Results
	Combined Use of Borehole Geophysics and Packers to Site Potable Wells in a Contaminated Area
	An Integrated View of Ground Water Flow Characterization and Modeling in Fractured Geologic Media
	Fracture Network Characterization for Studies of Retention Processes at the Äspö Hard Rock Laboratory
	Application of the Fractured Bedrock Toolbox at Multiple Sites in New England
	Hydrogeological Characterization for Siting Geothermal Wells in Fractured Bedrock at Bronx Zoological Park, Bronx, New York
	The FLUTe Multilevel Ground Water Monitoring System Used for Study of a Contaminated Dolostone Aquifer
	Ground Water Sampling Method Comparison: Low-Flow and Passive Diffusion Bag Sampling Results for Volatile Organic Compounds in Fractured Metamorphic Bedrock
	Volatiles Characterization in a Triassic Shale Aquifer
	How to Locate and Flow Test, Every Major Fracture in a Borehole in One Hour
	Multipurpose Packer System
	Unpredictable Pattern of Road Salt Contamination in Private Wells Demonstrates Crucial Role of Interconnections
	Use of Angled Drilling Techniques to Characterize Fractured Crystalline Bedrock and Minimize Migration of Suspected Non-aqueous Phase Liquids (NAPL)
	Using Minimal Impact Deep Drilling Techniques in a DNAPL Impacted, Fractured Rock Aquifer
	Investigation of the Impact of Fracture Intersection on Solute Transport in Fractured Carbonate
	Large-scale Solute Transport Modeling in Discretely-Fractured Porous Media
	Multiscale Site Characterization for the Numerical Mapping of NAPL Migration Pathways in Contaminated Fractured Igneous Rocks: A Case Study in Northern Spain
	Ground Water Flow Simulation of a Glacial Aquifer and its Implication for the Management of University of Connecticut Water Supply System During Drought Periods
	Discrete Analytic Domains: A New AEM Formulation for Modeling Anisotropy and Heterogeneity
	Statistical Modeling of a Non-Parametric Data Distribution to Determine an Exposure Point Concentration during Risk Assessment
	Discrete Fracture Network Modeling: Current Status and Future Trends
	Ground Water Flow and Contaminant Transport Modeling of Fractured Bedrock Aquifer with Solution Channels at a Southeastern Pennsylvania Superfund Site
	A Simple Analytical Model for Heat Flow in Fractures – Application to Steam Enhanced Remediation Conducted in Fractured Rock
	Determining the Average Fracture Spacing Between Fractures and Planning of the Best Paths for the Wells in a Field Located in the Middle Magdalena Basin-Colombia
	Natural Attenuation of Dissolved Petroleum Components in Fractures Crystalline Rock: Results from Field Experiments at Äspö Hard Rock Laboratory, Sweden

	Print

