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KHz - kilohertz 
LOOW - Lake Ontario Ordnance Works 
m - meter(s) 
MASW - multichannel analysis of surface waves 
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MED/AEC - Manhattan Engineer District / Atomic Energy Commission 
MHz - megahertz 
mm - millimeter(s) 
mMho/m - milliMho(s) per meter 
mps - meters per second 
mS/m - milliSiemen(s) per meter 
MT - magnetotelluric 
N, S, E, W - north, south, east, west 
NAD - North American Datum 
NAVSTAR - Navigation Signal Timing and Ranging 
NEPA - National Environmental Protection Act 
NFSS - Niagara Falls Storage Site 
NMO - normal moveout 
ns - nanosecond 
nT - nanoTesla(s) 
nT/m - nanoTesla(s) per meter 
N/S - north - south 
NE or NW - northeast or northwest 
PCB - polychlorinated biphenyl 
ppt - parts per thousand   
PRC - Pseudo-Random code 
PVC - polyvinyl chloride 
QA - quality assurance 
Ra-226 - radium-226 
RF - radio frequency 
rms - root mean squared  
Rn-222 - radon-222 
RI or RI/FS - Remedial Investigation or Remedial Investigation / Feasibility Study 
ROD - Record of Decision 
SAIC - Science Applications International Corporation 
SE or SW - southeast or southwest 
SEG-2 - Society of Exploration Geophysicists’ digital data recording format 
S/N - signal to noise 
SOW - Scope of Work 
SVOC(s) - semi-volatile organic compound(s) 
TE - transverse electric 
Th-230 - thorium-230 
TM - transverse magnetic 
USACE - U. S. Army Corps of Engineers 
UST - underground storage tank 
UTM - Universal Transverse Mercator 
U-235 - uranium-235 (actinium series) 
U-238 - uranium-238 (uranium series) 
VOC(s) - volatile organic compound(s) 
WCS - Waste Containment Structure 
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GLOSSARY
Aliasing:  Artificial shapes in anomalies on contour maps due to insufficient sampling in the 
across-line direction.  Gridding programs have difficulty interpolating an anomaly between survey 
lines when the width of the anomaly along the survey line is much smaller than the spacing 
between lines.  The result is an anomaly that is elongated perpendicular to the survey lines. 

Anomaly:  A deviation from an observed trend or uniform physical property measured by 
geophysical equipment.  An anomaly may be a portion of a geophysical survey, which is different 
in appearance from the survey in general. 

Attenuation:  A measure of the loss of energy and subsequent loss of amplitude as geophysical 
energy travels through a medium. 

AWD:  Accelerated Weight Drop seismic source.  A weight is hydraulically lifted against large 
rubber bands and then released. 

Base Grid:  A set of equally or irregularly spaced locations referenced to either a relative or 
absolute position on the ground and used for the spatial control of a geophysical survey. 

BIN File:  A compressed file containing raw data unique to the requirements of the operator of the 
G-858 magnetometer.  This data is not user readable. 

BLN File: A grid (.GRD) file containing a special blanking value that is assigned to appropriate 
grid nodes and that provide a way to erase contour lines from a portion of a contour map (.SRF). 

Bound Charges:  Charges that cannot move freely to transmit a current but carry currents by 
polarization of the bound ionic materials. 

Body Waves:  Seismic waves that travel through the body of a medium. 

CDP:  Common-depth-point.  Area where the same portion of the subsurface is involved in 
producing reflections at different offset distances on several profiles.  Same as CMP if the 
subsurface is horizontally stratified. 

CDP Fold:  CDP multiplicity or the amount of horizontal summing within a CDP stack. 

CDP Gather:  Seismic data grouped, or sorted, into the same reflecting point after correction for 
NMO and statics. 

CDP Stack:  Horizontal summing of CDP gathers. 

CMP:  Common-mid-point.  Area where the same portion of the subsurface is involved in 
producing reflections at different offset distances on several profiles.  Same as CDP if the 
subsurface is horizontally stratified. 
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Compressional-Wave:  A type of body wave wherein with its passage the medium changes 
volume but not shape in response to compression and torsional stresses. 

Conductivity:  A measure of how easily a medium will transmit a current.  Conductivity is directly 
proportional to the out-of-phase, or quadrature, component measured by a Geonics, Ltd., 
EM31DL terrain conductivity meter (EM31). 

COR File:  A SSF format type data file that has been differentially corrected. 

CSAMT/MT:  Controlled source audiomagnetotellurics/magnetotelluric 

CSAMT/MT Scalar Measurements:  Only one component pair (Ex/Hy or Ey/Hx) is measured. 

CSAMT/MT Tensor Measurements:  All four components paired as Ex/Hy and Ey/Hx are 
measured.

Cultural Interference:  Interference observed in a geophysical data set that is caused by manmade 
objects such as metallic fences, signs, buildings, vehicles, power lines, pipes, and 
telephone/electric cables. 

DAT File: A data file containing the sample location coordinates (x,y) and the geophysical 
measurement (z). 

Dielectric Constant:  A measure of how easily a medium polarizes to accommodate the 
electromagnetic field of a wave propagating through the medium itself. 

DXF File:  AutoCAD-compatible drawing exchange format files that contain information 
describing graphical objects, such as areas, curves, points, and text. 

Electromagnetic (EM) Methods:  Methods using electromagnetic waves or fields as a source.  
Both electromagnetic induction and ground-penetrating radar (GPR) methods belong in this 
category.

Ex:  CSAMT/MT electric field dipole oriented in the ‘X’ direction. 

Ey:  CSAMT/MT electric field dipole oriented in the ‘Y’ direction. 

First break:  First arrivals of seismic energy, at a receiver, as presented on a seismogram. 

Field Magnetometer Base Station:  A fixed location, free of surface or buried metallic objects and 
debris, where the field magnetometer is set up and a number of measurements are recorded to 
track the diurnal variation in the earth’s magnetic field strength. 

Fiducial:  An electronic marker placed into the digital data by the operator while the data is being 
collected.  This electronic marker is used to identify the location within the digital data of a 
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particular site feature.  Site features marked are distance (position) indicators or surface 
irregularities.

FX Filtering:  Multichannel noise-reduction filter. 

G31 File:  A data file that contains in-phase (magnetic susceptibility) and out-of-phase 
(quadrature) conductivity responses from the EM31. 

G61 File:  A data file that contains coil responses from the EM61. 

Geophone:  Device used to transform seismic energy into an electrical voltage. 

Geophone Spread:  Layout of geophones from which data from a single source point are recorded 
simultaneously. 

Geophysical Anomaly:  A change in a measured geophysical quantity or field (e.g., magnetic field, 
conductivity, resistivity, gravity) over background values; a measured change caused by different 
physical properties of the subsurface. 

GRD File:  A file containing a regular rectangular array of grid values that have been interpolated 
from an original irregularly spaced raw data file (.DAT). 

Ground-Penetrating Radar (GPR):  An electromagnetic method named after an instrument from 
which high-frequency EM waves transmitted into the subsurface by a transmitting antenna are 
reflected in the subsurface and are then received at a receiving antenna at the surface. 

Ground Roll:  Surface-wave energy that travels along or near the surface of the ground.  Usually 
characterized by relatively low velocity and low frequency but high amplitude. 

Huygens’ Principle:  Every point on an advancing wavefront can be regarded as a new source of 
waves. 

Hx:  CSAMT/MT magnetometer oriented in the ‘X’ direction. 

Hy:  CSAMT/MT magnetometer oriented in the ‘Y’ direction. 

In-Phase Component of the Electromagnetic Field:  The magnitude of the measured 
electromagnetic field in-phase with the primary (or transmitted) field of the EM31. 

Love Wave:  Seismic surface wave associated with layering where particle motion is 
perpendicular to the direction of wave propagation. 

LVL File:  Level files contain information about contour levels, contour line attributes; fill 
between contours, contour labels, colors, and hachures. 
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Magnetic Drift:  Diurnal variations in the value of the magnetic field caused by changes in 
ionospheric activity from daytime to nighttime. 

ms:  Millisecond.

Move out:  Difference in time of arrivals at variable source point to geophone distances along 
reflection paths. 

Multiples:  Observed repeated reflections that take place between a surface and a strong 
subsurface reflector or between two subsurface reflectors. 

NMO Correction:  Normal move out correction.  Move out correction applied to flatten 
hyperbolic move out of reflections on adjacent traces to a common two-way travel time. 

P-Wave:  Compressional-wave. 

POS File:  An ASCII format file that has GPS positional data that can be read by Geonics DAT 
programs. 

Precess:  Oscillations around the magnetic north pole that occurs after a proton-rich fluid is 
polarized by the application of a direct current to a coil surrounding the fluid.  Precession 
frequency is directly proportional to the magnitude of the earth's magnetic field. 

Primary Base Station:  A fixed location, free of surface and subsurface metallic objects and 
debris, where a magnetometer is set up to measure the total magnetic field at specified time 
intervals to monitor the diurnal variations of the magnetic field (drift) during acquisition of 
magnetic data.  The base station data are used to remove drift from the field data. 

Primary Base Station (Electromagnetic):  A fixed location, free of surface and subsurface metallic 
objects or debris, where the EM31 is set up daily and several measurements of conductivity and 
the in-phase components are made with the instrument on the ground.  These data are used to 
determine whether conductivity measurements are repeatable to within manufacturer's 
specifications throughout the investigation. 

Polarization:  Preferential alignment of bound charges with an electric field that results in a net 
positive charge at one end and a net negative charge at the opposite end of the polarized material. 

Pseudo-Random Code:  Timing code emitted by satellites operated by the U.S. Government for 
global positioning systems. 

Radial Geophone:  Geophone oriented horizontal and in-line with axis of geophone spread. 

Radial Source Point:  Source point struck horizontal and in-line with axis of geophone spread. 
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Rayleigh Wave:  A type of seismic wave propagated along a free surface.  The dominant wave 
involved in ground roll. 

Raypath:  Line denoting the direction of travel of a wave normal to the wavefront (in isotropic 
media). 

Rms:  Root mean squared. 

Seismic Pressure Point:  Areas within bedrock that are under more intense pressures from seismic 
sources. 

Seismograph:  A seismic data recording system. 

SH-Wave:  Horizontally polarized shear-wave.  Particle motion is perpendicular to the direction of 
wave propagation. 

Shear-Wave:  A type of body wave wherein with its passage the medium changes shape but not 
volume. 

Signal Enhancement:  Vertical stacking by repeated source impacts at the same point into the 
same set of geophones. 

Skin Depth:  Depth at which the amplitude of a plane wave has been attenuated to 1/e or 37%. 

SSF File:  A data file that is in a proprietary Trimble Standard Storage File (SSF) format.  The 
data file consists of GPS data and features with their attributes. 

Statics:  Corrections applied to seismic data to eliminate the effects of variations in elevation, 
weathering velocity, and thickness. 

Surface Waves:  Seismic waves that travel along or near the ground surface. 

SV-Wave:  Vertically polarized shear-wave.  Particle motion is in the vertical plane that also 
contains the direction of wave propagation. 

TE:  Transverse electric CSAMT/MT mode measurements with the ‘X’ electric field dipole (Ex) 
and ‘X’ magnetometer (Hx) oriented parallel to geologic strike. 

Tesla:  The international system unit of magnetic flux density, equal to 1 weber per square meter, 
symbolized T. 

TM:  Transverse magnetic CSAMT/MT mode measurements with the ‘X’ electric field dipole 
(Ex) and ‘X’ magnetometer (Hx) oriented perpendicular to geologic strike. 
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Total Magnetic Field:  The intensity of the earth's magnetic field at a specific location measured 
from a certain height above the surface. 

Traverse: Geophysical measurements collected along a reasonably straight line. 

Transverse Geophone:  Geophone oriented horizontal and perpendicular to axis of geophone 
spread. 

Transverse Source Point:  Source point struck horizontal and perpendicular to axis of geophone 
spread. 

Two-Way Travel Time:  Approximate time it takes seismic energy to travel from a point on the 
surface to a reflector and back to the same point on the surface. 

Vertical Geophone:  Geophone oriented vertical. 

Vertical Magnetic Gradient:  The difference between the total magnetic field measured at a sensor 
a certain elevation above the surface and the field measured at a second sensor a fixed distance 
below the first sensor (generally 1.0 meter); vertical magnetic gradient is indicative of the rate of 
change in the value of the total magnetic field. 

Vertical Source Point:  Source point struck vertically. 

Wavefronts:  Surface over which the phase of a traveling wave disturbance is the same. 
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EXECUTIVE SUMMARY 

This report presents the results of the geophysical investigations conducted by Science Applications 
International Corporation (SAIC) for the Buffalo District of the U.S. Army Corps of Engineers 
(USACE) from May 15 to November 15, 2001 at the Niagara Falls Storage Site (NFSS) near the 
Town of Lewiston, New York.  The geophysical activities were conducted as a part of a Remedial 
Investigation/Feasibility Study (RI/FS) currently underway at the NFSS.  The RI/FS is being 
conducted so that the requirements in the Comprehensive Environmental Response, Compensation, 
and Liability Act (CERCLA) are met.   

The objectives for the geophysical investigations were identified in the April 19, 2001 Work Plan for 
Waste Containment Structure Characterization and Continued RI Activities:  Gamma Walkover 
Survey and Geophysical Survey.  Additional activities were undertaken on the adjacent “Vicinity 
Property-G” in accordance with the objectives described in the October, 2001 work plan entitled 
“Addendum-1 to the Work Plan for Waste Containment Structure Characterization and Continued RI 
Activities:  Gamma Walkover Survey and Geophysical Survey”.   

Several non-intrusive field investigation methods were used on all areas of the site including the 
Waste Containment Structure (WCS).  This investigation was completed in an effort to characterize 
the WCS, locate buried debris, utilities, geologic features such as fractures/faults, and sand and gravel 
channels that could allow contaminant migration.   

The geophysical work described in the following sections was broken into five discrete zones of 
investigation.  The Zones were established based upon the survey objectives established by the 
USACE and the geophysical methods and acquisition parameters necessary to meet those objectives.  
Geophysical Zones I and II consist of the restricted fenced area of the WCS, totaling 11.3 hectares (28 
acres).  Geophysical Zone III represents the non-WCS portion of the property and totals 66 hectares 
(163 acres).  Geophysical Zone IV is the area west of the WCS and contains the Niagara Mohawk 
Power Corporation property, totaling 12.1 hectares (30 acres). Vicinity Property G represents the final 
area of investigation and totals 3.8 hectares (9.3 acres).  The total area for geophysical evaluation was 
approximately 93 hectares (230 acres).   

Each geophysical zone was chosen based upon expected geophysical responses, principle survey 
objectives, and anticipated level of survey detail.  Geophysical methods conducted during the 
characterization investigation include: 

Method Zones I and II Zone III Zone IV Vicinity Property G
 CSMAT/MT x x  
 Seismic Reflection   x 
 Seismic Refraction x x 
 Seismic Shear-wave x 
 Electromagnetic 
  Frequency Domain x x x x 
  Time Domain x x 
 Magnetic x x   
 Electrical Imaging x x 
 Ground Penetrating Radar   x x 
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Discussion of theoretical background, method limitations, field procedures, data processing, and 
presentation and interpretation are discussed in detail by geophysical method within the report.  An 
integrated interpretation is included in Chapter 15 with a brief synopsis presented by geophysical 
zone.

Before beginning the geophysical surveys in each geophysical zone, a base grid was established 
utilizing a Trimble Pro-XRS global positioning system (GPS) and/or a 100-meter (328-foot) 
measuring tape.  These base grids were tied to the New York West state plane coordinate system, 
North American Datum (NAD) 83, with measurements in meters.  In most cases survey grids were 
established so that survey traverses were oriented north-south.  In a few cases, the brush clearing 
crews established traverses that were oriented east-west.

Synopsis:
SAIC did not interpret any anomalous zones within Geophysical Survey Zones I and II (WCS) that 
may be specifically attributed to a contaminant plume, sand and gravel channels, or inconsistencies 
with the clay cutoff wall.  General geologic framework (depth to bedrock from seismic data) was 
complementary, among the various geophysical techniques, and correlated with well logs and soil 
boring depths for bedrock. 

Several utility locations, areas of buried debris, and electrically conductive regions (relating to bulk 
conductivity of the subsurface materials) were identified from the near-surface data sets.  Prominent 
features of interest include the interpreted location of Buildings 410 and 411, an electrically 
conductive zone north of this location, which may be related to drums and steel tanks incorporated 
into the WCS in 1991, and the interpreted location of a buried bulldozer on the WCS.  

SAIC did not interpret any anomalous areas within Zone III that may be attributed to a contaminant 
plume, extensive sand and gravel channels, or sand lenses.  General geologic framework (depth to 
bedrock, seismic, electrical imaging, and magnetotelluric data) was complementary and correlated 
with well log and soil boring depths for bedrock.  Several utility locations, areas of buried debris, and 
electrically conductive regions (relating to bulk conductivity of the subsurface materials) were 
identified from the near-surface data sets.   

Prominent features of interest within Zone III include a multitude of structures located in the north 
central section of the survey area.  Because of the number of cultural features on the surface, field 
verification is required to separate anomalous zones from “clean” areas.  SAIC identified no abnormal 
overpressurized conditions within the bedrock, however, did identify a bedrock “sag” or low spot 
along the northern property boundary that has been interpreted to represent a historic erosional 
surface.

SAIC did not interpret any anomalous areas within Zone IV that may be attributed to a contaminant 
plume, extensive sand and gravel channels, or bedrock faults.  Two near-surface refracting layers are 
present:  1) interpreted water-saturated sediments at approximate depths of 3 to 6 meters (10 to 20 
feet), and 2) interpreted top of the bedrock Queenston Formation at around 50 feet (15 meters) deep. 
Near surface soil fractures, rocks, excavated areas and drainage pipes were interpreted from the 
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near-surface data.  No significant lateral discontinuities were interpreted to represent seismic pressure 
points. 

Geophysical surveys in Vicinity Property G did not identify any buried metallic waste that may have 
contained or was directly associated with the presumed animal carcass burial location, or any large 
buried metallic targets (drum caches) that may be interpreted to exist within the survey limits.  

Overall, 291 separate geophysical anomalies were identified within the area surveyed.  A number of 
these are interpreted as known suspected utilities, drainage systems, historic structures, or fences.  A 
number of isolated anomalies, while warranting verification, do not appear to be of significance.  
When anomalies within the WCS are removed from the total, 87 features of geophysical interest 
remain (Table 15-2). 
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1.0 INTRODUCTION
Under the Formerly Utilized Sites Remedial Action Program (FUSRAP), the United States 
Government has been given responsibility for remediating contaminants generated as a result of the 
Manhattan Engineer District/Atomic Energy Commission (MED/AEC) activities, at the Niagara Falls 
Storage Site (NFSS).  FUSRAP actions at the NFSS are being carried out under the direction of the 
U.S. Army Corps of Engineers (USACE) - Buffalo District. As part of the FUSRAP actions, a 
Remedial Investigation/Feasibility Study (RI/FS) is currently underway at the NFSS.  The RI/FS is 
being conducted so that the requirements in the Comprehensive Environmental Response, 
Compensation, and Liability Act (CERCLA) are met.

This report presents the results of the geophysical investigations conducted by Science Applications 
International Corporation (SAIC) for the Buffalo District of the USACE from May 15 to November 
15, 2001 at the NFSS near the Town of Lewiston, New York. 

The objectives for the geophysical investigations were identified in the April 19, 2001 Work Plan for 
Waste Containment Structure Characterization and Continued RI Activities:  Gamma Walkover 
Survey and Geophysical Survey (SOW).  Additional activities were undertaken on the adjacent 
“Vicinity Property-G” in accordance with the objectives described in the October, 2001 work plan 
entitled “Addendum-1 to the Work Plan for Waste Containment Structure Characterization and 
Continued RI Activities:  Gamma Walkover Survey and Geophysical Survey”.   

1.1   Report Organization
This report lays out historical and background information about the site in the early chapters.  The 
report has been prepared with chapters dedicated to individual geophysical methods.  Within each 
chapter, theoretical background, equipment, field procedures, data processing techniques and data 
collected are presented in detail. 

1.2   Purpose and Scope of Work
The activities discussed in this report document a geophysical characterization of the NFSS.  This was 
accomplished using non-intrusive field investigation methods on all areas of the site including the 
WCS.  This characterization was planned in an effort to locate buried debris, utilities, and geologic 
features such as fractures/faults that could allow contaminant migration.  The survey was 
accomplished using numerous non-intrusive field investigation methods with the capability of 
detecting anomalies in the 4-hectare (10-acre) waste containment area along with the surrounding 
property. The information obtained from this characterization will be used to support the RI/FS of the 
NFSS.

The geophysical work described in the following sections was broken into five discrete zones of 
investigation.  The Zones were established based upon the survey objectives established by the 
USACE and the geophysical methods and acquisition parameters necessary to meet those objectives.  
Geophysical Zones I and II consist of the restricted fenced area of the Waste Containment Structure 
(WCS).  Geophysical Zone I consists of approximately the southern one-third of the WCS including 

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



H:\JOBS\COMPONE\ArmyCOE\NiagaraFFs\Report\NFSSReportFinal1.7.doc                  Page 26 of 146 

the former building(s) plus a 61-meter (200-foot) buffer zone on the east and south sides of the WCS, 
and a 50-meter (165-foot) buffer zone to the west of the WCS. 

Geophysical Zone II consists of approximately the northern two-thirds of the WCS plus a 61-meter 
(200-foot) buffer on the north and east sides of the WCS and a 50-meter (165-foot) buffer to the west 
of the WCS.  The distance of 50 meters (165 feet) is the approximate distance from the base of the 
landfill to the western WCS perimeter fence.  Geophysical Zone III represents the non-WCS portion 
of the property.  Geophysical Zone IV is the area west of the WCS and contains the Niagara Mohawk 
high voltage power line.  Geophysical Zone IV surveys (seismic reflection, GPR, and frequency 
domain electromagnetic) sampled different portions of the 12-hectare (30-acre) area.  Each 
geophysical zone (Zone IV included) has been chosen based upon expected geophysical responses, 
principle survey objectives and anticipated level of survey detail.  Vicinity Property G represents the 
final area of investigation.   

ZONE IV  
       

ZONE I ZONE II 
   

NORTH => 

                                  ZONE III 
Vicinity 
Property

G

For reference purposes the size of each geophysical zone is as follows: 

Zone I – 4.9 hectares (12 acres) 
Zone II – 6.5 hectares (16 acres) 
Zone III – 66.0 hectares (163 acres) 
Zone IV – 12.1 hectares (30 acres) 
Vicinity Property G - 3.8 hectares (9 acres) 

The total acreage for geophysical evaluation was approximately 93 hectares (230 acres).   

During the geophysical investigation significant quantities of geophysical data were collected 
analyzed and processed.  Data collection can be summarized as follows: 
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Method

Linear 
Distance 
(line feet) 

Linear 
Distance 

(line meters) Stations or Traverses 
CSAMT/MT 5,140 1,567  
Seismic Reflection 2,865 873  
Seismic Refraction 5,280 1,609 22 Traverses, 528 stations 
Seismic Shear-wave 1,380 420 5 Traverses 
Frequency Domain 
Electromagnetic 

_ _  
171,909 measurements 

Time Domain Electromagnetic 14,975 4,564 16,561 measurements 
Magnetic - - 829,244 measurements 
Electrical Imaging - - 69 Traverses 
Ground Penetrating Radar 4,002 1,220 2 Concurrent Traverses 

A number of individuals were involved with the data collection, processing, and interpretation. 
Among the participants in alphabetical order are: 

1. S. Eichelberger  
2. G. Fields  
3. C. Fontana 
4. A. Govelovich  
5. J. Hasbrouck
6. J. Herman  
7. R. Hoover 
8. J. Lindaw 

10.  W. Saunders 
  11.  B. Stahl  
  12.  H. Steffe 
  13.  J. Warren 
  14.  B. Wappman 
  15.  P. Yesconis 

  9. L. Pastor 
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2.0 SITE HISTORY AND CONTAMINANTS
The NFSS is located at 1397 Pletcher Road in the Town of Lewiston, New York, 16.1 kilometers 
(10 miles) north of the City of Niagara Falls.  This 77-hectare (191-acre) site is situated on part of 
the former Lake Ontario Ordnance Works (LOOW).  Site features currently include three buildings 
and a 4-hectare (10-acre) engineered waste WCS.  Chemical Waste Management (CWM) Chemical 
Services (a Resource Conservation and Recovery Act [RCRA] landfill) bounds the site on the north, 
while Modern Landfill (a municipal landfill) adjoins the NFSS on the east.  Privately owned land 
lies to the west and south. 

In 1942, Mallinckrodt Chemical Works in St. Louis, Missouri, began extracting uranium from rich 
Belgian Congo ore received from African Metals Corporation of Belgium.  Extracted uranium was 
used to support the Manhattan Engineering District Project.  As a result of the extraction process, 
extremely high activity residues were generated containing significant amounts of radium-226 
(Ra-226) and thorium-230 (Th-230).  The residues were returned to the African Metals Corporation 
until April 1949, after which they were sent to LOOW for storage.  The residues were initially 
stored in drums and were classified based on the U3O8 content of the ores from which they were 
recovered.  Ultimately, the highest activity residues (K-65 residues) were placed in a large on-site 
silo in the northeast part of the site, later to be housed in the WCS with other pitchblende residues.  
The portion of LOOW on which this activity took place is now known as the Niagara Falls Storage 
Site.

The U.S. Department of Energy (DOE) had responsibility for the NFSS under the FUSRAP until 
1997.  At that time, the USACE was directed by Congress to assume responsibility for FUSRAP.  
The implementation of FUSRAP at the NFSS was assigned to the USACE-Buffalo District. 

An environmental monitoring program was initiated at the NFSS under FUSRAP in 1981.  Bechtel 
National, Inc. administered the environmental surveillance program until 1997.  A RI was initiated 
at the NFSS in March 1999 to characterize the site for radiological and chemical contaminants.  The 
fieldwork for Phase I of the two-phase RI was completed in January 2000.  Phase II of the RI began 
in the summer of 2000 and the results are currently pending. Although the USACE was awarded 
oversight of the NFSS by Congress, the site is currently under DOE ownership. 

2.1 Waste Disposal Activities
Beginning in 1944, NFSS was used as a storage facility for low-level radioactive residues and 
wastes.  The residues and wastes were the process by-products of uranium extraction from 
pitchblende (uranium ore).  The residues originated at other sites, but were transferred to NFSS for 
storage in buildings and onsite pits and surface piles.  From 1953 to 1959 and from 1965 to 1971, 
Building 401 was used as a boron-10 isotope separation plant.   

Since 1971, activities at NFSS have included only residue and waste storage and remediation.  In 
1986, a Record of Decision (ROD) developed by the DOE under the National Environmental 
Protection Act (NEPA), specified that long-term in-place management of the buried materials was 
the remedy of choice.  The ROD also specified that other management options would be considered 
if the chosen remedy did not conform to Environmental Protection Agency (EPA) guidance. 
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On-site and off-site areas with residual radioactivity exceeding then current DOE guidelines were 
remediated between 1955 and 1992.  Materials generated from remedial actions (approximately 
195,000 cubic meters) were encapsulated in the WCS, which is specifically designed to provide 
long-term storage of the material.  Former Building 411 is located within the WCS.  Building 411 
was used to receive material transported to the WCS in slurry form from other parts of this site.  In 
1988 and 1989, several isolated areas of residual radioactivity were excavated and placed in 
temporary storage.  In 1991, this material along with soil from a vicinity property contaminated with 
residual activity was consolidated on top of the WCS and capped. 

2.2 WCS Description
The WCS was completed in 1986 and measures approximately 297 meter long by 137 meter wide 
(975 feet long by 450 feet wide) and covers roughly 4 hectares (10 acres) (BNI., March 1987). The 
WCS contains approximately 191,139 cubic meters (250,000 cubic yards) of radiologically 
contaminated soils, which include about 10,933 cubic meters (14,300 cubic yards) of low-level, 
high-activity residues.  The waste was compacted and voids grouted to minimize settling.  The 
facility takes advantage of an existing underlying clay stratum, which forms the bottom layer of the 
WCS.  The sides consist of cutoff walls that are keyed into the underlying clay stratum and topped 
with clay dikes.  Compacted clay was utilized in the dikes and cutoff walls to achieve a low 
permeability.

The entire WCS was covered with an interim clay cap to minimize infiltration of rainwater, retard 
radon and gamma emissions, reduce erosion, and prevent the pollution of groundwater for a period 
of up to 25 years.  One meter (3 feet) of low-permeability, compacted clay were placed directly on 
top of the waste, followed by a 0.30-meter (1 foot) thick layer of loosely compacted soil, 0.15 
meters (0.5 foot) of topsoil and planted with shallow-rooted grass.  A 5 to 10% slope of surface soils 
reduces the residence time of precipitation water thereby decreasing infiltration.   

 In 1991, additional materials were incorporated into the WCS.  A waste cell was excavated in the 
cap taking care to maintain a minimum of one foot of undisturbed compacted clay over the existing 
waste.  Newly placed waste, including 64 drums containing residual radioactive material, four steel 
tanks, and 2,676 cubic meters (3,500 cubic yards) of contaminated soil, was then sealed with a new 
cap consisting of 0.9 meter (3 feet) of clay and 0.45 meter (1.5 feet) of topsoil. 

The WCS is currently surrounded by a 315-meter by 183-meter (1033-foot by 600-foot) steel 
chain-link security fence.  Performance monitoring and maintenance of the interim cap have been 
conducted since its installation.  No significant waste material settling, erosion, desiccation 
cracking, or unwanted plant growth has been observed.  

2.3 Constituents of Concern
Constituents of concern at NFSS include Th-230, Ra-226, and radon-222 (Rn-222).  Other 
constituents that occur on-site in lesser amounts include daughter products of the uranium series 
(U-238) and, to some extent, the actinium series (U-235). 
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Maxim Technologies, Inc. characterized the site for conventional chemical contaminants such as 
volatile organic compounds (VOCs), semi-volatile organic compounds (SVOCs), polychlorinated 
biphenyls (PCBs), metals, and pesticides.  In addition, environmental media were sampled for 
radiological contaminants.  Several organic, inorganic, and radiological contaminants of potential 
concern were identified in various environmental media, but the final report is currently pending 
and was not available for review. 
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3.0   GEOLOGIC AND HYDROLOGIC SETTING
3.1  Surface Soils and Fill
The surficial soil at the NFSS consists of a loose to medium dense brown to yellowish silt with 
organic matter usually present in the root zone.  Gravel and sands are generally dispersed randomly 
throughout this unit. Thickness of the surficial deposits varies from zero to 1.5 meters (0 to 5 feet), 
with an average range of 0.3 to 0.6 meters (1 to 2 feet).  The unit is described as fill where 
man-made materials (glass and bricks) or obvious signs of disturbance are found.  The depth and 
lateral extent of fill is currently not documented.  Many of these undocumented areas, however, will 
be investigated during the Phase II RI activities. 

3.2  Subsurface Unconsolidated Deposits
Unconsolidated deposits belong almost entirely to the late Pleistocene Series, and include glacial 
drift and associated glaciolacustrine deposits that cover most of Niagara County.  The glacial 
deposits consist of till, primarily from the late-Wisconsin glaciation, and stratified drift in the form 
of kames, eskers, and sheets of outwash sands and gravel.  The glaciolacustrine materials were 
deposited along the shorelines at the bottom of glacial and post-glacial lakes.  Four distinct 
unconsolidated units may be encountered at the NFSS.  In order of increasing depth, these include 
brown clay, gray clay, sand and gravel, and red silt (Acres American Incorporated, 1981 and BNI, 
1984). 

3.2.1 Brown Clay 
Beneath the surface soil horizon lies a glacial till unit consisting of brown or reddish-brown clay.  
The Brown Clay varies in thickness from 2 to 7 meters (6 to 23 feet) on average with a consistency 
of the clay ranging from medium soft to hard with plasticity increasing with depth.  Sandy gravel 
and gravelly sand and silt lenses are common within the basal portion of the unit.  Lateral extent and 
thickness of these lenses are highly variable.  The sediments in the lenses are usually moist to 
saturated and represent the upper (first) water-bearing zone beneath the site.  Occasionally, 
extensive deposits of sand and gravel 5.3 to 6.1 meters (17.5 to 20 feet) thick occur in this unit. 

3.2.2 Gray Clay 
This unit lies beneath the Brown Clay and is characterized by Gray Clay that occasionally grades 
upward to a silt-sand mixture.  Gravel is dispersed throughout the unit, as are lenses of fine to 
medium-grained sand.  The overall consistency of the Gray Clay unit ranges from soft to medium 
soft, with clay portions being slightly to highly plastic.  The clay is generally wet and sand lenses 
are wet to saturated.  Thickness of this unit varies from less than 1.5 to 9 meters (5 to 30 feet) on 
average and it is the thickest unconsolidated unit at the site. 

3.2.3 Sand and Gravel 
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The Sand and Gravel unit consists of clean sand to mixtures of sand, gravel, and silt.  The unit is 
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ground surface on average.  The sand, gravel, and silt deposits exhibit loose to medium relative 
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density.  These deposits are normally wet to saturated and represent the lower (second) 
unconsolidated water-bearing zone at the site. 

3.2.4 Red Silt 
Where present, the Red Silt occurs at a depth of approximately 11.2 to 14 meters (37 to 46 feet) 
below the ground surface.  This unit is also referred to as the Red Stony Till and consists of angular 
fragments of bedrock in a sandy silt matrix.  Gravel is dispersed throughout the unit, occasionally in 
significant quantity.  The unit is generally dry to moist, over-consolidated, and ranges from medium 
to very dense.  The Red Silt varies in thickness from 0 to 2.1 meters (0 to 7 feet) on average and is 
absent in some locations at the site.     

3.2.5 Bedrock 
The bedrock beneath the NFSS consists of brownish red shale, siltstone, and mudstone of the 
Queenston Formation.  This horizontal and thinly bedded unit is typically encountered 9.8 to 14.9 
meters (32 to 49 feet) below the ground surface.  Occasionally lenses of green siltstone and shale 
occur within this formation.  The Queenston is over 365 meters (1,200 feet) thick on average and is 
slightly to moderately weathered in the upper region (Acres American Incorporated, 1981 and BNI, 
1984).  Some fractures have been observed in the upper zone of the bedrock.  Calcite replacement 
and clays have been noted in some of the wider fractures.  Precambrian gneiss underlies the 
Queenston Formation.  The Queenston bedrock was deposited as the Queenston delta, a clastic 
wedge of sedimentary material placed during the Ordovician period, as a prograding delta, moving 
from east to west.  At a single location, Queenston delta shows an increase in grain size as the edge 
of the delta moves from east to west, and the depositional energy able to move larger grained 
particles gets closer to the location of evaluation.  This can be described as a coarsening upward of 
the particles within the formation.   

3.3  Hydrology

Three water-bearing zones have been identified underlying the NFSS.  The first is the upper 
water-bearing zone (Brown Clay unit), the lower water-bearing zone (Sand and Gravel unit) is 
second, and a bedrock water-bearing zone in the upper fractured portion of the Queenston 
Formation is the last.  None of these zones is considered a significant source of water due to low 
well yield and/or high level of mineralization.  The principal groundwater flow direction in all three 
of these water-bearing units is north-northwest toward Lake Ontario, which is a reflection of the 
gently dipping underlying bedrock strata. 

3.3.1 Upper Water – Bearing Zone 
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The upper water-bearing zone is a water table unit (i.e., unconfined) and is characterized by 
discontinuous silt, sand and gravel lenses that are contained within the Brown Clay.  Although not 
considered an aquifer, this zone has sand lenses capable of yielding a substantial flow rate for short 
periods.  Lenses in this zone vary abruptly in thickness and extent.  In addition, they may range 
from dry to saturated conditions and therefore the occurrence of groundwater in this zone varies 
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across the site.  Seasonal fluctuations in water levels of up to 3 meters (10 feet) have been 
encountered.

3.3.2 Lower Water – Bearing Zone 
The lower water-bearing zone in the unconsolidated deposits exhibits characteristics of a confined 
aquifer.  It is bounded by the overlying Gray Clay unit and by the underlying Red Silt unit (where 
present) or the bedrock.  Based on field tests and laboratory tests, the in-situ permeability ranges 
from 1.3 x 10-3 to 9 x 10-6 centimeters per second (cm/sec).   

3.3.3 Bedrock 
Groundwater movement within the bedrock is thought to be limited to the weathered, fractured, and 
calcified sections of the upper 3 to 5.9 meters (10 to 15 feet) of the Queenston Formation.  This 
water-bearing zone is generally more productive than those encountered in the unconsolidated 
deposits and is considered to be the most significant productive zone within the Queenston 
Formation.
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4.0 SITE PREPARATION
4.1 Site Staking and Clearing
Before beginning the geophysical surveys in each geophysical zone, a base grid was established by 
the geophysical field crew utilizing a Trimble Pro-XRS global positioning system (GPS) and/or a 
100-meter (328-foot) measuring tape.    The Pro-XRS GPS was used to locate major intervals across 
the survey area.  These base grids were tied to the New York West state plane coordinate system, 
North American Datum (NAD) 83, with measurements in meters.  The New York West state plane 
coordinate system is a transverse Mercator projection, with a central meridian Y-origin at 
40-degrees, 00-minutes, 00-seconds North, an X-origin at 78-degrees, 35-minutes, 00-seconds 
West.  This system uses a false Easting of 350,000 meters and no false northing.  Once these major 
intervals were marked, a 100-meter measuring tape was used to locate each individual traverse.  
These locations were marked with biodegradable surveyors paint, polyvinyl chloride (PVC) 
flagging, and/or wooden stakes. 

Additional grid lines were added with surveyor's paint/stakes as fiducial references.  In most cases 
survey grids were established so that survey traverses were oriented north-south.  In the wooded 
area of Zone III, geophysical surveys were conducted along traverses pre-established for the gamma 
walkover surveys.  In a few cases, the brush clearing crews established traverses that were oriented 
east-west.  A local coordinate system was then assigned to the sites and marked on the ground or on 
stakes.  This coordinate system was used in the labeling of survey lines and stations.  Obvious 
surface cultural features that could potentially affect the geophysical data (e.g., reinforced concrete 
pads, surface structures, surface metallic debris, fences, or overhead utilities) were mapped utilizing 
GPS in the field and accurately plotted on a map of each site. 

4.2 Global Positioning System Methods
4.2.1  Digital GPS Theoretical Background 
The GPS is a satellite-based positioning system operated by the U. S. Department of Defense 
(DOD).  The 24-hour operational Navigation Signal Timing and Ranging (NAVSTAR) satellites 
orbiting the earth every 12 hours provide worldwide, all-weather, 24-hour time and position 
information. 

GPS uses satellites in space as reference points for locations on earth.  By accurately measuring 
distance from three satellites, the GPS receiver (rover) can triangulate its position anywhere on 
earth.  By ranging from three satellites, an instrument can narrow its position to two points in space.  
To determine which point is correct, information from a fourth satellite is needed.  Therefore, a 
minimum of four satellites is needed to provide usable positioning information.  The more satellites 
that are available for distance measurements, the greater the accuracy of the GPS determination. 

The GPS unit determines the distance to a satellite by measuring the time that a radio signal takes to 
reach the rover from a particular satellite.  This distance is calculated through a simple mathematical 
equation, whereby: 

 Velocity x Time = Distance 
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Therefore, timing is extremely important.  Satellites maintain time through the use of synchronized 
internal atomic clocks.  Satellites in a complicated signal known as Pseudo-Random Code (PRC) 
emit the timing code.  PRC is a complex signal that looks like random electrical noise.  It is so 
complex that it is highly unlikely that a stray signal will have exactly the same shape. 

Since each satellite has its own unique PRC, this complexity guarantees that the receiver will not 
accidentally pick up another satellite's signal.  Therefore, all satellites can use the same frequency 
without jamming one another. It is assumed that all satellites and the receiver are generating the 
same PRCs at exactly the same time.  By comparing how late the satellite's PRC appears compared 
to the receiver’s code, the instrument can determine how long it took to reach the earth.  Multiplying 
the travel time by the speed of light provides the distance from the satellite. 

GPS was utilized to provide position data for all geophysical methods.  Areas that contained tree 
cover during the geophysical investigation were precluded from GPS data collection during the data 
collection.  In these instances, GPS was used to identify the coordinates of the traverse end-points, 
and the positions of the data were interpolated from these locations.  GPS was also used to map the 
locations of cultural features such as trenches, soil piles, utilities, roadways, and metallic objects.  
The GPS base map was utilized as an overlay on geophysical data contour maps to provide a 
cross-reference for anomalies related to surficial metallic interferences and to help with visual 
orientation.  This also assisted in relocating anomalous areas at a later time when the survey 
reference stakes may not be present. 

The GPS unit used for this investigation was a Trimble Pro-XRS manufactured by Trimble 
Navigation Limited of Sunnyvale, California.  Attachment A of the GPS geophysical procedure 
(GP007) can be found in Appendix A-1, which describes the use of the Pro-XRS GPS unit.  This 
unit has sub-meter accuracy and is frequently referred to as a digital GPS or differential global 
positioning system (DGPS) unit.   

4.2.2  GPS Field Procedures 
During the geophysical walkover surveys, data were integrated with GPS to provide accurate 
positioning information.  SAIC conducted several types of geophysical surveys at the facility.   Due 
to the nature of geophysical data acquisition, each survey had different GPS data acquisition 
requirements and processing techniques.  These integration techniques are described in more detail 
below.

Prior to each survey day, GPS information was collected at a designated base station during the 
geophysical static test.  These data were reviewed periodically to evaluate positional precision and 
accuracy.  During the surveys, position filters were set so that a minimum of 4 satellites was 
available and the satellite orbital geometry was such that sub meter positional accuracy was 
obtained.  SAIC utilized the satellite subscription based Omni STAR  differential correction 
service to correct any degradation of the GPS signal accuracy on a real-time basis.  In the case 
where GPS quality assurance (QA) parameters were not adequate, GPS data collection was 
discontinued until satellite geometric conditions improved. 
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Generally, where point locations where mapped, approximately 20 GPS readings were collected and 
averaged.  In the case where linear features mapped, GPS information was collected at 1-second 
intervals along the path that was traversed. 

4.2.3  GPS Data Processing 
GPS data were downloaded via computer using Trimble’s Pathfinder Office software in accordance 
with the manufacturer’s instructions.  Once the data were downloaded, a GPS track map was 
viewed for inconsistency or fliers.  In most cases the GPS position filters automatically removed 
erroneous data points.  In such cases where multipath errors were observed as a result of reflection 
of the GPS signal from nearby structures or trees, erroneous data points were removed manually and 
automatic interpolation was made between two good data points.  Once GPS information was 
verified to be true and accurate, GPS information was exported.  In the case where GPS information 
was used to create a site features map, information was exported as AutoCAD compatible *.DXF 
format.  In the case where GPS data were collected during geophysical walkovers or mapping of 
survey traverse endpoints, an American Standard Code for Information Interchange (ASCII) file 
was exported.  This information was then used during the geophysical data processing. 

4.2.4  GPS Data Presentation 
Separate presentation of the GPS data is not made in this report.  The GPS information has been 
integrated within the geophysical method data reduction and is presented therein.   
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5.0  FREQUENCY DOMAIN ELECTROMAGNETIC METHODS-EM31 
ELECTROMAGNETIC CONDUCTIVITY METER

Frequency domain electromagnetic terrain conductivity (EM) is an induction method of evaluating 
the electrical properties of the subsurface.  Induction methods require no intrusive activities and are 
conducted using appropriately sized high frequency transmitters and receivers.  Data can be 
collected nearly as quickly as the operator can walk along the ground surface; therefore, this 
technique is well suited to conduct regional and/or reconnaissance-type surveys to delineate areas 
warranting additional, more detailed investigation.  SAIC utilized an EM31 DL terrain conductivity 
meter (EM31) manufactured by Geonics, Ltd., of Mississauga, Ontario, Canada. 

5.1 Purpose of the EM31 Survey
The purpose of the EM31 survey in Zone I and II was to delineate any contaminant plume, buried 
drums and debris, delineate building foundations and rebar, identify potential voids and caverns, 
closed depressions, define general landfill characteristics and waste pile contents, examine the clay 
cutoff wall, and evaluate the presence of sand and gravel channels near the WCS.    

The purpose of the EM31 survey in Zone III was to delineate buried drums and debris, any 
contaminant plume, and locate pipes, utilities, and buried wells.  The EM31 survey was also used to 
establish an initial framework of lateral variations in subsurface stratigraphy including sand lenses 
and sand and gravel channels. 

EM31 data was also collected along a narrow portion of Zone IV (between the western boundary 
fence of the NFSS and the eastern drainage ditch on Niagara Mohawk Power Corporation property.  
Additional EM31 data was collected in Property G and is discussed in Section 14.   

All EM31 surveys were conducted along regular traverses across each site area as a means to 
establish a site baseline and identify anomalous conditions of interest, which could be further, 
investigated using other techniques.   

5.2 Frequency Domain Electromagnetic Theoretical Background
Like all electromagnetic methods, electrical conductivity (terrain conductivity) surveys utilize the 
principle that a magnetic field can be created by a changing electric field and that an electric field 
can be created by a changing magnetic field.  When this technique is utilized, passing an 
audio-frequency alternating current through a transmitting coil induces a time varying primary 
magnetic field.  If electrically conductive material is present, this primary field in turn induces 
"eddy" currents that flow in closed loops normal to the direction of the magnetic field.  The 
magnitude of these "eddy" current loops is directly proportional to the conductivity of the earth in 
that vicinity. 

The "eddy" currents in turn induce a secondary magnetic field of proportionate strength.  The phase 
of the secondary field may differ from that of the primary field, and the strength will typically be 
much less.  The resultant total magnetic field (primary and secondary) produces an output voltage 
within a receiving coil that has been placed a fixed distance away.  With constant coil spacing and 
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orientation, the primary field has constant intensity.  Thus, any variations in the total magnetic field 
are related only to the electrically conductive materials in the subsurface.  Terrain conductivity, 
measured in milliMhos per meter (mMhos/m), is the inverse of resistivity, which is normally 
measured in ohms per meter.  For this report we will use international units of milliSiemens (mS) 
for milliMhos. 

Two different parts of the electromagnetic field are measured.  The quadrature phase of the 
electromagnetic field is measured to determine conductivity.  In addition, the in-phase data are 
sometimes used to determine the existence of a very good subsurface conductor, such as metals.  
These data are normally presented in parts per thousand (ppt) of the primary field strength.   

The EM31 has a transmitter coil mounted at one end and a receiver coil at the other end of a 
3.7-meter (12-foot) long plastic boom.  An audio-frequency alternating current is applied to the 
transmitter coil, causing the coil to radiate an alternating primary EM field.  As described by 
Faraday's law of induction, the time-varying magnetic field generates eddy currents in electrically 
conductive subsurface materials.  These eddy currents have an associated secondary magnetic field 
with a strength and phase shift (relative to the primary field) that is dependent on the conductivity of 
the medium.  The receiver coil measures the resultant effect of both primary and secondary fields.  
By comparing the signal at the receiver to that at the transmitter, the instrument records the 
components of the secondary field in-phase (in-phase or magnetic susceptibility) and 90 degrees 
out-of-phase (quadrature or conductivity) with the primary field (McNeill, 1980). 

The EM31 generally must pass over or very near a buried metallic object in order for the object to 
be detected.  Both the out-of-phase and in-phase components exhibit a characteristic anomaly over 
near-surface metallic conductors.  This anomaly consists of a narrow zone, having strong negative 
amplitude centered over the target, and a broader lobe of weaker, positive amplitude on either side 
of the target.  While negative conductivities do not typically exist in nature, extremely high 
conductivities are presented as negative values with the EM31.  Commonly, only a positive 
response may be observed over deeper targets.  For long, linear conductors such as pipelines, the 
characteristic anomaly is as described when the axis of the coil (instrument boom) is at an angle to 
the conductor.  However, when the instrument boom is oriented parallel to the conductor, a positive 
amplitude anomaly is obtained. 

The vertical dipole orientation used at this site discriminates against the near surface, with the 
greatest sensitivity being 0.4 times the intercoil spacing in the subsurface (approximately 0.61 meter 
or 2 feet when worn at the hip).  Using the vertical dipole orientation, 70 percent of the secondary 
field strength originates from 1.5 times the intercoil spacing (5.4 meters or 18 feet) (McNeill, 1980). 

5.3  EM31 Limitations 
The terrain conductivity is dependent upon the nature of the soil (Keller and Frischknecht, 1966); 
subsurface porosity; moisture content; concentration or lack of concentration of dissolved 
electrolytes and colloids; and the presence of interferences such as electric lines, pipes, buildings, 
buried metal, and foundations.  Thus, the actual magnitude of conductivity values measured does 
not always indicate a specific geologic condition.  What are important are the trends and anomalies 

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



H:\JOBS\COMPONE\ArmyCOE\NiagaraFFs\Report\NFSSReportFinal1.7.doc                  Page 39 of 146 

in the measurements.  These lead to a qualitative interpretation of the data.  Toward this end, SAIC 
personnel are highly experienced in the interpretation and evaluation of electromagnetic data.  To be 
quantitatively meaningful, the survey results must be correlated with the results from confirmatory 
test borings, test pits, or other secondary evaluation techniques.   

Caution must be used with the EM31 interpretation on the WCS due to the size of features 
encountered and the varying height of the WCS surface.  On the EM31 the transmitter and receiver 
coils are a fixed distance apart; therefore the depth of investigation is fixed.  On the WCS, the 
increasing elevation toward the center means a change in the elevation being evaluated.  Therefore a 
flat-lying feature at depth that is sensed by the EM31 will have a decreasing response as the 
instrument is moved further away from it.  Interpretation of EM31 anomalies must consider 
elevation changes relative to anomaly variations.   

5.4 EM31 Field Procedures
The EM31 survey was conducted between May 16 and August 10, 2001.  Before any EM31 surveys 
were conducted, a primary EM base station was set up in an area unaffected by buried debris or 
cultural interference (e.g., fences, power lines, or any metallic objects relating to human activity).  
The base station was occupied with the instrument boom always in the same orientation and normal 
operating height, the in-phase component was set to zero, and the instrument phase was checked 
and adjusted as necessary.  After the instrument was calibrated, approximately 20 readings of data 
were recorded in an automatic 1-second sampling mode and stored in the data logger.  These data 
were documented daily on a Geonics, Ltd., Digital EM31 Function Check form to verify that the 
conductivity readings were repeatable from day to day within the manufacturer's specifications.   

After acquiring a section of field data, and before disassembling the EM31, 20 more readings of 
conductivity and in-phase component were taken at the same base station and stored.  These data 
were used to monitor instrument drift.  Base station data were stored in files with “___31B” core file 
name (“___” is the site/zone name abbreviation) followed by an optional sequential integer that 
started at”1” and a “.G31” file extension.  A typical base station file name was “___ 31B2.G31,” 
which represents the second base station file collected at this site. 

Before collecting field data, the data logger was programmed with the appropriate file name, line 
name, start station, station increment, line spacing, and operators' initials.  File-naming for EM31 
field data consisted of the core file name “___31F” (“___” is an abbreviation for the site/zone name) 
preceded by a one-digit sequential numeral starting with “1” (necessary only when multiple files 
were to be collected at a site), and a “.G31” file extension.  Adjustments were made to these settings 
as necessary throughout the survey. Conductivity and in-phase component field strength 
measurements were collected for this investigation. 

Two methods of positioning/integration were utilized for the collection of EM31 data.  In open 
areas where there was uninterrupted satellite coverage, EM31 data and GPS data were collected at 
1-second interval, concurrently.  This represented an inline data resolution of approximately 0.6 – 
0.9 meter (2.5 – 3 feet) while the geophysical instrument operator was walking a normal survey 

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



H:\JOBS\COMPONE\ArmyCOE\NiagaraFFs\Report\NFSSReportFinal1.7.doc                  Page 40 of 146 

pace.  These data were then integrated utilizing Geonics DAT31  software by auto-matching 
timestamps that are imbedded in each dataset. 

The second positioning/integration method was utilized in areas where tree canopy limited 
continuous use of GPS.  In these areas, inline positioning was maintained through the use of a 
hip-chain-string mechanism.  During the survey, biodegradable string is spooled out behind the 
instrument operator as a traverse is surveyed.  This string passes over a counter that reveals the 
current inline position.  This allowed the operator to make EM measurements at fixed distances (1.5 
meters [5 feet]) along the survey traverse.  At the conclusion of the survey, a GPS unit was used to 
survey the endpoints of each traverse, and fixed locations interpolated along the traverse.  These 
data were subsequently integrated with EM31 data using the Geonics DAT31  processing software 
and exported for contouring.  

Generally, EM31 data in Zones I and II were collected at a traverse spacing of 3 meters (10 feet).  
EM31 data in Zone III were collected at 5-meter (16.4-foot) traverse spacings.  A total of 
approximately 183 kilometers (114 linear miles) of data were collected for this investigation.  
Table 5-1 summarizes the EM31 data files. 

All EM31 data were stored in a digital data logger, and the field data files and corresponding base 
station files were downloaded to a laptop computer using the computer program DAT31 , written 
by Geonics, Ltd. 

Three files are automatically generated when downloading EM31 data from the data logger.  One 
has the “.G31” file extension mentioned above, and the other two files have the same filename, 
without the extension and an “H” or “D” prefixes denoting the header or a data file, respectively.  
The header files are used in older versions of the DAT31  program, while the “.G31” files are used 
with newer versions of the program. 

Downloaded raw data files, line numbers, and operator comments were recorded on the Data File 
Tracking Form and Field Activity Daily Logs (FADLs).  Also, any files that were edited due to 
possible errors made (e.g., incorrect line number, start station) were renamed and recorded on the 
EM31 Data Editing Form and FADLs.  Data files were backed up onto two sets of diskettes 
specifically designated for the EM31 data of each site; the sets were then stored separately. 

5.5 EM31 Data Processing 
This section details the processing of EM induction data acquired during this investigation, which 
was conducted in accordance with the geophysical procedures (Appendix A). Data processing 
typically included tracking files, editing data, plotting EM survey and EM base station data, 
compiling all data for the site, gridding the data, and generating contour maps.  Much of the 
preliminary data processing was conducted in the field office.  To minimize errors and provide an 
audit trail of the geophysical data processing, a series of data tracking and data processing forms 
were used.  Examples of the forms used for EM data processing is presented in the surface EM 
survey geophysical procedure (Appendix A-2).  Completed forms are retained in the project files. 
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The data processing was divided into two steps:  preprocessing and processing.  The preprocessing 
sequence includes data manipulations made, from downloading field instrumentation date to 
generating the input file for the contouring package.  The steps of the sequence are as follows: 

1. Completing the Data File Tracking Form, 
2. Reviewing base station files to monitor potential drift,   
3. Editing and screening field data files, 
4. Completing Geonics EM31 Data Editing Forms and correcting any geometry 

errors in field data files, 
5. Using the computer software program DAT31  to make slight shifts to the 

in-phase data, line by line, to compensate for the slightly different component 
zero settings in each of multiple data files at a site, and 

6. Merging and optionally sorting multiple .DAT data files, if present. 

The date of data acquisition, field data file names, and associated pre-survey and post-survey base 
station file names were recorded on Data File Tracking Forms.  Base station files were reviewed 
daily.  The conductivity value in each primary base station file and for each EM31 survey used 
during the investigation was documented on a Digital EM31 Function Check Form.  These values 
were reviewed to establish that the measurements were repeatable to within the manufacturer's 
specifications.   

The EM31 “.G31” field data files were reviewed.  During the review of the field data files, the file 
name, line number, and station range columns of the EM31 Data Editing Form were completed.  
After completing the first portion of this form, geometry errors and other errors identified in the 
FADL were also documented on the form and edited using Microsoft WordPad .  Additional data 
acquisition errors, consisting generally of incorrect line numbers or start stations, were occasionally 
discovered while completing the forms; these errors were also documented and corrected.  The 
corrected header file generally was assigned the same name as the field data file, with the addition 
of a “C” before the extension.  

The DAT31  software program by Geonics, Ltd., was subsequently used to generate .DAT files 
containing the coordinates of the measurement location (x,y) along with the corresponding 
conductivity and in-phase component measurements.  In the case where GPS data were collected 
concurrently with EM31 data, Geonics DAT31  software version 1.70 was used to merge EM31 
data files and GPS positioning files during the creation of the .DAT file.  This is accomplished by 
the user selecting a .G31 data file and the corresponding ASCII file (.POS) containing GPS 
information.  The DAT31  program relates GPS position to EM31 measurement by matching time 
stamps that are imbedded within both data sets.   

Geonics DAT31  software version 1.70 was also used to integrate data where EM31 data were 
collected in hip-chain string mode and GPS endpoints were mapped with GPS.  This was 
accomplished by exporting GPS data to an ASCII file (.POS).  The software provides a means to 
enter the start and end coordinates for each traverse.  Since data were collected at a fixed distance 
along the traverse, GPS coordinates are interpolated for all the EM31 readings and exported to an 
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ASCII file (*.DAT).  A complete description of GPS data processing can be found in Attachment D 
of the GPS geophysical procedure presented in Appendix A-1.

Microsoft Excel  was used edit the *.DAT to adjust (normalize) the background in-phase 
component to zero by applying a constant shift to the field data line by line when necessary.  This 
compensation was occasionally necessary because slight differences in the operator-controlled zero 
setting of the in-phase component tend to occur from file to file, and/or operator to operator, and/or 
position of the GPS unit which produces a small metallic response.  Correction factors were 
determined by reviewing base station files and baseline (interpreted background) data values in each 
data set.  All files were adjusted relative to a magnetic susceptibility (in-phase) background 
response of 0.7.  Once the correction factor was determined, a new column in the Excel spreadsheet 
was created to reflect the normalized corrected data.   Conductivity values were not adjusted during 
data preprocessing.  

Due to the large volume of data, each *.DAT file was preprocessed independently.  At the 
conclusion of data preprocessing, all *.DAT files were appended forming one large *.DAT file for 
the entire site. The normalized magnetic susceptibility data were used for the remainder of the data 
processing. Data files generated during these preprocessing steps were documented on the Geonics, 
Ltd., EM31 Data Editing Form. 

Georeferenced EM31 data were then processed using Golden Software’s Surfer  mapping and 
processing system.  Data were geostastically gridded (kriging) to provide a spatially accurate, 
visually appealing representation of the data.  An appropriate response scale was chosen for the data 
set that best illustrated variations in the subsurface materials. 

Cultural features such as the roadway, metal sheds, surface metal, and significant changes in 
topography that were mapped with GPS were incorporated into the Surfer contour plots to enhance 
data presentation and interpretation.

Files generated during the data processing sequence, including control files used to drive the various 
program modules, were documented on Surfer  Data Processing Forms. These forms, and all data 
preprocessing forms, are retained in the project files.  All files generated during the processing 
sequence were archived on an external storage device such as a PC Iomega zip disk. 

5.6 EM31 Data Presentation and Interpretation
The data coverage objective that was identified in the work plan has been achieved.  Apparent data 
gaps are generally due to the presence of surface water drainage ditches buildings, and other 
features that impeded the survey.  Generally, background conductivities ranged between 0 and 42 
mS/m.  Areas described as moderately conductive exhibit conductivities between 42 to 56 mS/m 
while areas described as highly conductive exhibit conductivities greater than 56 mS/m.  Negative 
conductivities do not typically exist in nature, however extremely high conductivities are presented 
as negative values with the EM31.  The reader should note that conductive in this context refers to 
electrically conductive, and is not related to the ability for potential contaminants to migrate through 
these areas.
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As previously mentioned, the magnetic susceptibility (in-phase) response is used to determine the 
presence of a very good subsurface conductor, such as metals.  Background magnetic susceptibility 
response is interpreted to range between –1 and 1.4 ppt.  Areas described as having moderate 
magnetic susceptibility response exhibit readings between 1.4 to 3.2 ppt.  Areas exhibiting a 
magnetic susceptibility response greater than 3.2 ppt are described as having a high magnetic 
susceptibility.  Extremely high magnetic susceptibility responses are presented as negative values 
with the EM31.   

5.6.1 EM31 Zone I, Zone II and Southwest Section of Zone III 
The EM31 data collection points for Zones I and II and the southwest section of Zone III are 
presented on Figure 5-1.  The EM31survey in Zone I, Zone II and the southwest section of Zone III 
can be interpreted to identify numerous anomalous features (Figure 5-2 and Figure 5-3).  These 
anomalous features are summarized on Table 5-2 with the most significant anomalies addressed 
within the text under their appropriate subsection.  Interpretations were based on shape and 
magnitude of EM31 anomalies with reference to current site conditions, historic aerial photographs, 
engineering drawings, and other historical reports.  The rectangular feature in the center of the map 
is coincident with the WCS Fence.  Anomaly P can be interpreted to represent former Building 411.  
In general, the elevated magnetic susceptibility response suggests that the building walls and floor 
may be reinforced.  It appears that this anomaly is divided into two regions.   The eastern half 
appears to be more electrically conductive and has a greater magnetic susceptibility response.  Two 
interpretations can be made based on the variations in apparent magnitude of this anomaly.  The 
first interpretation is that variations in apparent magnitude are attributed to elevation changes.  
Survey data in the east is at a lower elevation (closer to the building and its contents) due to the 
topography of the landfill cap than survey data to the western side of anomaly P.  The second 
interpretation is that the contents of the building are different whereby the eastern half has more 
metallic debris than the western half.  Overall, the magnetic susceptibility data suggests the walls of 
Building 411 are reinforced with metal and metal is present between the walls.   

Southwest of anomaly P is anomaly M.  Based on engineering drawings, anomaly M appears to be 
related to Buildings 410, 413, and 414.  The lines on the figures infer the approximate location of 
these buildings based on the magnetic susceptibility response.  This would suggest that the building 
walls and floors contain metal or the building contents are metallic in nature.  Magnetic 
susceptibility response is also observed outside the interpreted building footprints.  This suggests 
this area contains buried metallic debris. 

Anomaly K, which is outside of the WCS dike and cut-off wall, is interpreted to represent the 
former Building 409 basement.  Elevated magnetic susceptibility response is also observed outside 
the Building 409 footprint.  This area is highlighted as anomaly L and suggests that the material 
around these buildings is very conductive and represents metallic material. 

Anomaly O is a broad oval shaped anomaly west of Building 411 (Anomaly P).  This anomaly 
exhibits both elevated conductivity and magnetic susceptibility responses.  This suggests that 
metallic debris is buried in this area. 
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South and east of anomaly P, four separate linear anomalies can be identified (B, D, G, and Q).  
These features are all coincident with known or suspected facility utility lines. Similarly, traversing 
north to south along the eastern side of the mapped area, anomaly H is coincident with a mapped 
subsurface utility.  Linear Anomaly E in the extreme southeast corner of the map is also coincident 
with a suspected utility. 

 In the central part of the map, along the eastern edge (Figure 5-2 and Figure 5-3) anomalies R, S, 
and T are coincident with the decontamination pad, work trailer, and garage areas respectively.  
Further to the north isolated anomalies AC, AE, and AD exhibit an elevated conductivity response, 
with little or no in-phase response.  Anomaly H is also coincident with the access road to the WCS 
and supports the interpretation of the aforementioned utility. 

Anomalies AJ, AK, and AL at the north end of the WCS do not appear to contain significant metals, 
and are not coincident with readily observed cultural sources.  Anomaly AJ represents a significant 
anomalous feature.

In the north west corner of the WCS, a broad linear anomaly AI trends north to south starting from 
the corner of the WCS fence.  This anomaly is in the vicinity of an unpaved access road.  It also 
follows the general trend of a utility based on site drawings.   The nature of this anomaly cannot be 
confirmed, but the elevated conductivity and magnetic susceptibility response suggests buried 
metal.  

Along the western side of the WCS, a series of linear anomalies trending east to west are present 
(anomalies AG, AA, Y, N, J, and I).  Field observations indicate these are coincident with 
corrugated drainage pipes and drainage ditches along this side of the WCS.  

Within the WCS, along the eastern side, interpreted anomaly U indicates the presence of metals.  
This feature is outside -or- at the edge of the topographic feature that visually defines the WCS.  
Anomaly U appears to be just west of the N-S central drainage ditch.   

Just west of anomaly U, Anomaly X is a large rectangular shaped anomaly.  This feature is 
moderately conductive and exhibits a subtle magnetic susceptibility response.  This area was 
reported to be the location of buried drums and corresponds to the “R-10 spoil pile” presented in the 
engineering drawings.  The fact that the EM response is moderate would suggest that the drums 
might be buried near the detection limit of the EM31. The measured response is consistent in 
magnitude across this feature.  The WCS ground surface has minimal slope in this area, therefore 
depth of investigation limitations are not thought to be a significant factor with this anomaly.   Two 
isolated magnetic susceptibility targets are also observed within this area (Anomalies W and V).  
These anomalies may be a result of shallower metallic debris and may correspond to steel tanks 
from the dismantled Hittman water treatment system placed in the WCS during the 1991 waste 
consolidation activities. 

At the northwest corner of anomaly X, anomaly AB exhibits a very high conductivity and magnetic 
susceptibility response.  Due to the size, symmetry, and isolated nature of this anomaly, preliminary 
interpretation suggests this represents the bulldozer that is reportedly buried at the site.   
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5.6.2 EM31 Zone I and Zone II Conclusions 
Based on the results of the EM31 survey, several buildings have been identified within the Zone I 
and Zone II survey areas.  Anomaly P can be interpreted to represent former Building 411.  Based 
on the in-phase data, the exterior walls are reinforced or contain metal.  In-phase results also suggest 
that the floor is also reinforced or the contents in the building are metallic in nature.  The slightly 
lower in-phase response in the western half of the interpreted building footprint may be the results 
of less metallic fill material or a lesser sensitivity to subsurface material due to the topography of the 
landfill. 

Anomaly M appears to be related to Buildings 410, 413, and 414.  The anomaly limits on the figure 
infer the approximate location of these buildings based on the in-phase response.  Anomaly K is 
related to former Building 409.   In-phase results suggest that the walls and floors of these buildings 
are reinforced and/or the building contents are metallic.  Furthermore, in-phase data suggest that a 
considerable amount of metal is present outside the interpreted building footprints.  Anomaly O 
west of Building 411 (Anomaly P) also is related to subsurface metal.   

Anomaly X has been identified north of the former Building 411.  This area is believed to be related 
to the waste consolidation effort conducted in 1991, which included the placement of drums, steel 
tanks, and miscellaneous debris.  The fact that this anomalous area does not exhibit a very high 
in-phase response, suggest that the drums may be buried at a depth approaching the detection limits 
of the EM31 and/or related to metallic mass. 

Anomaly AB exhibits a very high conductivity and in-phase response.  Due to the size, symmetry, 
and isolated nature of this anomaly, preliminary interpretation suggests this represents the reported 
land filled bulldozer. 

Several linear features have also been identified trending across the site.  In cases where these 
features do not correspond to surficial cultural features, these anomalies are interpreted to be 
metallic utilities. 

Due to the wide variation of conductivity across the site and data resolution, suppressed 
conductivities characteristic of large air filled voids were not identified.   

No contamination plumes have been identified migrating away from the WCS.  SAIC 
acknowledges that distinguishing a conductive plume via electromagnetic methods alone, over this 
portion of the WCS, is challenging with the number of known cultural interferences.  Several areas 
of elevated conductivity appear to migrate away from the WCS fence.  However, these features are 
not continuous from the WCS.  Therefore, these features are interpreted to be related to more 
electrically conductive fill materials. 
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5.6.3 The EM31 Survey in the Northwest Section of Zone III 
The EM31 data-tracking map for the northwest section of Zone III is presented as Figure 5-4.
Figures 5-5 and 5-6 can be interpreted to identify numerous anomalous features. These anomalous 
features are summarized on Table 5-2.   Remarkable features include the perimeter fence that 
bounds the southwest, western, and northern sides of this mapped area.  Anomalies AR, AP, BD, 
and BK are linear.  Anomaly AR, AP, and BK trend east-west while anomaly BD trends 
north-south.  All these features exhibit subtle to moderate conductivity response when compared to 
the magnetic susceptibility that exhibits a very strong response.  These features are interpreted to be 
metallic utilities due to their proximity to utilities identified on engineering drawings.  

Anomaly AU is a very broad north-south trending conductivity anomaly.   This feature does not 
exhibit a positive magnetic susceptibility response suggesting it is not metallic in nature.  This 
feature is in close proximity to overhead, high voltage power lines that trend across the property.  
Preliminary interpretation suggests that this feature is a result of a former drainage ditch that has 
been filled. 

Several other anomalies have been identified that exhibit moderate to strong conductivity response 
while only slightly elevated magnetic susceptibility response is observed.  These anomalies include: 
AN, AX, AS, BE, BF, BG, and BJ.  No apparent cultural features appear to exist in this area that 
may cause these anomalous responses. 

Anomalies AT and AZ can be characterized by irregular magnetic susceptibility anomalies with a 
moderated conductivity response.  These areas can be characterized by inhomogeneous fill material 
with a fair amount of metal.  Additional isolated targets are identified within this mapped survey 
area.  More descriptive information is provided in Table 5-2.

5.6.4 The EM31 Survey in the Northcentral Section of Zone III 
The EM31 data-tracking map for the Northcentral section of Zone III is presented as Figure 5-7.
Figures 5-8 and 5-9 can be interpreted to identify numerous anomalous features. These anomalous 
features are summarized on Table 5-2.  Remarkable features include the perimeter fence that bounds 
the north side of this mapped area and a north-south section of fence that bisects the western quarter 
of the survey area (Anomaly BP).  Seven other linear features have been identified that are 
interpreted to be related to underground utilities.  These anomalies include:  BL, BN, BR, CC, CN, 
CS, and CQ.

Many support pedestals and concrete footers are still in-place.  Anomalies BW, BZ, CA, CO, CP, 
and CV are in close proximity to building footers or concrete pads that are present on historical 
engineering drawings.  These symmetrical anomalies all have strong conductivity and magnetic 
susceptibility responses suggesting these features have metal reinforcements. 

This area also has many areas that exhibit irregularly shaped conductivity and/or magnetic 
susceptibility anomalies.  These areas are interpreted to represent inhomogeneous backfill materials 
or remnant construction debris.  In cases where there is a strong magnetic susceptibility response, a 
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fair amount of metallic debris is anticipated.  Anomalies BQ, BU, BX, CD, CF, CG, and CJ are just 
a few examples. 

Anomaly BV exhibits a strong conductivity response but does not have a similar elevated magnetic 
susceptibility response.  This feature is also centered at an intersection of two utilities based on 
engineering drawings.  Likewise, anomaly BO exhibits elevated conductivity while no anomalous 
magnetic susceptibility response is observed.  Preliminary interpretation suggests that these 
anomalies may be a result of increased moisture and/or soil/fill material difference. 

Additional targets have been identified within this area.  Anomaly description and preliminary 
interpretations are provided in Table 5-2.

5.6.5 The EM31 Survey in the Northeast Section of Zone III
The EM31 data-tracking map for the northwest section of Zone III is presented as Figure 5-10.
Figures 5-11 and 5-12 can be interpreted to identify numerous anomalous features, which are 
summarized on Table 5-2.   Remarkable features include the perimeter fence that bounds the north 
and northeast sides of this mapped area.  Six distinct linear features have also have been identified 
and are interpreted to be a result of underground metallic utilities.  These features include the east- 
west trending anomalies DB, DG, and CW along with north-south trending anomalies DC, DH, and 
DL.  These anomalies are in close proximity to utilities identified on engineering drawings.  The 
one exception is anomaly DH.  This linear feature appears to connect between linear anomaly DB 
and rectangular anomaly DF.   This may be evidence of an unmapped utility or a fence line.  

A few anomalies have been identified that exhibit moderate conductivities, however, they do not 
exhibit an anomalous magnetic susceptibility response indicative of metal.  These anomalies are 
identified as DA, DE, DJ, and DO.  These anomalies are in close proximity to interpreted utilities 
and appear to decrease in field strength with distance from the interpreted utility.  The nature of 
these anomalies has not been confirmed, however, preliminary interpretation suggests they may be 
caused by increased moisture or soil/fill material difference.  

Anomaly DF has an east to west linear trend, but can be best characterized as being very irregular.  
This area does not exhibit anomalous conductivity; however, magnetic susceptibility response 
suggests that there is metal present.  Preliminary interpretation of this anomaly suggests that it may 
be a result of inhomogeneous backfill or remnant construction debris.  Additional anomaly 
description and preliminary interpretations are provided in Table 5-2.

5.6.6 The EM31 Survey in the Southeast Section of Zone III 
The EM31 data-tracking map for the southeast section of Zone III is presented as Figure 5-13.
Figures 5-14 and 5-15 can be interpreted to identify numerous anomalous features, which are 
summarized on Table 5-2.   Remarkable features include a fence that bisects the western quarter of 
the mapped area and Building 401 near the center of the mapped area.  The interpreted fence is 
labeled as anomaly FH while the interpreted Building 401 anomaly is labeled as Anomaly EC.  It is 
also important to recognize that the anomalous area extends beyond the general footprint of 
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Building 401.  This anomalous zone, labeled as anomaly ED, exhibits a strong conductivity 
response as well as a strong magnetic susceptibility response.  This feature may be a result of 
metallic objects stored on the surrounding paved area and/or related to historical site activities 
associated with Building 401.

Seven additional anomalies have been identified that correlate to building ruins identified on 
engineering drawings.  These include anomalies EK, EL, EM, EP, and EQ in the northwest corner 
of the mapped area as well as anomalies EV and EY in the northeast section.  Generally, these 
anomalies can be characterized as having a rectangular shape and exhibit both an elevated 
conductivity and magnetic susceptibility response. 

Six linear features that exhibit-elevated conductivity and magnetic susceptibility responses have 
been identified and are interpreted to be metallic utilities.  Four of the interpreted utilities trend east 
to west and are labeled as anomalies EI, EJ, FB, and FG.  Two of the interpreted utilities trend north 
to south and are labeled as anomalies EO and FC.   

Two additional linear anomalies have also been identified.  The first is labeled as anomaly ES and 
trends northwest to southeast.  Based on engineering drawings, it appears that this feature has its 
origin near a mapped building ruin and trends toward another building ruin in the vicinity of 
anomaly EV.  Since this anomaly has a characteristic response of other mapped utilities and its close 
proximity to building ruins, this feature is interpreted to be a buried metal utility. 

The second linear anomaly is located in the southeast corner of the mapped area and is labeled as 
anomaly DW.  The origin of this anomaly has not been identified.  This linear feature is 
characterized by an increased conductivity response with no magnetic susceptibility response.  This 
feature coincides with a drainage ditch and may be attributed to an increase in moisture content at 
this location. 

Three anomalous areas (Anomalies EE, EF, and EG) have been identified west of Building 401.  
Anomalous area EE exhibits very high conductivity and magnetic susceptibility responses.  Area EF 
exhibits a moderate conductivity and magnetic susceptibility response while area EG exhibits a 
moderate conductivity response and slightly elevated magnetic susceptibility response.  All three 
areas are in the vicinity of historical site activity based on historical aerial photographs.  Based on 
the magnitude of magnetic susceptibility response, it appears that the amount of metal present 
decreases to the north. 

Immediately south of Building 401 is anomaly EA.  This feature exhibits a high conductivity 
response and irregularly shaped magnetic susceptibility anomalies.  It appears that this area is 
inhomogeneous backfill material with varying amounts of metal. 

Further south of anomaly EA is anomalous area DS.  This area exhibits moderate to high 
conductivity, but exhibits virtually no anomalous magnetic susceptibility response. This would 
suggest that this anomaly is a result of electrically conductive, nonmetallic backfill material.  
However, within the southeast corner of this area is anomaly DR.  This feature exhibits a magnetic 
susceptibility anomaly indicative of metal.
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Several anomalies across the survey area exhibit irregular conductivity and magnetic susceptibility 
anomalous responses.  These anomalies include DU, DV, DX, DY, ET, and EU.  These features are 
indicative of inhomogeneous material with varying amounts of metal.  Anomalies EH, EN, ER, FF, 
FE, and FD exhibit strong conductivity and magnetic susceptibility responses.  The origin of these 
features has not yet been determined. 

Anomalies EW and EX are located in the northeast corner of the mapped area.  These anomalies 
exhibit high conductivity responses however lack a magnetic susceptibility response.  These 
features appear to be located adjacent to a utility and may represent increased moisture and/or 
soil/fill material difference. 

5.6.7 EM31 Zone III Conclusions 
Several linear features have been identified trending across Zone III.  In the case where these 
features do not correspond to surficial cultural features, these anomalies are interpreted to be 
metallic subsurface utilities.  In some cases, the location of these features are different than those 
identified on engineering drawings, however, they follow the same general trend. 

Many rectangular anomalies have also been identified.  In most cases, these features correlate to 
mapped building ruins.  These features are interpreted to be related to reinforced concrete pads and 
footers.  Typical of this anomaly type are BX, BZ, CE, CK, CL, CM, CO, and CP in the 
Northcentral section of Zone III.  Anomalies CG, CJ, and BS are related to aboveground storage 
tank pedestals and or similar above ground structures. 

Several areas of irregular in-phase anomalies with a moderate conductivity response have been 
identified throughout Zone III.  These areas can be characterized by inhomogeneous fill material 
with a fair amount of metal.  Most remarkable of these are anomalies AT, AZ, CC, DU, DX, and 
EA.

Several features have been identified in Zone III that exhibit a strong conductivity response but do 
not have a similar elevated in-phase response. These anomalies are identified as BO, BV, DA, DE, 
DJ, and DO.  These features are also centered at the intersections of utilities based on engineering 
drawings.  Preliminary interpretation suggests that these anomalies may be caused by increased 
moisture and/or soil/fill material differences.  

Due to the wide variation of conductivity across the site and data resolution, suppressed 
conductivities characteristic of sand and gravel channels and/or sand lenses were not identified.
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6.0 TIME DOMAIN ELECTROMAGNETIC METHODS - EM61 HIGH 
SENSITIVITY METAL DETECTOR

A time domain electromagnetic (EM) survey can be thought of as a high resolution, high sensitivity 
metal detector survey.  Due to the way the EM survey senses the subsurface, ferrous and nonferrous 
metallic material is detected.

As part of the focused magnetometer survey (Section 7.0), a limited scope high sensitivity metal 
detector survey was performed around the perimeter fence of the WCS using a high resolution 
EM61 metal detector (EM61) manufactured by Geonics, Ltd, of Mississauga, Ontario, Canada.  
Interference was anticipated with the magnetometer data because of the WCS perimeter chain link 
fence.  EM61 data were collected along traverses spaced at 1.5 and 3 meters (5 and 10 feet) away 
from both sides of the perimeter fence.  The fencing also interferes with the EM61 however the data 
shadow caused by the fence is less extensive in the EM61 data than it is in the magnetometer and 
EM31 data. The location of the data measurement locations is shown on Figure 6-1.

6.1 Purpose of the EM61 Survey
Adjacent to the chain-link fence around the WCS, interference with EM31 and magnetometer 
measurements occurs.  Therefore, a limited high-resolution metal detector survey was conducted in 
areas adjacent to the fences using a Geonics EM61 metal detector.  The fencing will also interfere 
with the EM61; however, the data shadow cast by the fence is smaller in the EM61 data set.  This 
will allow EM data to be evaluated nearer to the fence.  The purpose of the EM61 survey is to 
evaluate the presence of buried metal features that may represent buried trenches.  Figure 6-1 shows 
the data collection locations.  The inner two profile tracks correspond to data collection within 
Zones I and II, while the outer two profile tracks correspond to data collection within Zone III. 

6.2 Time Domain Electromagnetic Theoretical Background
The EM61 high sensitivity metal detector is able to discriminate between electrically conductive 
earth materials and highly conductive metallic targets such as underground storage tanks (USTs), 
drums, and buried metallic waste.  The EM61 system consists of a backpack, data logger, and a 
two-coil assembly that is towed on wheels behind the operator or carried around the operator using 
a harness.  The coils are connected to each other by an interconnecting cable and are also connected 
to the backpack.  The entire system is run from the data logger that is also attached to the backpack.  
System power comes from a 12-volt rechargeable battery attached to the backpack.   

The EM61 generates 150 EM pulses per second and measures during the off time between pulses.  
After each pulse, secondary EM fields are induced briefly in moderately conductive soils and for a 
longer time in metallic objects.  Between each pulse, the EM61 waits until the response from the 
electrically conductive earth dissipates and then measures the prolonged buried metal response.  By 
sensing only the buried metal response, the EM61 detects targets that might otherwise be missed 
using other geophysical methods.  Conventional inductive metal detectors are generally limited in 
depth of exploration due to design factors idealized for detecting small objects at shallow depths.  
The EM61 can distinguish near-surface metals from metal objects buried at depths by using two 
separate coils.  The design of the second coil is such that the near-surface response can be made 

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



H:\JOBS\COMPONE\ArmyCOE\NiagaraFFs\Report\NFSSReportFinal1.7.doc                  Page 51 of 146 

virtually zero, increasing the capability to detect deeper targets.  At anomalous locations, a zero (or 
negative) difference between the two coil responses can be interpreted to represent surface (or very-
near surface) features; positive differences can be interpreted to represent subsurface targets at 
greater depths than a few inches. 

6.3 EM61 Field Procedures
EM metal detector surveys were performed using the EM61.  The EM61 survey was conducted on 
May 22, 2001.  Before any EM61 surveys were conducted, a primary EM base station was set up in 
an area believed to be unaffected by buried debris or cultural interference (e.g., fences, power lines, 
or any metallic objects relating to human activity).  The base station was occupied with the 
instrument coils always in the same orientation and at normal operating height.  About 20 readings 
of data were recorded in an automatic 1-second sampling mode and stored in the data logger.  
Typically the data were collected using the cart, which kept the coils at a constant height above the 
ground surface.  These data were documented daily on a data file tracking form, and EM61 top and 
bottom coil responses were reviewed to verify that the conductivity readings were repeatable and 
within the manufacturer's specifications.

After acquiring a section of field data and before disassembling the EM61, 20 more readings of data 
measured at both coils were taken at the base station and stored. These data were used to monitor 
instrument drift.  Secondary base station files were stored in files with a “____61B” prefix (“___” is 
the site/zone name abbreviation), followed by an optional sequential integer that started at “1” and a 
“.G61” file extension.  A typical base station file name was “___61B2.G61,” which represents the 
second base station file collected at the site. 

Before collecting field data, the data logger was programmed with the appropriate file name, line 
name, start station, station increment, line spacing, and operator's initials.  Adjustments were made 
to these settings as necessary throughout the survey.  Electromagnetic field strength measurements 
were collected at 1-second intervals along the survey lines spaced 1.5 and 3 meters (5 and 10 feet) 
away from both sides of the perimeter fence.  Concurrently, GPS data were collected at 1-second 
intervals.

All EM61 data were stored in a digital data logger, and the field data files and corresponding base 
station files were downloaded to a laptop computer using the computer program DAT61 , written 
by Geonics, Ltd. 

File-naming for EM61 field data consisted of the core file name “___61F” (“___” is an abbreviation 
for the site/zone name) preceded by a one-digit sequential numeral starting with “1” (necessary only 
when multiple files were to be collected at a site), and a “.G61” file extension. 

Two files are automatically generated when downloading EM61 data from the data logger. The data 
file has the “.G61” file extension mentioned above, and a “mixed data” file has the same file name, 
without an extension.  The “mixed data” file is used in older versions of the DAT61  program, 
while the “.G61” files are used with newer versions of the program. 
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Downloaded raw data files, line numbers, and operator comments were recorded on the Data File 
Tracking Form and FADLs.  Also, any files that were edited due to possible errors made (e.g., 
incorrect line number, start station) were renamed and recorded on the EM61 Data Editing Form 
and FADLs.  Data files were backed up onto two sets of diskettes specifically designated for the 
EM61 data of each site; the sets were then stored separately. 

6.4 EM61 Data Processing 
This section details the processing of EM induction data acquired during this investigation, which 
was conducted in accordance with the geophysical procedures (Appendix A). Data processing 
typically included tracking files, editing data, plotting EM61 survey and EM61 base station data, 
compiling all data for the site, gridding the data, and generating contour maps.  Much of the 
preliminary data processing was conducted in the field office.  To minimize errors and provide an 
audit trail of the geophysical data processing, a series of data tracking and data processing forms 
were used.  Examples of the forms used for EM61 data processing is presented in the surface EM 
survey geophysical procedure (Appendix A-2).  Completed forms are retained in the project files. 

The data processing was divided into two steps:  preprocessing and processing.  The preprocessing 
sequence includes all data manipulations made, from downloading field instrumentation date to 
generating the input file for the contouring package.  These steps are as follows: 

1. Completing the Data File Tracking Form, 
2. Reviewing base station files to monitor potential drift,   
3. Editing and screening field data files, 
4. Completing Geonics EM61 Data Editing Forms and correcting any geometry 

errors in field data files, 
5. Using the computer software program DAT61  for each data file at the site, and 
6. Merging and optionally sorting multiple .DAT data files, if present. 

The date of data acquisition, field data file names, and associated pre-survey and post-survey base 
station file names were recorded on Data File Tracking Forms.  Base station files for the survey 
were reviewed.  The upper and lower coil values for the primary base station file were documented 
in a Digital EM61 Function Check Form.  These values were reviewed to establish that the readings 
were repeatable to within the manufacturer's specifications.   

The EM61 “.G61” field data files were reviewed.  During the review of the field data files, the file 
name, line number, and station range columns of the EM61 Data Editing Form were completed.  
After completing the first portion of this form, geometry and other errors identified in the FADL 
were also documented on the form and edited using Microsoft WordPad©.  Additional data 
acquisition errors, consisting generally of incorrect line numbers or start stations, were occasionally 
discovered while completing the forms; these errors were also documented and corrected.  The 
corrected header file generally was assigned the same name as the field data file, with the addition 
of a “C” before the extension.   
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The DAT61  Version 3.40 program was used to adjust the coil measurements within a file to a 
consistent level based upon the background measurements.  This was accomplished by applying a 
constant shift to the field data, line by line when necessary.  This compensation was occasionally 
necessary because slight differences in the operator-controlled zero setting of the coil measurements 
tend to occur from file to file, and/or operator to operator and/or, position of the GPS unit that 
produces a small metallic response.  Following editing of an EM61 header file, the .G61 file was 
recreated to reflect the corrections using the DAT61  software.  The corrected file name is 
recorded on the Geonics EM61 Data Editing Form.   

The DAT61  software program by Geonics, Ltd., was subsequently used to generate .DAT files 
containing the coordinates of the measurement location (x,y) along with the corresponding upper 
and lower coil measurements.  The DAT61  software Version 3.40 provides an option to merge 
EM61 data files and GPS positioning files during the creation of the .DAT file.  This is 
accomplished by the user selecting a .G61 data file and the corresponding ASCII file (.POS) 
containing GPS information.  The DAT61  program relates GPS position to EM61 measurements 
by matching time stamps that are imbedded within both data sets.  If multiple data files existed at a 
site, the .DAT file created was appended during each export forming a large site data file.  Data files 
generated during these preprocessing steps were documented on the Geonics EM61 Data Editing 
Form. A complete description of GPS data processing can be found in Attachment D of the GPS 
geophysical procedure included in Appendix A-1.

Data processing involved the generation of color-enhanced data contour maps using the Surfer©

mapping and processing system.  Data were geostatistically gridded (kriging) to provide a spatially 
accurate, visually appealing representation of the data.  Files generated during the data processing 
sequence, including control files used to drive the various program modules, were documented on 
Surfer© Data Processing Forms. These forms, and all preprocessing forms, are retained in the 
project files.  All files generated during the processing sequence were archived on an external 
storage device such as a PC Iomega zip disk. 

The DAT61  program can be used to calculate the depth (in centimeters [cm]) to an anomalous 
feature using the following equation: 

 Depth (cm) = 2229 + 7288R - 9636R2 + 2158.6R4 + 292.12R5 
where R is the ratio between the top and bottom coils.  The equation assumes that the largest 
dimension of the target is much smaller than (less than 20 to 30 cm) the coil size (1 meter x 1 meter) 
and/or the depth of the target.  For larger targets, the calculation will give depths that are larger than 
actual values. 

6.5 EM61 Data Presentation and Interpretation
6.5.1 EM61 Zones I, II, and III 
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top coil reading.  By subtracting the two coils the surface interference is removed and a depth 
estimate can be calculated with the data.  Because the top and bottom coils were set to 
approximately 5 and 2 millivolts, respectively, the differential response background for the Zone I, 
II, and III area is 3 millivolts.  The bottom coil data and the differential response data has been 
included with this status report, generally the top coil is not included because it is too sensitive to 
surface objects.  Since the perimeter fence is within the surface area the data will have a significant 
amount of interference.  Although the top coil data is not presented in this report, it is available for 
review. 

Figure 6-2 is the EM61 bottom coil data collected around the WCS perimeter fence.  The 
background bottom coil readings are approximately 2 to 5 millivolts.  The elongated areas of 
elevated readings are the result of the electromagnetic interference caused by the perimeter fence.  
Interpreted anomalies are shown on Figure 6-3, and summarized on Table 6-1.  Anomaly A is in the 
same location as Anomaly Q on the EM31 quadrature data and appears to be related to the possible 
utilities and buildings in the area.  Anomaly B is related to the drainage ditch.

The source for Anomaly C appears to be a corrugated metal drainage pipe; located between 
anomalies N and J in the EM31 data (see Figures 5-1 and 5-2).  Anomaly D appears to be related to 
the drainage ditch on the northeast side of the WCS. 

Anomaly E is an area of elevated bottom coil data, which most likely corresponds to a combination 
of an historic drainage ditch, a lack of data coverage, and the WCS boundary fence. 

Figure 6-3 is the EM61 differential response data calculated from the top and bottom coil data 
collected around the WCS perimeter fence.  The background differential response data are 
approximately 4 millivolts.  The anomalies identified in the bottom coil data (Figure 6-2) occur in 
the differential data as well.  The anomaly labeled A is located on the eastern side of the WCS on 
the outside of the perimeter fence.  The EM61 data indicates this anomaly is approximately 
1.2 meters (3.9 feet) below the ground surface.  Anomaly B, located at the drainage ditch, is 
approximately 0.76 meters (2.5 feet) below the ground surface.  Anomaly C appears in the 
differential data as a slightly elevated area, the calculated depth for this anomaly is 0.3 meters 
(1 foot). Anomaly D, located at the drainage ditch in the northeast section of the WCS, is 
approximately 0.54 meters (1.8 feet) below the ground surface.  Anomaly E is most likely the result 
of surface interference (the perimeter fence of the WCS) and the combination of an historic drainage 
ditch with sparse data. 

Anomalies A, C, D, and E are small anomalies, each less than one meter (3.2 feet) in diameter.  
Anomaly B is an area of moderately elevated readings in an elongated pattern. 

6.5.2 Supplemental Anomaly Investigation 
In May 2002, a supplemental EM61 survey, using a 1 meter x 0.5 meter coil system, was conducted 
to investigate a number of anomalies identified using other geophysical techniques and based on 
historical information.  The survey was conducted to refine the anomaly locations at seventeen sites 
and provide insight into subsurface conditions prior to intrusive investigation undertaken by Maxim.   
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Sixteen of the seventeen proposed trench locations were surveyed using the EM61 between May 7
and 8.  The proposed trench locations ranged between 11 and 47 meters in length.  One location 
(Trench 403) was submerged and contained significant amounts of sheet metal at the ground 
surface.  This location was not surveyed using the EM61 due to the interference from the sheet 
metal. 

Maxim provided coordinate endpoints for the proposed trench locations.  These coordinates were 
converted to NAD 83 New York West (meters) and uploaded into a global positioning system.  
Each trench endpoint was located using the GPS, and a wooden stake was placed into the ground.  
Each area was surveyed with the EM61 using a meandering path technique.  No formalized grid 
was established at each trench location.  Data collection positions were gathered using a GPS 
system and synchronized with the collected EM61 data.  Position and sensor data were collected at 
1-second intervals.  At two locations (Trench 302 and 304) the proposed locations were adjusted 
due to the previously identified geophysical anomaly location and access limitations.     

Each proposed trench location was surveyed with the EM61 as access permitted.  Some of the 
proposed trench locations were inaccessible to the EM61 sensor and operator.  In these instances, 
accessible areas surrounding the proposed trench location were surveyed to delineate linear features 
or nearby smaller targets, if any, that may be attributed to the prior geophysical anomaly.  

Table 6-2 lists the surveyed trenches by number designation (e.g., T202), endpoint coordinates, 
corresponding Figure number, and interpreted results from the EM61 survey.  Figures 6-4 through 
6-19 show the EM61 differential response (top sensor coil minus bottom sensor coil) and a plotted 
depth estimate for metallic materials in the subsurface at each survey location.  Depth calculations 
are in meters and approximate.  The accuracy of estimation depends on the relationship between the 
measurement location (the center of the sensor coils) and the center, size, and shape of the target.  
The depth (C) calculation, in meters, is a seventh order polynomial based on a theoretical dipolar 
response.

C (m) = -155.951+(795.099*K)-(1715.82*K2)+(2026.38*K3)-(1413.19*K4)+ 
                                                                                          (582.552*K5)-(131.581*K6)+(12.5886*K7) 
 
where K is the ratio between the top and bottom coils 

The calculation assumes that the target is much smaller (i.e., 20 to 30 cm) than the coil size (1 meter 
x 0.5 meter) and that K is greater than 0.811 and less than 2.329.  For larger targets, the calculation 
will provide depths greater than the actual measured depths.  Therefore, locations should be 
estimated based upon the contoured data.  Due to the unknown nature of the metallic response, 
depth estimates should be used with extreme caution during any confirmatory excavation. 

In general, waste and debris pile areas exhibited scattered discontinuous metallic responses 
consistent with waste burial.  Trench 406 (Figure 6-11) presented the only discernable large 
continuous subsurface metallic feature.  No apparent underground storage tanks are interpreted from 
the additional EM61 survey data. 
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Figure 6-20 shows the EM61 differential response over two anomaly locations (V and W, 
Figure 5-2 from the EM31 reconnaissance; P and Q, Figure 7-6 from the vertical-gradient magnetic 
survey [to be discussed in the following section]) at the WCS.  Historical information placed two 
abandoned wells in the general vicinity of these two anomalies.  SAIC personnel collected EM61 
data at these two sites during the same mobilization as the supplemental EM61 trench surveys.   

Figure 6-20 shows the 13 meter x 53 meter area surveyed using a meandering path technique as 
with the trench surveys.  Four prominent anomalies appear within the data plot and are not 
interpreted to be associated with a shallow subsurface target(s).  The anomalies are elongated (9 to 
10 m in length, 3 to 5 meter in width) and have amplitudes slightly elevated above background.  The 
two anomalies closest to W, labeled W1 and W2, (from Figure 5-2) are more circular than those to 
the north and south of V, (V1 and V2, respectively).  The broad nature of all four anomalous areas 
precludes, from SAICs interpretation, a shallow target such as a vertical wellhead.  The targets may 
be related to ferrous and non-ferrous metals that were incorporated into the landfilled material at a 
moderate depth of 1.5 to 2.4 meters (5 to 8 feet) below grade. 
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7.0 MAGNETIC METHODS OPTICALLY PUMPED CESIUM 
GRADIOMETER

A magnetometer survey measures natural variations in the earth’s magnetic field due to the presence 
of ferrous metals.  No transmitted signals are created by magnetic methods.  The cesium 
magnetometer used at this site provides greater sensitivity than the electromagnetic methods.  
Therefore, the magnetometer survey is able to sense ferrous metals at depths greater than 
electromagnetic methods.   

7.1 Purpose of the Magnetometer Survey
The purpose of the Zone I and Zone II focused magnetometer survey was to verify the EM31 
findings regarding ferrous metallic material, including buried drums, metallic debris defining the 
waste pile characteristics and rebar re-enforced building foundations 

In Zone III the focused magnetometer survey was used to verify the EM31 findings regarding 
ferrous metallic material, including buried drums, buried wells, utilities, and pipes.   

The magnetometer survey was conducted along traverses across the site as a means of 
complementing the EM31 survey.  The magnetometer was used to identify ferrous metal anomalies 
at depths beyond the capabilities of the EM31 as well as discriminate the origin of magnetic 
susceptibility EM31 anomalies.

7.2  Magnetometer Theoretical Background
Magnetic surveys are typically conducted to determine the location of buried metallic pipes, 
utilities, metallic debris, or other subsurface ferrous metallic objects.  The method has been used 
effectively to delineate old waste sites and landfill boundaries; to search for abandoned oil wells; 
and to locate buried drums, tanks, pipes, and metal scrap.  However, the magnetic method can only 
be effectively used in areas where there is little ferromagnetic material on the surface.  Response to 
such surface ferromagnetic material tends to obscure responses attributed to buried objects. The 
method is also useful for mapping faults, volcanic or mafic basement topography, and the spatial 
extent of basalt layers. 

Magnetic survey theory is based upon the detection of changes in the earth's magnetic field. 
Anomalies in the earth's magnetic field are caused by induced or remnant magnetism. Induced 
magnetic anomalies result from a secondary magnetic field that adds to the earth's magnetic field 
being induced in a ferromagnetic material (such as a pipeline, drum, tank, or well casing).  The 
magnitude of an induced field is proportional to the intensity of the earth's magnetic field and to the 
magnetic susceptibility of the material into which the secondary magnetic field is induced.

The earth's magnetic field originates in currents in the earth's liquid outer core.  The magnetic field 
varies in intensity from about 25,000 nanoTeslas (nT) near the equator, where it is parallel to the 
earth's surface, to about 70,000 nT near the poles, where it is perpendicular to the earth's surface.  In 
North America, the intensity of the earth's magnetic field varies from about 48,000 to 60,000 nT 
(Dobrin, 1976; Breiner, 1973). 
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The shape and amplitude of an induced magnetic anomaly over a ferromagnetic object depend upon 
the geometry, size, depth, and magnetic susceptibility of the object and upon the inclination of the 
earth's magnetic field within the area of study.  The vertical magnetic gradient is measured by 
simultaneously recording the magnetic field with two sensors at different heights, subtracting the 
upper sensor reading from the lower sensor reading, and dividing the result by the distance between 
the sensors.  The units of vertical magnetic gradient are nanoTeslas per meter (nT/m). 

Magnetic anomalies arising from buried metallic objects generally have dimensions much greater 
than the objects themselves.  As an extreme example, a magnetometer may begin to sense a buried 
oil well casing at a distance of more than 15.2 meters (50 feet).  In North America, induced 
magnetic anomalies over buried metallic objects generally exhibit an asymmetrical, south-up, 
north-down signature (Nettleton, 1971) with the maximum amplitude on the south side and the 
minimum amplitude on the north side of the buried material. 

The earth's magnetic field undergoes low-frequency diurnal variations generally referred to as 
magnetic drift.  The source of these variations is mainly in the ionosphere, and they are of a 
magnitude large enough to cause artificial trends in the field data.  A base station magnetometer is 
generally used to monitor the magnetic drift so that it can be removed from the field data.  Vertical 
magnetic gradient readings do not require correction for drift because the magnetic field is 
measured by two sensors, simultaneously, which cancels out the drift. 

7.2.1 Optically Pumped Cesium Gradiometer 
The magnetic instrument used during this investigation was an EG&G Geometrics G-858G 
optically pumped cesium gradiometer manufactured by EG&G Geometrics of Sunnyvale, 
California.  The gradiometer has two sensors that measure the vertical gradient of the magnetic field 
in nanoTeslas per meter (nT/m).   

The G-858G is a self-oscillating, split-beam cesium vapor magnetometer with dual sensors (the 
G-858 has a single sensor).  In the absence of a magnetic field, valence electrons of alkali-metal 
atoms such as cesium have two normal and two excited energy states.  In the presence of the earth's 
magnetic field, however, these energy states are split into pairs of normal low and high and of 
excited low and high-energy states. 

When atoms in the cesium vapor are illuminated with a beam of visible light, electrons in the 
normal high-energy state absorb light energy and move into the excited high-energy state.  As light 
is absorbed, electrons moving to the excited high-energy state vacate the normal high-energy states.  
The vacant states are then available for transition of electrons from other energy states.  This process 
is called optical pumping.  The amount of energy necessary to cause the normal low energy 
electrons to undergo a transition to the vacant normal high-energy state is proportional to the 
intensity of the magnetic field. 

The application of radio frequency (RF) energy to the normal low energy electrons causes the 
electrons to transition to the normal high-energy state.  The normal high-energy electrons can now 
absorb visible light and move to the excited high-energy state.  Thus, by applying RF energy and 
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noting the frequencies absorbed, the strength of the outside magnetic field can be determined.  The 
addition of a second cesium sensor in the vertical gradiometer mode allows measurement of the 
magnetic gradient, which allows enhanced definition and delineation of small magnetic anomalies 
without a need for diurnal drift correction. 

Optically pumped magnetometers benefit from continuous measurement of the earth's total 
magnetic field intensity, from high precision, and from sensor readings taken close to the ground 
where the response to small, near-surface objects such as buried ordnance is maximized. 

7.3  Magnetometer Field Procedures

7.3.1  Magnetic Base Station 
Magnetometer surveys were conducted at this site between May 22 and August 13, 2001.  Before 
conducting any vertical magnetic gradient surveys, a magnetic base station was established near 
each survey area at a fixed location believed to be free of metallic surface debris.  A magnetic static 
test was conducted at the beginning and end of each magnetic survey session.  A vertical G-858 
total field magnetometer was programmed to measure the intensity of the earth's magnetic field at 
30-second intervals for the duration of the magnetic survey.  These data, stored in the instrument's 
internal memory, provided a record of the natural diurnal variation, or drift, of the earth's magnetic 
field as well as of any unusual magnetic activity such as magnetic storms.  The operator was 
responsible for viewing the data readouts to verify data repeatability and to confirm that the 
instrument had functioned properly during the work shift. 

Base station data were stored in files with an abbreviation for the site name followed by the prefix 
“B” for base station and one digit representing the chronological order in which the base file was 
collected and a “.BIN” extension.  File tracking was managed through the use of a data file tracking 
form that identified the site, date, and pre- and post-survey files. 

7.3.2 G-858G Cesium Magnetic Gradiometer 
Measurements of total magnetic field were made with the G-858G at 0.1-second intervals as the 
operator walked down the survey lines.  The 0.1-second sampling interval resulted in an average 
station spacing of about 0.15 meters (0.5 feet ) along each traverse.  Traverse spacing was set at 5 
meters (16 feet) within the WCS, and 10 meters across the rest of the property. 

The G-858G cesium magnetometer data were stored in the programmable console unit, which was 
carried by the operator.  A file name and the continuous logging option were entered at the 
appropriate prompts in the program.  During data acquisition, total magnetic field data were 
displayed on the digital magnetometer console display at 0.1-second intervals.  The console control 
assembly with a thumb “MARK” and “ENDLINE” keys were used to start storage of data on a line, 
place spatial control marks in the file, end storage of data on a survey line, and update sequential 
line numbers.  The “MARK” key was used to begin storage of data as the operator walked over the 
starting station of the survey line.  In continuous acquisition mode, the Julian day, time, sequential 
station, and line number data are stored on each line in the data file.  The “MARK” key was 
depressed again at regular intervals along the survey lines.  Each time the “MARK” key was 
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depressed, the data were linearly interpolated to determine station values of the 0.1-second readings 
between the control marks in the field data files.  At the end of each survey line, the “ENDLINE” 
key was depressed, data storage was stopped, the line number was updated by three or five, and the 
sequential station number was reset to zero.  Data storage on a new line was initiated again by 
pressing the “MARK” key. 

At the completion of data collection, files were immediately downloaded to a field-PC utilizing 
MAGMAP96  software written by Geometrics.  The data were subsequently field checked to 
verify stability and completeness.  Data files were backed up on two sets of diskettes, which were 
then stored separately.  Field crew comments and field file names assigned to the data files during 
downloading were recorded on the Field Activity Daily Log (FADL) forms along with the line 
numbers and station ranges covered. 

The file-naming convention used for cesium magnetometer field data files consisted of the core 
“___MGB” (where “___” is the site/zone name abbreviation), followed by a one-digit sequential 
integer that started at “1” (necessary only if multiple data files were to be acquired at a site), and a 
“.BIN” file extension.  A typical field file name was “___MGB1.BIN,” which represents the first 
cesium magnetometer file collected at this site.   

7.4  Magnetometer Data Processing
This section details the processing of magnetic data acquired during this investigation, which was 
conducted in accordance with the geophysical procedure (Appendix A-3). Data processing typically 
included tracking files, editing data, plotting magnetic and EM base station data, compiling all data 
for the site, gridding the data, and generating contour maps.  The data files that were collected are 
summarized on Table 7-1.  Much of the preliminary data processing was conducted in the field 
office.  To minimize errors and provide an audit trail of the geophysical data processing, a series of 
data tracking and data processing forms were used.  Examples of the forms used for magnetic data 
processing is presented in the surface magnetic survey geophysical procedure (Appendix  A-3).
Completed forms are retained in the project files. 

Magnetic data processing was divided into two steps:  preprocessing and processing.  The 
preprocessing sequence includes all data manipulations made, from downloading the field 
instruments through generating the “.DAT” file (an ASCII file containing line and station number 
[x,y] in the first two columns and the measured quantities [z] in columns thereafter), for the 
contouring package.  Preprocessing steps for magnetic data include the following: 

1. Completing the Data File Tracking Form, 
2. Screening primary base station files, 
3. Screening field data files, 
4. Completing Magnetic Data Editing Forms and correcting any geometry errors in 

field data files, 
5. Reformatting corrected field data files into vertical magnetic gradient “.DAT” 

files, 
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6. Deleting erroneous measurements from “.DAT” data files and documenting 
deleted readings on the Magnetic Data Editing Forms, and 

7. Merging and optionally sorting any multiple “.DAT” data files. 

The Data File Tracking Form was used to record the date of data acquisition; field data file names, 
and associated pre- and post-survey field base station file names in a form more easily accessible 
than the FADLs.

All G-858G gradiometer field data files and field base station files were reviewed to ensure that the 
file name, line number, and station range columns of the Magnetic Data Editing Form were 
completed.  Obvious erroneous readings were also flagged during this review for later deletion 
following the guidelines described below.  Generally, vertical magnetic gradient readings outside 
the range of -1,500 to 1,500 nT/m were reviewed very carefully to determine if they were plausible.  
If a reading outside this range was part of a trend occurring over several stations, it was accepted.  
However, if readings were very erratic from station to station, then they were assumed to be 
erroneous and were deleted from the data file during a later phase of the preprocessing. 
Additionally, vertical-gradient readings of less than -9,999 and greater than 9,999 were considered 
to be erroneous and were removed from the data files before contouring.   

One other type of data error that occurred, only rarely, resulted from an erroneous reading from one 
sensor.  If the lower sensor reading was erroneous, the result was a vertical-gradient spike (a single 
station anomalous reading) with no corresponding total magnetic field response.  If the upper sensor 
reading were erroneous, the result would be total magnetic field and vertical magnetic gradient 
spikes, each with opposite signs.  If present, these spikes were also removed from the data files and 
documented. 

After reviewing the magnetic data, geometry errors and other errors were identified by the 
MAGMAP96  software.  Errors, consisting generally of incorrect line numbers or start stations, 
were occasionally discovered.  These errors were documented and corrected in the MAGMAP 
software.  The corrected field data file generally was assigned the same name as the original field 
data file, but with a “.STN” file extension. 

After reviewing and editing of gradiometer data to a “.DAT” file of magnetic data, the resulting file 
was a free format ASCII file with six columns including the Julian day, time in seconds, line 
number, station number, uncorrected total magnetic field, and vertical magnetic gradient.  This file 
was assigned the same name as the field magnetometer file but with a “.DAT” file extension and 
documented on the Magnetic Data Editing Form.   

Erroneous readings discussed above were deleted from the DAT files, and the files were renamed 
and documented on the form.  If multiple .DAT files existed at a site for the total magnetic field and 
vertical-gradient data, they were merged and sorted first by line number, then by station using the 
Surfer  computer software program, if necessary. 

Data processing involved the generation of color-enhanced contour maps of the data using the 
Surfer  mapping and processing system.  Data processing steps included the following: 
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1. Gridding the data (.GRD file) using down- and cross-line Akima splines and a 
grid cell size generally equal to one or one-half of the station spacing, 

2. Creating a blanking file (.BLN) to mask the grid data outside the actual data 
limits when necessary, 

3. Generating a color zone file (.LVL) specifying the colors of different contour 
intervals,

4. Generating a plot file containing the plotted survey stations or lines, 
5. Contouring the data with a specified contour interval(s), 
6. Generating a plot file containing the color scale bar, north arrow, scale bar, etc., 
7. Merging all plot files, and 
8. Plotting the color-enhanced contour maps. 

All files generated during the data processing sequence, including control files used to drive the 
various program modules, were documented on Surfer  Data Processing Forms.  These forms are 
retained in the project files.   

7.5 Magnetometer Data Presentation and Interpretation
The magnetic vertical-gradient data is presented in five separate maps in a fashion that is consistent 
with the EM mapping introduced in Chapter 5.  The magnetic vertical-gradient is used to accentuate 
the lateral extent of features identified as present.  The magnetic vertical-gradient decays at the rate 
of r-4 (with r being the distance from the sensor to the metal feature) while the total magnetic field 
decays at the rate of r-3.  Therefore, the vertical gradient provides a greater lateral resolution for 
three-dimensional objects.   

The location of magnetic measurements is shown on Figures 7-1 (Southwest), 7-2 (Northwest), 7-3
(Northcentral), 7-4 (Northeast), and 7-5 (Southeast).  Data coverage is good across the area of 
interest.  Apparent data gaps are generally due to the presence of surface water drainage ditches, 
buildings, and other features that inhibited passage.  The positioning data is erratic on the southeast 
map, generally biased by the tree cover interfering with the GPS signal.  The irregularity of the 
positioning has had a very limited effect on the data due to the significant size of the vertical 
magnetic vertical-gradient anomalies identified in this area.  In addition, sporadic data are presented 
within Building 401 due to GPS signal scattering associated with the building.  Adequate data were 
collected outside the building to make this data loss inconsequential.  This problem was not 
identified until after the magnetic files were combined, and the size of the consolidated magnetic 
data file has precluded removal of these data points.  

7.5.1 Zones I and II and Southwest Section of Zone III 
The magnetometer survey in Zones I and II (Figure 7-6) can be interpreted to identify numerous 
anomalous features. The interpretation presented in the following sections provides an interpretation 
of “significant” features.  The anomalies interpreted to be present fall into the general categories of 
linear (pipeline or fence like features), rectangular (abrupt edges and a generally rectangular shape 
such as a former building footer or underground storage tank), spatial (no “squared” corners or not 
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abrupt, possibly discontinuous foundations or landfilled material) and isolated anomalies (such as 
manhole covers, wells and other features of metallic origin, but of limited size.   These anomalous 
features are summarized on Table 7-2.  The rectangular feature in the center of Figure 7-6 is 
coincident with the WCS Fence.  Anomaly A can be interpreted to represent former Building 411.  
The variations in apparent magnitude are attributed to elevation changes.  Survey data in the east 
side of anomaly A are at a lower elevation due to the landfill cap than survey data to the western 
side of anomaly A.  Overall, the magnetic data indicate the walls of Building 411 are reinforced 
with ferrous metal, and ferrous metal is present between the walls.  The building appears to have a 
dimension of 52 meters (171 feet) in the east/west direction, and 61 meters (200 feet) north to south.  
These dimensions are consistent with the identified size of Building 411.  Adjacent to anomaly A to 
the southwest is anomaly C.  This feature may be interpreted to represent the recarbonization pit 
associated with former Building 411.   

South of anomaly A, rectangular anomaly G is at the approximate location of former Building 410.  
Further to the south (beyond the WCS berm), rectangular anomaly D can be interpreted to represent 
remnants of Building 409, i.e., basement walls left in place.  Both these buildings can be interpreted 
to contain reinforced concrete materials.  In the area around each of these features elevated magnetic 
vertical-gradient measurements are present.  This may be interpreted to represent ferrous debris 
burial in this area.   

Anomaly R is located west of anomaly A.  This feature is located in the general vicinity of former 
Buildings 413 and 414.  The footprints of these buildings are not consistent with the shape of these 
anomalies, which may represent a collection of ferrous metal materials.  Historical information 
indicates that this was the disposal area for miscellaneous piping the 1984-1986 remedial activities. 

South and east of anomaly A, three separate linear anomalies can be identified (E, F, and M).  These 
features are all coincident with known or suspected underground utility lines.  Similarly, traversing 
north to south along the eastern side of the mapped area, anomaly J is coincident with a mapped 
subsurface utility.  Anomaly U in the extreme southeast corner of the map is coincident with a road 
indicating ferrous material is present in the roadway and may be related to a utility.  Isolated smaller 
magnetic anomaly features are shown on the map as anomalies AH and AI.   

In the central part of the map along the eastern edge, anomalies K, L, and V are coincident with the 
garage, work trailer, and decontamination pad areas, respectively.  Further to the north, isolated 
anomalies AF and N are coincident with a mapped utility.  While there is no magnetic response 
from the utility (indicating it is deep or constructed with non-ferrous material), these isolated 
features, although not field verified, are interpreted to be coincident with manhole covers.   

An unnamed anomaly, at the northeast end of the WCS area, appears to contain significant ferrous 
metals, but is not coincident with readily observed cultural sources.  Upon evaluation of the data 
locations in this area, the width of the anomalous area, and the lack of a corresponding anomaly in 
the EM data set, SAIC interprets this feature to be a contouring artifact.  This “feature” was not 
identified until after the magnetic files were combined, and the size of the consolidated magnetic 
data file has precluded removal of these data points.   Anomalies AA and T, both located north of 
the WCS, are associated with no visible cultural features.  Anomaly T may be related to a former 
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drainage ditch.  Anomaly H is coincident with the access road to the WCS and supports the 
interpretation of a utility. 

Along the western side of the WCS, a series of linear anomalies trending east to west are interpreted 
(anomalies W, X, Y, and Z).  Field observations indicate these are coincident with corrugated 
drainage pipes along this side of the WCS.  In the south, anomaly S has a similar character, however 
no corrugated drainage pipe was observed.   

Within the WCS fence, along the western side, interpreted anomaly O indicates the presence of 
ferrous metals.  These features are outside or at the edge of the topographic feature that visually 
defines the WCS.  Just southeast, anomaly B is a large magnetic dipole.  Due to the size and isolated 
nature of this anomaly, preliminary interpretation suggests this could represent the landfilled 
bulldozer.  Applying Peters’ half slope rule-of-thumb (Figure 7-7 after Dobrin, 1976, p.544) this 
feature can be estimated to be approximately 7.6 meters (25 feet) below ground surface.   

7.5.2 Zone III 
The magnetic vertical-gradient data from Zone III, aside from the southwest portion, are presented 
on four additional maps (Figure 7-8 [Northwest], Figure 7-9 [Northcentral], Figure 7-10
[Northeast], and Figure 7-11 [Southeast]) to facilitate data review at a scale that can be easily 
examined.  The maps will be examined in a clockwise fashion, beginning just north of the WCS.   

The Northwest map contains a limited number of anomalies (Figure 7-8).  Linear anomaly AJ is 
interpreted to represent a utility.  Linear anomaly AP is interpreted to represent a drainage culvert, 
and linear anomaly AK, adjacent to anomaly AJ, is interpreted to be related to a former fence line or 
shallow utility.  Linear anomalies BA and BC are both in the vicinity of utilities identified on the 
available engineering drawings for the facility.  Near the west end of anomaly BC, rectangular 
anomaly AQ can be interpreted to represent a former building foundation.  Isolated monopolar and 
limited dipole anomalies are present in the eastern part of the map identified as anomalies AR, BB 
and AS.  In the western part of the map, rectangular anomalies AN and AO can be interpreted to 
represent former buildings.  Anomaly AM, while rectangular in shape, has dipole characteristics 
that are not present with other interpreted building features.  This anomaly may represent different 
construction materials or an entirely different feature.   

Anomaly AL, located near the northern property fence, represents an area of linear dipolar 
anomalous features.  Due to the shape and dipolar nature of this anomaly, it may represent a 
different feature than the rectangular features interpreted to represent former buildings.   

A number of isolated anomalies are present through the western portion of the mapped area.  These 
are generally monopolar features, which suggest scrap metal is present at numerous locations.  

The Northcentral map (Figure 7-9) is characterized by a large number of anomalous features.  
Linear feature BC in the northern part of the map is a continuation of a feature present on the 
northwestern map.  Feature BC is lost as a unique feature in the area of anomaly BI (discussed 
below), and is present again on the northeastern part of the map again identified as feature BC.  
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These features parallel an identified underground utility shown on the available engineering 
drawings, however the geophysical measurements do not indicate the feature is quite as straight as 
indicated on the engineering drawings.   

Linear feature BD, running north to south along the western part of the map is coincident with a 
fence.  Anomalous area BI straddles the fence, and represents an area of numerous small magnetic 
vertical-gradient features that are not easily separated into unique anomalies.  These features are 
generally small, indicating either small or shallow metallic features.  Two slightly larger anomalies 
within the BI area, which may be interpreted to represent former building areas, are anomalies BI-2 
and BI-3.

Just to the east of anomaly BI, anomaly BJ represents a group of larger anomalies.  The anomalous 
features within area BJ are much larger than the anomalies identified in the BI area.  The BJ 
anomalies are likely to be either larger or deeper than the BI anomalies.

Rectangular anomalies BP (north of BJ), BL, BM, BN (to the northeast of BJ), BK (to the east of 
BJ), and BH (to the south of BJ) all represent distinguishable features that can be interpreted to 
represent former building footers, culverts, or unknown ferrous targets.   

Anomalies BG (located at the southern map border), BE, BF, and BO all can be identified within a 
rectangular area, but may or may not represent former building areas.  These features all represent 
ferrous materials.  

Numerous other isolated anomalies are present on the vertical magnetic gradient Northcentral area 
map.  These features are generally isolated and monopolar.  Two anomalies (BX and BW in the 
south west portion of the map) are located on utilities identified on the existing engineering 
drawings, and may be interpreted to represent manhole covers.   

The Northeastern map (Figure 7-10) is similar to the northwestern map in that there are a limited 
number of anomalies observed. An east/west trending linear anomaly, CK, is a continuation of 
anomaly BC from the Northcentral map. This feature continues to the east, but with an offset, and is 
therefore identified as anomaly CJ.  Paralleling CK and CJ, but to the south is linear anomaly CG.  
This feature parallels a utility identified on existing engineering drawings, but continues to the east 
further than the existing drawings suggest.  Linear anomalies oriented north to south include CH 
and CI.  Anomaly CI parallels an identified utility on existing engineering drawings.  Anomaly CH 
has no obvious origins, although it was identified as a fence/unmapped utility in Section 5.6.5.  Due 
to the width of the anomaly, it can be interpreted as deeper than the utility identified as anomaly CI.   
Rectangular anomalies on this map include CN (in the southwest corner), CP and CQ (along the 
south central boundary), CT and CM (in the central part of the map), and CU (in the northeast 
corner).  Anomaly CM is adjacent to linear anomaly CG.  There are indications that a utility may be 
present between the two, however the data is not of adequate density to completely establish this 
relationship.

Numerous isolated anomalies are present on the Northeast vertical magnetic gradient map; however 
few possess unique features that allow interpretation as to their origin.   
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The Southeastern map (Figure 7-11) has three distinct areas of anomalies.  The southeastern part of 
the map (west of Building 401) is devoid of significant magnetic anomalies.  Isolated anomalies FK, 
FL, FN, and FM are present in this generally wooded area.  The north/south linear anomaly, 
identified as DR, represents a fence line that continues to the west, just north of Building 401.   

The second area is in the general vicinity of Building 401, identified as anomaly DL.  The main 
roadway is identified as anomaly DK, and appears wider than the road due to the presence of the 
fence.  Rectangular anomaly DN (at the southern map border) is coincident with a utility indicated 
on the existing engineering drawings.  This feature may represent the feature being serviced by the 
utility, or it may be interpreted as rectangular feature (possible culvert) due to the deeper depth of 
the utility feature.  Numerous isolated features are present in the vicinity of Building 401.  These are 
not identified as discrete anomalies due to the number of features, and the field observations of 
numerous concrete pieces in this area.  North of Building 401, the magnetic features are wider than 
in other areas, and longer in nature, as indicated by anomaly DQ.  Just north of the fence are 
anomalies DS and DT; these features are noteworthy due to their size and location.

Linear anomaly DU establishes the southern boundary of the northern section of Figure 7-11.
Anomaly DU parallels utilities shown on existing engineering drawings.  North of Anomaly DU, 
the magnetic features are larger, and similar to those presented on the Northcentral map (Figure 7-
9).  Linear anomaly FR is interpreted to represent a utility crossing the area.  The other anomalies 
represent the general appearance of foundation-like features.  Anomalies DW, FD, and DX (on the 
western side of the map) are coincident with the mapped locations of historical buildings and utility 
features.  Anomalies EB and FQ in the northcentral part of this map do not relate to any known 
historical features, but represent anomalous areas.   

7.6 Magnetometer Data Summary and Conclusions
The magnetometer survey was successful in identifying subsurface ferrous metallic anomalies.  
Over 175 anomalous features were identified as significant, although many other minor features are 
present in the data.  The anomalies interpreted to be present fall into the general categories of linear 
(pipeline or fence like features), rectangular (abrupt edges and a generally rectangular shape such as 
a former building footer or underground storage tank), spatial (no “squared” corners or not abrupt, 
possibly discontinuous foundations or landfilled material) and isolated anomalies (such as manhole 
covers, wells and other features of metallic origin, but of limited size). 

The reinforced building foundations were identified and located.  Metallic debris was identified 
within the landfill and is identified as anomaly R.  Due to the limited metallic mass at locations P 
and Q, the depth to the center of mass of the feature, and the contour interval used in the color 
contour map a clear, undeniable interpretation based solely upon the magnetic data is not 
defendable.  However, in conjunction with historical aerial photographs and the electromagnetic 
contoured data plots, interpretation that a ferrous target exits in this region is evident.  

Numerous ferrous metallic features were identified in Zone III.  The magnetometer results generally 
support the findings of the EM survey with a few minor additional features identified.  A number of 
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anomalous features were identified that could be interpreted as landfilled materials such as drums, 
but without additional information this interpretation can be considered speculative.  Buried wells 
may be identified in the data; however it is difficult to separate the wells from the numerous other 
isolated metallic features that were observed on the site.   

The magnetometer survey generally refined the existing knowledge about the location and 
orientation of existing ferrous metal utilities and pipes, as well as introducing a significant number 
of previously un-mapped utilities and pipes.  These linear anomalies are generally readily apparent 
in the data and have adequate spatial resolution to establish the presence of these features.   
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8.0  MAGNETOTELLURICS
Magnetotelluric methods are used to measure the electrical resistivity of the earth over ranges from 
a few meters to greater than one kilometer.  Magnetotelluric methods are most sensitive to vertical 
inconsistencies in the subsurface that interrupt the flow of electric and magnetic fields in slightly 
different ways. When used with a controlled electromagnetic source, this form of geophysical 
investigation is frequently referred to as controlled source audiomagnetotelluric/magnetotelluric 
(CSAMT/MT).

8.1 Purpose of the Magnetotelluric Survey
The purpose of the magnetotelluric (MT) survey in Zones I and II was to examine deep-seated 
features near the landfill such as seismic pressure points.  The term seismic pressure point is used to 
describe areas in the bedrock that are under more intense pressures from seismic sources.  They are 
considered to be weak points in the bedrock (either the Queenston Formation or the Precambrian 
basement) that at some point may fail or exhibit movement.  These points may be features that 
failed in the past or have a higher probability of failing in the future. 

MT was chosen as the primary tool to investigate this feature due to the relatively low cost of the 
method and the ability to evaluate features deeper and more easily than seismic reflection methods.   

8.2 CSAMT/MT Theoretical Background
The CSAMT/MT method is an electromagnetic geophysical method commonly used for geologic 
and hydrogeologic investigations in a depth range from approximately 9 to 915 meters (30 to 3,000 
feet).  CSAMT/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 fields.  The CSAMT/MT method 
is particularly well adapted to deeper investigations as the signal-to-noise ratio generally increases 
with depth. 

The resistivity of earth materials is dependent upon several factors including composition, grain 
size, water content, physical characteristics, etc.  In general, fine-grained materials such as shale and 
silts have a lower resistivity than coarse-grained materials such as sand and gravel.  Unweathered 
and unfractured hard rocks such as lithified sedimentary rocks (sandstone, limestone, dolomite, etc), 
volcanic rocks, plutonic rocks, and some metamorphic rocks generally have high resistivities.  The 
presence of fracturing and weathering lowers the resistivity of such hard rocks.  The resistivity of all 
rocks and sedimentary materials is reduced by the presence of water because of electrolytic 
conduction.  Water commonly occurs in fractures and fault zones of bedrock materials and therefore 
these geologic features are good targets for EM and MT surveys because electrically conductive 
anomalies may be present.  Clay may occur in these features and is also very conductive (low 
resistivity) as a result of surface-conduction processes. 

A graphical representation of the field setup of the CSAMT/MT instrumentation used in the project 
is shown in Figure 8-1.  In essence, electric dipoles and magnetometers are laid out in perpendicular 
directions (i.e., Ex, Ey, Hx, and Hy) and both natural and transmitted frequencies are recorded from 
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distant, non-polarized sources (i.e., the measured EM fields will impinge upon the earth as uniform 
plane waves).  EM waves from sources that are too close will have spherical wave fronts that will 
not be uniform within a survey area and waves polarized in one direction will limit the type of 
measurements that can be made in addition to possibly introducing noise.  Distance for EM waves is 
conveniently specified in terms of wavelength.  Where EM waves penetrate conductors, one radian 
is used as the standard distance and is termed skin depth (also defined as the depth at which the 
amplitude of a plane wave has been attenuated to 1/e or 37%).  Since  

wavelength  = 2 /k (where k = wave number)  

then one skin depth  = 1/k.  Since

k = [ /2]½  

where = angular frequency,  = magnetic permeability, and  = conductivity, then 

  = [2/ ]½ = [1/4 210-7]½[ /f]½ = 503[ /f]½  

in meters where  = apparent (measured) resistivity in ohm-meters and f = signal frequency in Hertz 
(Hz).  From both experimental results and numerical simulations, at distances greater than 3 skin 
depths the uniform and plane portion of EM waves are dominant and at 6 to 7 skin depths, the EM 
waves are completely uniform and plane relative to the precision to which they can be measured.  
Natural sources will be far removed (>7 skin depths) and therefore will be uniform and plane.  
However, when sources are measured from artificial transmitters, the distance between the 
transmitter and receiver must be at least 3 skin depths apart for EM waves to be uniform and planar. 

CSAMT/MT measurements may be made in either the tensor or scalar mode.  Tensor measurements 
use all four components (paired as Ex/Hy and Ey/Hx) and are best utilized in areas where the 
structure is very complex, when soundings are far apart relative to the size of geologic features 
under investigation, or where regional anisotropy is strong.  Scalar measurements use only one 
component pair (i.e., Ex/Hy or Ey/Hx) and are generally adequate in one-dimensional (1D) layered 
environments or more complex areas if measurements are dense.  Ideally, one would prefer the use 
of tensor measurements in most areas (especially if the direction of strike is unknown or difficult to 
determine), however the presence of polarized noise often dictates the use of scalar measurements.  
If geologic strike is known then measured resistivities with the E field oriented parallel to geologic 
strike are referred to as transverse electric (TE) mode measurements.  Resistivities with the E field 
oriented perpendicular to geologic strike are referred to as transverse magnetic (TM) mode 
measurements. 

CSAMT/MT measurements are adversely influenced by the presence of EM noise caused by 
overhead or underground power lines, grounded metal fences, metallic pipelines, other underground 
utilities, and structures that contain metal (such as reinforced concrete).  The influence of these EM 
noise sources on MT data may be minimized by orienting the E and H field components at 
approximately 45º to the sources.  However, noise may still be present within the data thus scalar 
measurements must be used rather than the preferred tensor mode. 

The electric and magnetic data from either tensor or scalar CSAMT/MT measurements are used to 
assess surface impedance and to estimate the subsurface resistivity at various frequencies.  
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CSAMT/MT field data consist of sounding curves that are logarithmic plots of apparent resistivity 
versus frequency.  Apparent resistivities at high frequencies correspond to generally shallow 
investigation depths, and apparent resistivities at low frequencies correspond to deeper 
investigations.  Apparent resistivities are bulk resistivities with contributions from different 
heterogeneous materials.  Model transformations of the data are good first-order approximations of 
the resistivity structure/layering beneath each sounding and are presented as cross sections of 
subsurface resistivity.  These cross sections are used for interpretation of geologic and 
hydrogeologic conditions. 

8.3 CSAMT/MT Field Procedures
The CSAMT/MT data were collected between June 25 and July 3, 2001.  The original plan called 
for one main north/south traverse paralleling the drainage ditch and one main east/west traverse 
north of the WCS, with optional traverses depending upon time and interference.  Because of 
multiple EM noise sources identified subsequent to planning within and near the survey area, data 
were acquired along three-north/south and two east/west oriented traverses as shown in Figure 8-2.
The north/south traverses were located north (line 2) and southeast or east (lines 2A and 2B, 
respectively) of the WCS, while the east/west traverses were both north of the WCS (lines 1 and 
1A).  The coordinates for each sounding were recorded using a Trimble PRO-XRS differential 
global positioning system (DGPS) in meters referenced to US State Plane, 1983, New York West, 
3103. Table 8-1 includes the coordinate information for each MT sounding at nominal intervals of 
15.2 meters (approximately 50 feet) along each line except where EM noise sources or access 
restrictions precluded data acquisition. 

Data were acquired for this survey with a StrataGem EH4 CSAMT/MT system, operating at 
frequencies ranging from 10 Hz to 92,000 Hz, manufactured by Geometrics Inc. of San Jose, 
California.  The Geometrics StrataGem EH-4 instrument is calibrated at the factory and requires no 
field calibration.  With the StrataGem, time-series of the four components of data (Ex, Ey, Hx, and 
Hy) are recorded for three frequency bands:  10 to 1,000 Hz, 500 to 3,000 Hz, and 750 to 92,000 
Hz.  An example of a segment of a time-series file is shown in Figure 8-3.  The instrument operator 
monitors the measured response.  The signals should generally resemble one another and exhibit a 
constant phase relationship where one pair of channels, either Ex/Hy or Ey/Hx, is in-phase and the 
other is out of phase.  The time-series data are subsequently Fourier transformed with a Fast Fourier 
Transform (FFT) operator into frequency data as shown in Figure 8-3 (with a time-series on the left 
for the four channels, and both real and imaginary components of the FFT data on the right).  The 
FFT data are converted to raw spectra, normalized, and cross-powers of each frequency are 
computed and added to a stack.  Acquisition of a sounding generally involves recording several 
passes, with each pass composed of one or more time-series segments in a particular band.  The data 
from each pass are stored as a cumulative stack of the cross-power results.  An example of the 
spectral results of a portion of a sounding file is shown in Figure 8-3, with amplitude, phase and 
coherency of the paired results shown in the two sets of plots.  Surface impedance Z is the ratio of 
electric to magnetic fields (Zij = Ei/Hj) and is the basis for defining apparent resistivity (where Im is 
the imaginary component (out-of-phase) and Re is the real component (in-phase).  The relationship 
to apparent resistivity ( ) can be described as: 
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and the impedance phase is described as: 

{ ij = tan-1[Im(Zij)/Re(Zij)]}. 
Figure 8-4 is an example of values calculated from the cross-power files using the above equations 
for apparent resistivity and impedance phase.  The bottom plot of Figure 8-4 shows the result of a 
1D transformation of the impedance data into modeled resistivity versus depth. 

The data acquired by the StrataGem are automatically stored in various files as shown in Figure 8-4.
The ‘@’ file contains location information for the data files.  The data files are named automatically 
as they are created with X, Y, or Z appendices and a suffix file number.  The files beginning with 
‘Y’ contain the raw time-series data.  Files beginning with ‘X’ contain the calculated cross-power 
spectra from the corresponding time-series file.  Files beginning with ‘Z’ contain the impedance 
data from which the apparent resistivity and 1D resistivity models are calculated.  The file named 
‘SENSORS.TBL’ contains a list of the names of the various calibration files.  In the example shown 
in Figure 8-4, the files with the ‘60H’ suffixes are the factory calibration files. 

For each CSAMT/MT sounding, the 15.2 meter long electric dipoles and the magnetic sensors were 
oriented with a compass and parallaxing system.  Given the nature of the local geology, particularly 
beneath about 15.1 meters (50 feet) depth, it was not possible to determine geologic strike from the 
CSAMT/MT data to assist in the dipole orientation.  The Queenston Formation is a relatively thick 
sedimentary sequence deposited over a large area with no consistent, observed strike within the 
survey area.  Similarly, the strike of the Precambrian gneiss is not easily identified or consistent near 
the NFSS.  Consequently, the E and H components were arbitrarily oriented in the primary cardinal 
directions (Ex0 = west, Ex1 = east, Ey0 = south, and Ey1 = north).  To minimize coupling for 
soundings near EM noise sources the components were oriented at 45º to those sources. 

Line 1 was located in an open field about halfway between the metal fence surrounding the WCS 
and a road with underground utilities to the north.  The western end of the line came near the 
property boundary and high-voltage, overhead power lines, while to the east the main north-south 
road within the facility and numerous underground utilities were encountered.  Between sounding 
1-9 and 1-10, a large ditch and a metal culvert to the south were present that precluded data 
acquisition.  Available EM31 ground conductivity meter data were initially inspected and line 1 was 
positioned in an area that appeared relatively clean of near-surface EM noise sources.  Overall, the 
quality of the data along line 1 was marginal to poor even when the components were shifted 45º to 
obvious EM noise sources. 

Because of the poor quality of the data along east-west line 1, data were acquired along another line 
oriented in the same direction but removed from some of the obvious EM noise sources that 
affected the quality of the line 1 data.  Line 1A was positioned to intersect line 2 near soundings that 
appeared to be relatively good quality from preliminary field inspection.  The western end of line 
1A came close to the same overhead power line present near line 1.  From about the middle of line 
1A to the eastern end, numerous above ground metal reinforced, concrete structures were present in 
addition to other metallic debris and underground utilities.  Access along portions of the eastern half 
of the line were impossible because of heavy brush and surface debris, therefore soundings were 
located only where feasible and safe.  The approximate western half of the line was run along a 
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cleared path through a wooded area.  A small dirt road was present between soundings 1A-20 and 
1A-21, the main north-south road and accompanying underground utilities were located between 
soundings 1A-1 and 1A-9, and a grounded metal fence was between soundings 1A-1 and 1A-2.  
The quality of the data along line 1A ranged from poor to good, even with 45º component 
orientations at many of the soundings. 

Line 2 intersected Line 1 in the open field north of the WCS and then progressed north along a path 
cut through the woods.  The line was started at the south some 30+ meters (100+ feet) north of the 
metal fence surrounding the WCS to minimize EM noise coupling, and it was necessary to skip 
some 91.4 meters (300 feet) between soundings 2-5 and 2-6 because of the presence of a road and 
several underground utilities.  Several soundings were oriented 45º to apparent EM noise sources 
and data quality ranged from poor to good with the poor readings near the WCS fence and utilities 
along the road. 

8.4 CSAMT/MT Data Processing
Line 2A was located southeast of the WCS in an open field with grounded metal fences to the east, 
west, and south, and concrete blocks with metal rebar and a very large metal building to the north.  
The line was positioned to be approximately in the middle of the fences on the east and west sides 
began approximately 30.5 meters (100 feet) north of the fence to the south and progressed as far 
north as possible before adverse influences were seen in the data from the concrete blocks and metal 
building.  To minimize EM noise coupling, components for soundings 2A-7 through 2A-9 were 
oriented at a 45º angle.  Overall, the quality of the data along line 2A is considered very good. 

In an attempt to continue some semblance of a north-south profile and to avoid EM noise sources, 
line 2B was positioned about 107 meters (350 feet) to the east of line 2A with the southernmost 
sounding (2B-1) approximately 50 meters (165 feet) north of the northernmost sounding along line 
2A (2A-9).  Line 2B was positioned to be approximately in the middle of grounded metal fences to 
the west (the same fence that was to the east of line 2A) and east (the property boundary fence).  
The stations were located along a path that had been cleared of most brush and trees for about 
three-quarters of the line and then opened into a large clearing for about the final three stations.  
Numerous EM noise sources (primarily underground utilities and building foundations with metal 
rebar) were located north of the end of the line and soundings were acquired as far north as possible 
before the data became too noisy for interpretation purposes.  Overall, the quality of the data along 
line 2B was considered good to very good, except near the northern end of the line where data 
quality became poor. 

The CSAMT/MT data were processed using the Imagem (v2.16) software package from 
Geometrics.  Because acquisition of data along some of the lines was not in the typical south to 
north or west to east direction preferred for cross section presentation, values within the ‘@’ location 
file and corresponding X, Y, and Z data files were modified as necessary.  The data from each 
sounding were initially rotated back to the primary cardinal directions (if necessary), inspected, and 
edited when appropriate.  Editing the data can be somewhat subjective but was based upon 
experience, juxtaposition of X and Y direction resistivity data, phase differences from the optimum 
value of 45º, and coherency. (Examples and further discussion of this topic will be found in the Raw 
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Data Examples section below).  The data along each line were processed into a model 
transformation cross section.  Each cross section consisted of logarithmic resistivity versus depth of 
the model inversion of each CSAMT/MT station to a depth of almost 610 meters (2,000 feet) that 
was considered the reliable limit of investigation because of the variable quality of the data. 

No smoothing was performed on the inverted data, which results in cross sections (or better termed 
depth sections) that honor each station individually with some influence from surrounding stations.  
Without smoothing, a depth section presents data more suitable for the identification of vertical or 
near-vertical features versus a smoothed section that will highlight more horizontal bedding.  
Because the objective of this survey was to identify deep-seated features such as faults or fractures, 
the use of non-smoothed data were considered appropriate.  The data were subsequently contoured 
using the Surfer© mapping and processing system by Golden Software.  The contoured data were 
compared against the original model transformed depth sections to ensure that no contouring 
artifacts were introduced.  The contour maps were almost identical to the original data and therefore 
were considered geophysically correct representations of the subsurface.  Consequently, only the 
contoured plots will be presented within this report. 

8.5 CSAMT/MT Data Presentation and Interpretation
In general, the geophysical model of the NFSS area geology can be thought of as a relatively thin 
(20-50 feet) layer of unconsolidated clays, silt and sand with low resistivities (less than 30 
ohm-meters), the Queenston Formation with variable but still somewhat low resistivities (from 
around 30 to 150 ohm-meters), and Precambrian basement with resistivities greater than about 130 
to 150 ohm-meters.  Within the Queenston Formation, the variable resistivity values may be caused 
by differential weathering, faults and fractures saturated with water, fault breccia, or perhaps clay, 
while resistivity value variations of the Precambrian basement may be due to mineralization, 
faulting or fracturing.  Because noise is present at the highest frequencies for many of the 
soundings, model inversion resistivities to depths of 15 to 30 meters (50 to 100 feet) should be 
viewed with caution and not relied upon greatly. 

8.5.1 CSAMT/MT Line 1 
As previously discussed, the quality of the MT data along line 1 is marginal to poor primarily 
because of several nearby EM noise sources.  The two-dimensional (2D) resistivity depth section 
model for line 1 is shown in Figure 8-5 and is predominated on the western edge by high 
resistivities (blue colors) from about 91 meters (300 feet) in depth to the bottom of the profile.  
These high resistivities are not real and are related to EM noise effects within the data caused by the 
high-voltage power line to the west and the fence surrounding the WCS.  Progressing further east 
along the line, the high resistivity zone gives way to abnormally low resistivities at depths greater 
than about 275 meters (900 feet) for soundings 1-1, 1-8, and 1-9.  These resistivity values are also 
not real and may be caused by the presence of a metal culvert to the south and possible utilities or 
other EM noise sources within or near the ditch between soundings 1-9 and 1-10.   

Because of access and safety restrictions, it was not possible to acquire EM31 or magnetic data 
within the ditch therefore the presence of possible EM or magnetic noise sources there can only be 
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inferred.  Therefore, the data from the western end of line 1 to sounding 1-9 are considered too 
noisy for a reliable interpretation.  From sounding 1-10 to the eastern end of the line, some of the 
data are similar to that seen along lines 2A and 2B (particularly to a depth of 182 meters [600 feet] 
or so), however adverse influence from the utilities along the main north-south road render the 
lower frequency data (or data at greater depths than ±182 meters [600 feet]) noisy and unreliable.  
Because of the EM noise effects present on this line, any interpretation would require a considerable 
amount of conjecture and therefore will not be presented here. 

8.5.2 CSAMT/MT Line 1A 
The scalar results from line 1A are divided into two portions and shown in CSAMT/MT Figures 8-6
and 8-7 (note that soundings 1A-11 and 1A-21 are not included because they are considered too 
noisy even after editing).  The nominal western portion of line 1A (Figure 8-6) appears to have five 
layers, similar to those seen along previous lines, consisting of thin, near-surface, low resistivity 
Pleistocene sediments, weathered Queenston Formation, slightly weathered to unweathered 
Queenston Formation, lower resistivity Queenston Formation, and Precambrian basement.  The 
Pleistocene sediment layer’s thickness appears variable from essentially zero to more than 30 meters 
(100 feet), however that layer corresponds to high frequency data that are sometimes noisy thus 
thickness and/or resistivities may not be reliable.  The weathered Queenston Formation layer 
beneath the Pleistocene sediments varies in resistivity from about 30 to ±70 ohm-meters and is 
thicker from west of sounding 1A-13 to just west of sounding 1A-17.   

The interpreted slightly weathered to unweathered Queenston Formation layer with a thickness of 
about 30 meters (100 feet) and resistivities greater than 70 ohm-meters varies in depth from around 
137 meters (450 feet) from the western end to sounding 1A-14 to 61 meters (200 feet) for the 
remainder of the line, with a somewhat anomalous shallow depth beneath sounding 1A-13 that 
could not be removed by acceptable editing.  The difference in depths of this layer across the profile 
may be structural with a possible fault between soundings 1A-14 and 1A-13 or 1A-12, related to a 
variable amount of fracturing near the top of the Queenston Formation, or stratigraphic differences.  
Beneath this third layer, the resistivity of the Queenston Formation decreases as seen along some of 
the other lines with the lowest resistivity areas near soundings 1A-16, 1A-13 to 1A-9, 1A-1, and 
1A-2 (at depths ranging from about 152 to 183 meters [500 to 600 feet]).  These low resistivity 
zones may be related to increased sub-horizontal fracturing and coincident increased clay content or 
perhaps slightly different stratigraphy. 

Similar to line 2, the scalar results along line 1A’s western portion indicate a rather flat zone of 
higher resistivity across the profile that is interpreted as Precambrian basement.  Near the 
intersection point of lines 1A and 2 (soundings 1A-15/1A-16 and 2-9/2-10, respectively), the depths 
to the interpreted intermediate higher resistivity Queenston Formation layer are very similar at about 
122 meters (400 feet).  However, the interpreted Precambrian basement depths at the intersection 
would be variable if a resistivity value of about 130 ohm-meters is chosen as representative of 
basement (approximately 240 to 275 meters [800 to 900 feet] for line 2 versus 460 meters [1,500 
feet] for line 1A).  It appears that the variations in resistivity at depth are probably related to noise in 
the lower frequencies (i.e., greater depths) since soundings along each line were acquired and 
processed similarly.  If the lower frequency data are noisy then resistivities at depth may vary in 
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magnitude and make geologic formation comparisons difficult or inaccurate, but the general trend 
of the data values will still be descriptive of the subsurface.  Consequently, the smooth resistivity 
values at depths greater than approximately 305 meters (1,000 feet) along line 1A’s western portion 
are indicative of interpreted Precambrian basement without major faults, fractures, or geologic 
discontinuities.  The decrease in depth of the deep higher resistivity layer beneath soundings 1A-2 
and 1A-3 is not considered real, but occurs as a result of excessive noise in the lower frequencies 
because of the nearby presence of several EM noise sources. 

The nominal eastern portion of line 1A (Figure 8-7) is inconsistent with any of the previous results 
probably because of the preponderance of EM noise sources both above and below ground.  The 
resistivity values for this portion of the line varied only slightly, which is abnormal for this survey 
area, and is interpreted to be the result of many nearby EM noise sources. Consequently, no reliable 
interpretation of the data can be made along this portion of line 1A. 

8.5.3 CSAMT/MT Line 2 
The scalar, 2D resistivity depth model for line 2 is shown in Figure 8-8 and is also interpreted to 
have five geologic layers similar to lines 2A and 2B.  Because of extremely noisy data, soundings 
2-1 and 2-6 are not included within the profile.  The influences of the fence surrounding the WCS 
and nearby power lines make interpretation of the data from the southern end of the line to sounding 
2-5 unreliable particularly beneath about 335 meters (1,100 feet) depth.  However, a zone of 
increased resistivity is present from about 122 to 152 meters (400 to 500 feet) depth essentially all 
the way across the profile (discounting its absence between sounding 2-5 and 2-7 because of a 
relatively large data gap) that correlates with the slightly weathered to unweathered Queenston 
Formation layer interpreted along lines 2A and 2B at about the same depth.  Beneath this layer, 
particularly from about sounding 2-8 to 2-12, a lower resistivity layer is present to about 210 to 240 
meters (700 to 800 feet) depth that is somewhat similar to that seen along line 2B and might be 
related to increased fracturing and coincident clay content or perhaps slightly different stratigraphy. 

A relatively flat layer appears present across the majority of the profile at a depth of about 240 to 
275 meters (800 to 900 feet) with resistivities greater than about 130 ohm-meters and is interpreted 
as Precambrian basement.  Resistivities greater than about 250 ohm-meters, within the interpreted 
Precambrian basement, are present much deeper (approximately 550 meters or 1,800 feet) and only 
reliable from soundings 2-7 to perhaps 2-12.  The decreased depth to the higher resistivity basement 
at sounding 2-13 is not considered real and is probably the result of EM noise sources north of the 
end of the line.  The depth to interpreted Precambrian basement is shallower along line 2 than along 
either line 2A or 2B (approximately 240 to 275 meters [800 to 900 feet] versus 335 to 365 meters 
[1,100 to 1,200 feet]).  While there is the remote possibility that this difference is geological, a 
better explanation is the differences in investigation between tensor and scalar modes.  The tensor 
mode investigates in essentially two directions while scalar data only look at one direction.  In areas 
of uniform geology, results from either mode should be similar.  However, in more complex areas 
the geology can vary by direction thus scalar mode data may not be investigating in exactly the 
same direction as the more 2D tensor mode data.  Consequently, resistivity values for the same 
geologic formation may vary between the scalar and tensor modes thus making consistent depth 
interpretations difficult.  Therefore, while a good picture of the general resistivity structure and 
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contrasts of the subsurface can be obtained from scalar data, depth comparisons with tensor data 
may not be accurate.  Nevertheless, the interpreted Precambrian basement along line 2 appears 
relatively uniform and devoid of major faults, fractures, or geologic discontinuities. 

8.5.4 CSAMT/MT Line 2A 
The very good quality data along line 2A are modeled in the tensor mode as shown in Figure 8-9.
This model matches well with the assumed general geology within the NFSS area with a thin, 
near-surface low resistivity layer to about 30 meters (100 feet) depth interpreted as either 
Pleistocene sediments or highly weathered Queenston Formation (with the caveat that some high 
frequency data are noisy and edited out thus decreasing the accuracy of the shallow data), 
interpreted Queenston Formation from about 30 to 60 meters (100 to 200+ feet) depth to the south 
and perhaps 91 meters (±300 feet) deep to the north, and slightly weathered to unweathered 
Queenston Formation from depths of approximately 60 to 152 meters (200+ to 500 feet) at the 
southern end and 90 to 185 meters (300 to 600 feet) at the northern end.  The interpreted 
unweathered portion of this Queenston Formation layer extends from about sounding 2A-5 to the 
northern end of the line and is represented by resistivities greater than about 200 ohm-meters (light 
blue color).  Beneath this layer, the Queenston Formation is interpreted to extend to a depth of 
approximately 365 meters (1,200 feet) from about sounding 2A-1 to 2A-6 with variable resistivities 
related to minor stratigraphic differences. 

8.5.5 CSAMT/MT Line 2B 
The quality of the data along line 2B make them suitable for tensor processing, similar to line 2A, 
and the 2D resistivity depth section model is shown in Figure 8-10 (note that data for sounding 2B-7 
are not included in the model because they are considered too noisy).  The subsurface geology along 
line 2B is also interpreted as five layers consisting of thin, near-surface Pleistocene sediments, 
intensely weathered Queenston Formation, slightly weathered to unweathered Queenston 
Formation, stratigraphically variable Queenston Formation, and Precambrian basement.  The 
Pleistocene sediments and intensely weathered Queenston Formation are interpreted to extend to 
about 30 meters (100 feet) depth, weathered Queenston Formation occurs to about 61 to 76 meters 
(200 to 250 feet) depth, and the intermediate slightly weathered to unweathered Queenston 
Formation layer is present to about 183 meters (600 feet) depth with an unweathered portion maybe 
extending from about sounding 2B-8 to 2B-9.  The interpreted lower Queenston Formation layer 
extends to about 335 meters (1,100 feet) depth at the southern end of the line with a relatively low 
resistivity zone present from about sounding 2B-5 to just beyond 2B-6 that may be an indication of 
sub-horizontal fracturing with coincident increased clay content. 

Competent Precambrian basement is interpreted at approximately 335 meters (1,100 feet) depth to 
the south with perhaps a slight northern dip to about sounding 2B-8 where it might reach a depth 
near 365 meters (1,200 feet).  At sounding 2B-9 to the northern end of the line, the interpreted lower 
Queenston Formation layer is not present and resistivities greater than about 250 ohm-meters are 
indicated at about 213 meters (700 feet) depth.  This dramatic decrease in basement depth from 
soundings 2B-9 to 2B-11 is not considered real, and instead is interpreted to result from EM noise 
sources near the northern end of the line that adversely affect primarily the low frequency data. 
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The Precambrian basement is interpreted at approximately 365 meters (1,200 feet) depth as 
represented by resistivities greater than 250 ohm-meters.  The break in horizontal layering of the 
interpreted basement near sounding 2A-7 wherein the depth decreases to around 305 meters (1,000 
feet) may be geological and an indication of decreased fracturing near the top of the basement or 
more likely a result of somewhat noisier data near the northern end of the line caused by the 
concrete blocks and metal building.  These types of noise sources, when combined with nearby 
domestic power lines, can have the effect of erroneously increasing the slope of the resistivity curve 
at lower frequencies which is manifested as high resistivities at depths that are not related to 
geology. 

8.6 CSAMT/MT Data Summary and Conclusions
Because of the presence of several EM noise sources (power lines, grounded metal fences, 
underground utilities, concrete structures with rebar, and metal buildings) within the survey area, the 
five CSAMT/MT lines were positioned, as much as feasible, to minimize interference from these 
sources.  Additionally, several soundings had the X and Y electric and magnetic components 
oriented at nominally 45º to known or suspected EM noise sources to reduce noise coupling.  
However, even with these precautions it was necessary to process three of the lines in the scalar 
mode versus the preferred tensor mode.  While such dual mode processing may result in slightly 
variable resistivity values for the same geologic formation, the general trend of the data values will 
still be descriptive of the subsurface.  The presence of noise, particularly within the lower 
frequencies, also resulted in difficult or inaccurate geologic formation comparisons.  Nevertheless, 
reasonable interpretations were made along most of the survey lines. 

Lines 2A and 2B have the best quality data of all the lines and are processed in the tensor mode.  In 
areas with complex geology or unknown strike directions, tensor mode data are generally preferred 
and give results that are often easier to relate to known geology.  Therefore, these two lines should 
be considered as base interpretations of the area and the scalar results from the other lines related to 
them as well as possible.  Without the inclusion of tensor data there would be no data sets available 
for judgment of the resolution and accuracy of the MT method within this survey area. 

Data from both lines 2A and 2B match well with the assumed relatively flat interface geology 
within the NFSS area.  The Queenston Formation exhibits variation in resistivities with a less 
weathered or unweathered layer to a depth of 150 to 180 meters (500 to 600 feet) and then a lower 
resistivity layer to Precambrian basement at 335 to 365 meters (1,100 to 1,200 feet) depth.  Within 
the Queenston Formation, many of the resistivity value differences can be reasonably attributed to 
minor changes in stratigraphy, however near the middle of line 2B a much lower resistivity zone at 
about 245 meters (800 feet) depth may indicate sub-horizontal fracturing.  An alternative 
interpretation is to consider the depositional environment of the Queenston Formation.  This 
bedrock formation was deposited as the Queenston delta, a clastic wedge placed during the 
Ordovician period.  As a prograding delta, moving from east to west, there would be a coarsening 
upward of the depositional particles during the period.  This coarsening upward has the net effect to 
increase the resistivity as the grain size increases.  Other than that, no major geologic 
discontinuities, faults or fractures are present along either of the two lines. 
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Line 2 is processed in the scalar mode because of the presence of several nearby EM noise sources.  
As seen along lines 2A and 2B, a layer of somewhat increased resistivity is at about 120 meters (400 
feet) depth within the Queenston Formation.  Beneath that layer, for about the northern one-third of 
the line, a much lower resistivity zone is present to about 215 to 245 meters (700 or 800 feet) depth 
that is similar to that seen along line 2B and could be related to either increased fracturing or 
coincident grain size variations associated with deposition representing slightly different 
stratigraphy.  A relatively flat interface at about 245 to 275 meters (800 to 900 feet) depth is 
interpreted as Precambrian basement and is shallower than seen along either lines 2A or 2B 
probably because of tensor/scalar investigation differences rather than geological changes.  No 
major faults, fractures or geologic discontinuities are apparent within the Precambrian basement.  

Integration of interpretation from lines 2A, 2B and 2 forms an idealized geological cross section 
running north to south across the site (Figure 8-11).  This cross section clearly shows the geological 
dip from south to north.   

Because of EM noise considerations, line 1A is processed in the scalar mode and separated into two 
portions.  An increased resistivity zone within the Queenston Formation, similar to that seen along 
the other lines, is present and varies in depth from about 60 to 140 meters (200 to 450 feet) across 
the profile.  The difference in depth of this relatively shallow layer, between soundings 1A-14 and 
1A-13 or 1A-12, may be structural, related to a variable amount of fracturing near the top of the 
Queenston Formation, or stratigraphic differences.  Whatever its origin, its cause is not considered 
major or related to a seismic pressure point because Precambrian basement has no indications 
within the MT data of large faults, fractures or geologic discontinuities.

Because of severely adverse EM noise influences, it is not possible to reliably interpret data from 
either line 1 or the eastern portion of line 1A.  Because the problem of poor data quality along line 1 
became apparent during the data acquisition phase of this project, the nominal western portion of 
line 1A is positioned to cover a similar west to east profile dimension and intersect any possible 
deep-seated geologic features as along line 1. 

In conclusion, from analyses of the CSAMT/MT data there do not appear to be any major, 
deep-seated faults, fractures, geologic discontinuities, or seismic pressure points within the area 
surveyed at the NFSS. 
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9.0  ELECTRICAL IMAGING
Electrical imaging (EI) is a modern version of the classic electrical resistivity survey that has been 
used in geophysical investigations for many decades.  Through the use of multiple electrodes 
planted in the ground at the same time, advances in inversion theory, and personal computers this 
method of geophysical investigation has experienced increased use during the last five years.

9.1 Purpose of the Electrical Imaging Survey
The purpose of the electrical imaging survey was to identify possible fractures on the WCS as well 
as potential voids and caverns, define general landfill characteristics and waste pile contents, 
examine the clay cutoff wall and evaluate the presence of sand and gravel channels near the WCS.  
This survey was also utilized to evaluate the water saturation of the subsurface.  The EI survey was 
principally conducted along a series of parallel traverses on the WCS.   

The electrical imaging survey in Zone III was conducted to supplement the EM and focused 
magnetometer surveys conducted in this area.  The electrical imaging survey was performed to 
gather data on the depth to bedrock (Queenston Formation), contaminant plume(s), fractures/faults, 
soil and bedrock stratigraphy and to map the sand and gravel channels.  The location of EI traverses 
was based on the results of the reduction and presentation of the EM and magnetometer survey data.   

9.2  Electrical Imaging Theoretical Background
Electrical imaging surveys are typically conducted to determine the electrical resistance of the 
subsurface.  This information is then used to determine the location of variations in geologic and 
soil strata, soil/bedrock interface topography, bedrock fractures, faults, and caves.  The method has 
been used effectively to delineate old waste sites and landfill boundaries. The method is also useful 
for mapping hydrogeologic and mineral resource boundaries. 

Resistivity values are found for earth materials to cover a wide range.  This variety of resistivities is 
what makes resistivity surveying a viable technique for many applications. Table 9-1 describes 
some typical resistivities of earth materials. 

Electrical imaging is the process of measuring the electrical properties of the subsurface in the study 
of the structure and composition of the earth.  The electrical imaging method was conceived over 
200 years ago, primarily in association with mineral exploration, and the elaborate instruments and 
carefully devised methods used today result from the evolution of those ideas. Fundamental to all 
electrical imaging methods is the concept that current (I) can be impressed into the ground and the 
effects of this current on or within the ground can be measured.  The effect of potential (V) or 
differences of potential, ratio of potential differences, or some other parameter that is directly related 
to these variables is the commonly measured effect of the impressed current.  The fundamental 
theory involved in the different methods used today is based upon Laplace’s equation for obtaining 
the electrical potential and the pattern of current flow about one or more electrodes placed on or in 
the ground (Van Nostrand and Cook 1966).
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The apparent resistivity (pa measured in ohm-meters) of a homogeneous earth can be determined.  
When a current of I amperes is impressed between two electrodes, a potential difference of V volts 
exists between two other electrodes.  The relationship between these three variables can be 
determined from Ohm’s Law: 

V = IR 
For the purpose of electrical imaging and resistivity surveying, this takes the form of: 

F2 V= Ipa 

where F is related to the distances and configuration between the two current and two potential 
electrodes.  In modern applications, F has been referred to as a form factor (Roman 1951, p.174).

In application, a series of measurements is made between a variety of current electrode pairs and 
potential electrode pairs.  In general, as the distance between the two electrodes increases, the 
apparent resistivity pa is measured at greater depths and across increasing volumes of ground as 
shown below. 

The apparent resistivity pa of the earth is the product of a large volume of the subsurface responding 
to the impressed current. Interpretation of apparent resistivity data collected in the field, without 
reduction provides a qualitative product very similar to electromagnetic (EM) methods.  Because 
the earth is not homogeneous, it is useful to determine a true resistivity at discrete locations in order 
to make a quantified interpretation.   

To determine the true resistivity of the subsurface, two principles are used.  The first is the principle 
of reciprocity.  Reciprocity suggests that if potential is measured at location A because of the 
impressed current at location B, the same solution is obtained if the potential is measured at location 
B due to an impressed current at location A.  Secondly, the principle of superposition is applied.  
Superposition assumes that if the potential at a point in the earth is influenced by two or more 
sources of impressed current, the total potential at that point can be computed by the algebraic 
addition of the separate potentials because each is considered as though it were a single source.  
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By computing the total potential at each location in the subsurface due to all of the current and 
potential electrode configurations affecting each location, we can find the potential differences that 
are necessary to compute the true resistivities. This process is referred to as inversion.  Inversion of 
the data to true resistivities allows a more unique or quantitative interpretation of the data. Inversion 
software such as the resistivity inversion program RES2DINV© is used to produce a 
two-dimensional resistivity model based on the apparent resistivity data.  Using a three-step process, 
this program begins with a pseudosection of the measured apparent resistivity.  A homogeneous 
earth model is used as the starting point for the first iteration of the model.  

9.3  EI Field Procedures
The EI field data were collected between May 29 through June 18, 2001 and August 20 through 29, 
2001.  The geophysical procedure used during this investigation is named “Surface Electrical 
Imaging Survey” and is contained in Appendix A-4.  The geophysical procedure is summarized in 
this section, and any additions or modifications to the geophysical procedure are discussed.  
Additionally, procedures specific to this investigation, such as digital field-file naming conventions, 
are discussed. 

Before beginning the geophysical survey, individual geophysical traverses were staked by the 
geophysical field crew, utilizing a 300-foot measuring tape and a Brunton compass to verify 
traverse orientation.  The proposed traverse location was examined for any surface indications of 
cultural interferences, and presence of location reference points.  Individual traverse end points were 
assigned and marked on the ground or on wooden reference stakes. 

The EI equipment used at this site is composed of two primary components.  The first is the 
SuperSting® resistivity meter with data storage capability manufactured by Advanced Geosciences 
Inc. (AGI) of Austin, Texas.  Second, the SuperSting® cables contain fixed cylindrical stainless steel 
switches that attach to stainless steel electrodes placed into the ground.  The SuperSting® system, a 
multi-electrode switching system, passes an electrical current automatically along multiple paths at 
various depths and measures the resulting associated voltages.  This system utilizes two arrays of 
multicore cables, which extend outward, in opposite directions, from the centrally located 
SuperSting® main unit.  

A series of 56 stainless steel stakes were driven six- to twelve-inches into the ground at a fixed 
interval to establish earth contact (a four-meter interval was used at NFSS).  Electrodes were 
attached to the stakes using a rubber band to complete the electrical circuits between the electrical 
switching box and the stakes. The data were collected with a dipole-dipole electrode arrangement.  
With this survey method, two electrodes were used to provide current to the subsurface in one 
location, while two other electrodes some distance away were used to measure the voltage. The 
dipole-dipole array is useful for deeper investigations where a long layout of electrodes may be 
difficult.  

During preparation for data collection the operator programs the SuperSting® for the chosen number 
of current pairs (in electrode spacing measurements) to be used for energizing, and the maximum 
separation (in electrode spacing measurements) to be used for measuring the potentials. These two 
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numbers determine the total number of measurements to be collected along the electrode spread, 
and the total depth of investigation.  The survey type, traverse orientation, electrode spacing, 
recording addresses, and line configuration information is programmed, and recorded on the Sting 
Field Data Sheet.  The SuperSting® digitally records this information for use in data processing and 
for quality assurance purposes.

At the start of the survey, a contact resistance check was completed across the electrodes to ensure 
enough current was injected into the earth to adequately complete the survey. In the event an 
abnormally high contact resistance was measured (greater than 2,000 ohms) the earth was soaked 
with a salt/water solution to reduce the resistance.   

During data collection the SuperSting® records a sequential record number, date, time, measured 
voltage-current ratio, measurement error (in tenths of percent), output current in mA, apparent 
resistivity in ohm-meters, dipole size (a), distance between dipoles (na), and the surface coordinate 
for the midpoint between the dipoles. 

While the SuperSting® was automatically collecting data, the location of any surface feature that 
may affect the EI survey data (i.e., subsurface utilities, ephemeral streams, changes in soil and 
vegetation, etc.) was identified.  This information was noted on the Sting Field Data Sheet or field 
notes.  Significant (greater than 1 meter) variations in ground surface topography were measured 
using a hand level.  Topographic information was also recorded on the Sting Field Data Sheet or 
field notes.

Subsequent to recording the EI survey data, pin flags were placed into the ground, at the ends of 
each traverse.  These pin flags were marked with the traverse number and station number for future 
reference.  GPS data were collected for each traverse end point. 

At the completion of data collection the SuperSting® system automatically powers down and the 
files were immediately downloaded to a field PC utilizing an interface software, AGISSADMIN©

written by AGI.  The data were then field checked to verify the stability and entirety of the data set.  
Data files were backed up onto diskettes and the SAIC computer network at the end of each field 
day.

The file-naming convention used for EI field data files consisted of the core “Zone2__” or 
“Zone3__” where “__“ is an integer representing the traverse number. A typical field file name was 
“Zone23.STG,” which represents the third EI traverse in Zone II.  The raw data files have a “.STG” 
file extension. 

9.4  EI Data Processing
This section presents processing details for the electrical imaging data acquired during this 
investigation.  The data processing was conducted in accordance with the geophysical procedure 
(Appendix A-4). Data processing typically included tracking files, data editing, forward modeling 
the data, contouring and presenting traverse profiles, and compiling the data for the site.  Much of 
the preliminary data processing was conducted in the field office.  To minimize errors and provide 
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an audit trail of the geophysical data processing, a series of data tracking and data processing forms 
were used.  Examples of the forms used for the survey are included in the geophysical procedure.  
Completed forms are retained in the project files. 

Before processing, all EI field survey files were reviewed to ensure data quality.  EI data file names, 
line and station numbers, field errors, corrections made to files, and corrected file names were 
documented on EI Data Processing Form.   

The data were initially processed utilizing the program AGISSADMIN-Sting conversion module.  
This program imports the data downloaded from the SuperSting® (.STG format data), and outputs a 
subset for data processing which includes the x-location of the data point, the electrode spacing, and 
the measured apparent resistivity.  The conversion module permits the operator to filter (remove) 
negative data and data that contains measurement errors above a chosen level.  This information is 
recorded on the EI Data Processing Form.  The output file from the conversion module is named the 
same as the input file, but contains a “.DAT” extension.  The operator may add elevation 
information to the converted data file.  This information is manually added to the file using a text 
editor.  Elevation data is added as inline distance and the corresponding elevation value for that 
location.  Data files containing elevation data have a “t” appended to the file name, and retain the 
“.DAT” extension.

Forward modeling of data were performed using RES2DINV .  Imported data were evaluated for 
spurious measurements.  Data values that are obviously too high or too low relative to adjacent 
points were considered spurious.  These are normally caused by electrode relay failure, cable 
shorting (due to very wet ground conditions), or poor electrode/ground contact (due to dry soils).  
By eliminating these data points, they cannot influence the model developed from the remaining 
data. Edited data were saved with the same file name, appended with an “e” (or “e2” etc.) 
depending upon the edit version.  The file extension remained “.DAT”.  An example of a file name 
for data containing elevations, edited for the first time would be “Zone21te.DAT”.  Inverted data is 
saved with the same file name but with an extension ".INV”.  Exported depth, distance, and 
modeled resistivity files contain the extension “.XYZ”.  These files also contain information 
regarding the goodness of fit between the modeled data and the measured apparent resistivity.  The 
“.XYZ” file was edited to remove the quality assurance data, and appended with a “.DAT” 
extension for final contouring and presentation.  

As a means to evaluate the data quality, the model blocks were plotted with a relative evaluation of 
the model sensitivity.  Lower sensitivities indicate a lower confidence in the model in this area.  
Higher sensitivities are present along the sides and bottom of the model as a means of constraining 
the model, and do not indicate data redundancy or quality.  This information is considered during 
the interpretation of the EI results. 

Final data processing involved the generation of color-enhanced contour cross-sections of the 
data-using Surfer mapping and processing system.  This was completed to allow flexibility in the 
data presentation, and the annotation of surface cultural features that may be relevant to the 
interpretation of the data.  Finally, Surfer  was used as an annotation tool to convey interpretation 
information.  
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All files generated during the data processing sequence, including control files used to drive the 
various program modules, were documented on Surfer  Data Processing Forms.  These forms are 
retained in the project files.   

9.5  EI Data Presentation and Interpretation
EI is a geophysical technique that utilizes electrical resistivity to image the physical properties of the 
subsurface. Resistivity data collected using EI can provide information on distinct subsurface 
material boundaries and conditions indicative of soil or bedrock lithology changes, top of rock, 
faults or fractures, and voids.  The information provided by the resistivity method allows for a better 
vertical characterization than some other geophysical methods, for example electromagnetic 
methods. 

Resistivity changes on the modeled resistivity profile can represent depth to water table or saturated 
conditions.  Resistivity changes beneath the water table may indicate silt-free or clay-free sands and 
gravel because these materials exhibit a much higher resistivity than silts or clays under similar 
moisture conditions.  This occurs because fine-grained materials are generally better electrical 
conductors than coarse-grained materials.  In addition, competent bedrock generally exhibits a 
higher resistivity than less competent rock.  Abnormally high resistivity measurements can indicate 
the location of air filled voids/fractures.   

Resistivity is typically used to distinguish between materials with enough physical and chemical 
differences to produce a resistivity contrast.  True resistivity of earth materials is dependent upon 
several factors such as grain size, composition, chemical and physical characteristics, degree of 
consolidation, and water content. EI measures the apparent resistivity of the subsurface and the 
resulting resistivity contrasts. While resistivity values are important, resistivity contrasts are 
necessary in order to interpret subsurface data. 

The resistivity results are presented as profiles, essentially 2D vertical, wedge-shaped slices through 
the subsurface.  The vertical profiles depict resistivity contrast and possible resistivity anomalies 
(those areas with anomalous resistivity value and shape).  Using knowledge of the site geology, 
experience using resistivity methods, and information such as that on Table 9-1 (adapted from 
Jakosky, 1950) to characterize the subsurface conditions, performs the interpretation of the 
resistivity profiles.  This process provides the information summarized on Table 9-2 (The 
anticipated resistivity expression of possible site features).   

The anticipated resistivity expression (Table 9-2) of site features is based upon typical resistivity 
results obtained from numerous studies and provides the “probable” expression of subsurface 
features.  The resistivity expression considers the range of resistivity values, the shape of the 
anomaly, and the continuous/discontinuous nature of the resistivity values.  Because of the overlap 
of the resistivity value ranges (for example saturated material and clayey material may exhibit 
similar resistivity values because both are fairly conductive materials); multiple interpretations are 
possible for each anomaly.   
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The anticipated resistivity anomaly expression identified on Table 9-2 includes low, moderate, and 
high resistivity anomalies.  For example, elliptical low resistivity anomalies suggest a more 
electrically conductive subsurface material (possible lens of saturated or clayey material), or if 
within the anticipated bedrock zone, this may also be interpreted as a possible saturated fracture.  In 
significant karst environments, elliptical or circular low resistivity anomalies within the anticipated 
bedrock zone may be interpreted as mud/water-filled voids.  Irregular very low resistivity anomalies 
that are affected by electrical noise may be interpreted to represent electrically conductive fill, with 
possible metal content.  Higher resistivity anomalies may be interpreted to represent less electrically 
conductive material, likely less clay and water content.  Within the anticipated bedrock zone this 
may also represent competent rock.  Irregular, high resistivity anomalies may be interpreted to 
represent possible fill materials.   

9.5.1 EI Zone II   
The EI traverses were completed within geophysical Zone II at the locations identified on 
Figure 9-1.  Most of the EI traverses were completed every 7.6 meters (25 feet).  Four of the EI 
traverses were completed in locations at the request of USACE Buffalo District (Traverses 53-56).  
The completed resistivity profiles are provided in Appendix B (Electrical Imaging Profiles and 
Anomaly Summary Table). These resistivity profiles represent 56 resistivity traverses that were 
completed within geophysical Zone II.  Selected resistivity profiles are presented on Figures 9-2 
through 9-17.  Some of these traverses, Traverses 2 through 10 and Traverses 38 through 52, were 
completed across Zone II, but were not completed across the WCS.  Other traverses, Traverses 1, 
Traverses 11 through 37, and Traverses 53 through 56 were completed within Zone II and across 
the WCS.  For ease of review, the resistivity results for Zone II will be discussed in two sections- 1) 
those traverses that extend across the WCS, and 2) those traverses that extend across non-WCS 
areas.

9.5.1.1 E  Results A ross the WCSI c

The resistivity profiles obtained across the WCS include Traverses 1, 11 through 37, and 53 through 
56.  All these profiles extend from west to east, except for Traverse 55, which extends south to north 
across the WCS.  The profiles indicate that several significant anomaly types (those areas with 
contrasting resistivity values or shape) are observed throughout the data set.  Overall, the resistivity 
value range is small across the WCS.  Therefore, some resistivity contrasts (color contrasts) are only 
a few ohm-meters to ten ohm-meters in difference.  This color contrast is not extreme and may 
reflect rather small changes within the subsurface, possibly the increase in silt content.  Only 
significant resistivity contrasts (those greater than ten or a few tens of ohm-meters) have been 
identified.

Selected significant resistivity contrasts (anomalies) have been identified on Table 9-3.  This table 
lists the anomaly identifier (ID, the traverse number, the zone, and the most probable interpretation. 
A summary table of the all resistivity anomalies is included in Appendix B and identifies over 300 
potential anomalies (throughout Zones II and III).
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The information obtained from the resistivity profiles and the summary table indicates several types 
of consistent anomalies have been identified across the WCS.  These anomaly types include 
shallow-low resistivity, shallow-high resistivity, moderate depth-low resistivity, moderate 
depth-moderate resistivity, moderate depth-high resistivity, deep-low resistivity, and deep-high 
resistivity.   

The shallow-low resistivity anomalies (those less than 5 meters [16.4 feet] bgs), for example 
Z2-14B (Figure 9-3) exhibit resistivity values less than 20 ohm-meters.  This suggests an 
electrically conductive material is associated with this anomaly.  Anomaly Z2-14B is interpreted to 
represent more electrically conductive material possibly increased clay content and/or increased 
moisture.  Numerous shallow-low resistivity anomalies have been identified across the WCS and 
can be interpreted to represent more electrically conductive material (likely attributed to increased 
clay content and/or increased moisture).  Some other shallow-low resistivity anomalies have been 
identified that exhibit an irregular shape, contain electrical noise, or occur across extensive areas.  
For example, anomaly Z2-17C (Figure 9-5) is an irregular shallow to moderate depth-low resistivity 
anomaly.  Some electrical interference appears to be present.  This feature can be interpreted to 
represent electrically conductive fill material; possibly with some metal content (may be the cause 
of interference).  The location of Z2-17C is coincident with anomaly AB (Figures 5-2 and 5-3),
which is interpreted as the buried bulldozer.  Numerous anomalies similar to Z2-17C occur 
throughout the traverses that extend across the WCS and are identified on the resistivity profiles and 
Anomaly Summary Table in Appendix B.   

Shallow-high resistivity anomalies exhibit resistivity values greater than 60 ohm-meters.  This 
resistivity value is generally considered a more moderate resistivity value; however, across Zone II 
this value appears to be along the higher range of resistivity values.  The shallow-high resistivity 
anomalies, for example, anomaly Z2-33C (Figure 9-8), indicate a less electrically conductive 
material.  The less electrically conductive material can be interpreted to represent decreased clay 
content, drier material, or possibly dry fill.  Numerous anomalies similar to Z2-33C have been 
identified on the resistivity profiles and the Anomaly Summary Table in Appendix B. 

Moderate depth resistivity anomalies (those between 5 to 20 meters [16.4 to 65.6 feet] bgs) have 
been identified on Table 9-3 and the resistivity profiles.  The moderate-depth resistivity anomalies 
identified across the WCS can be interpreted to represent material that is within the WCS and near 
the anticipated WCS bottom.  As with the shallow resistivity anomalies, low resistivity features at 
moderate depths can be interpreted to represent more electrically conductive material, possibly 
increased clay and moisture content, while higher resistivity features can be interpreted to represent 
less electrically conductive material, likely decreased clay and moisture.  

Moderate resistivity anomalies (between approximately 45 and 60 ohm-meters) are identified 
throughout the resistivity profiles. Examples of moderate depth resistivity anomalies include 
Z2-14C (low resistivity) and Z2-21A (moderate resistivity) identified on Table 9-3 and Figures 9-3
and 9-6.  Irregular moderate depth resistivity anomalies, for example, Z2-37F (Figure 9-12) may 
indicate the presence of electrical interference and may be interpreted to represent fill materials that 
may contain some metal, debris, or inhomogeneous material.  Other moderate-depth resistivity 
anomalies are presented on the resistivity profiles and Anomaly Summary Table in Appendix B. 
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Deep resistivity anomalies (those greater than 20 meters [65.6 feet] bgs) have been identified on 
Table 9-3 and the resistivity profiles.  The deeper resistivity anomalies obtained from traverses that 
extend across the WCS suggest resistivity contrasts that may exist beneath the anticipated landfill 
bottom, therefore potentially identifying the native subsurface materials.  Both low and high 
resistivity anomalies were identified at this depth range.  Low resistivity anomalies, for example 
Z2-37B (Figure 9-12), can be interpreted to represent more electrically conductive material, 
possibly increased clay and moisture content, or bedrock lithology changes.  Moderate or higher 
resistivity anomalies, for example Z2-30B (Figure 9-7), can be interpreted as less electrically 
conductive material, possibly less clay content, decreased moisture, or bedrock lithology changes.  
The greater the depth of the anomaly, coupled with possible electrical interference, may cause 
distortion of the anomaly.  This limits the depth estimate and possible interpretation of some 
anomalies.  The deeper resistivity features have been identified on the resistivity profiles and the 
Anomaly Summary Table in Appendix B.   

Comparison of all the resistivity profiles that transect the WCS provides information pertaining to 
landfill characteristics, potential sand and gravel lenses, and potential saturated areas, etc.  This 
information is as follows. 

 The resistivity range across the WCS is relatively small (between 0 and approximately 200 
ohm-meters).  This suggests that most of the material within the WCS is electrically similar.  
Small changes depicted on the resistivity profiles (less than 10 ohm-meters) are not geologically 
significant resistivity contrasts. 

 A general trend is observed across the EI Traverses 11 through 31 (Appendix B).  The traverses 
south of Traverse 31 (see Figure 9-23) appear to exhibit resistivity contrasts that are more 
extreme (very low resistivity) and larger compared to most of the resistivity contrasts 
(anomalies) north of Traverse 31.  This can be interpreted to suggest that the WCS subsurface 
south of Traverse 31 contain materials that are extremely electrically conductive or contribute 
significant cultural interference (former building foundations as an example).    

 EI Traverse 55 (Figure 9-14) obtained data with a significant amount of electrical interference.  
Also, the profile exhibited increased subsurface variability when compared to the EI traverses 
that extend west to east across the WCS.  The increased variability and electrical interference 
along Traverse 55 may be interpreted to suggest that the WCS subsurface is more variable along 
the south to north trend, rather than along the west to east trend. Also, several low resistivity 
(less than 10 ohm-meters) anomalies occur between 0 and 200 meters (0-656.2 feet) inline 
distance, such as Z2-55A, Z2-55B, Z2-55C, Z2-55D, and Z2-55F (Figures 9-14 and 9-23).
These low resistivity anomalies possibly contain electrical interference and may be interpreted 
to represent possible waste materials that may include metal or remnants of the former 
building(s).  

 Although the subsurface material north of EI Traverse 31 appears to exhibit fewer extremely 
low resistivity anomalies, several very low resistivity anomalies were identified. Low resistivity 
anomalies, Z2-15C, Z2-16C, Z2-17C, Z2-18A, and Z2-19A identified on traverses 15 through 
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19 (Appendix B, also selected example Figure 9-5) indicate electrically conductive material that 
extends approximately 30 meters (100 feet) north-south and 15 meters (50 feet) west-east.  
These anomalies appear irregular and exhibit some distortion (Traverse 17, Figure 9-5) and have 
been interpreted to represent fill with possible metal content.  During the field effort this 
location had been identified as the possible former bulldozer.  The EI results obtained from this 
location indicate the center of the anomaly (Traverse 17, Figures 9-5 and 9-23) is approximately 
8 meters (26.2 feet) below the top of the WCS (when estimating depth using EI methods 
generally the estimate extends to the anomaly center and all depth estimates must consider the 
inherent limitations of the EI method).  

 Shallow moderate to high resistivity anomalies were identified along EI traverses 20 through 23 
(Appendix B, also selected example Figure 9-6).  These anomalies can be interpreted to suggest 
an area of less electrically conductive material, possibly dry fill (Figure 9-23).

 A higher number of moderate to high resistivity anomalies were identified along EI traverses 28 
through 33 (Appendix B, selected example Figure 9-7) and can be interpreted to represent a 
larger area of less electrically conductive material, possibly drier fill (Figure 9-23).

 EI Traverses 32 through 37 indicate a large rectangular low resistivity anomaly (Appendix B,
and selected example Figure 9-8).  This anomaly is identified by anomaly IDs Z2-32E, Z2-32F, 
Z2-33D, Z2-34F, Z2-35G, Z2-36G, and Z2-37F (see corresponding Appendix B traverses).  The 
large area depicted by these anomalies indicates a more electrically conductive material within 
this portion of the WCS.  The anomalies identified are affected by some electrical interference.  
The presence of electrical interference suggests this large area may also contain some metal.  
Anomaly Z2-56C (Figure 9-15) also indicates that a low resistivity feature extends eastward and 
appears to occur within the eastern WCS berm.  While this resistivity feature extends eastward 
within the berm it is difficult to determine if this is one feature or separate features (one on 
either side of the berm) using only EI methods.  

 An elevated area of the WCS was observed during the EI field effort.  The elevated area was 
approximately 1 meter higher in elevation and occupied a portion of the WCS center.  
Numerous EI traverses were completed across this area, however since this feature was within 
the first 1 meter of the subsurface and the electrode spacing of the EI traverses was large 
(4 meters [13.1 feet]), it was not detected.  Another EI traverse, Traverse 53 (Figure 9-1,
Figure 9-13), was completed across the elevated area with a smaller, electrode spacing.  This 
traverse was completed using a 2-meter (6.6-foot) electrode spacing and exhibits more 
resolution within the shallow subsurface.  The results of this traverse indicate that the upper 2 
meters (6.6 feet) of the profile exhibits low resistivity and can be interpreted to suggest 
electrically conductive material, likely fill.  

 A consistent low resistivity anomaly is identified along the base of the western WCS berm at 
approximately 40 to 45 meters (131.2 to 147.6 feet) inline distance of each Zone II EI traverse 
(Appendix B, also example Z2-36A, Figure 9-11).   This anomaly is adjacent to a metal fence in 
some areas.  The consistent location of this low resistivity anomaly on each profile suggests this 
feature is linear and extends north-south, parallel to the western WCS berm.  The low resistivity 
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anomaly, more electrically conductive material, appears along some EI traverses irregularly and 
hints to a possible cultural feature.  The overall shape and resistivity value is typical of a ditch, 
trench, or buried utility.

 Typically, fractures are expressed as significant lateral discontinuities within the resistivity 
contours.  Water-filled fractures may also be observed as elliptical low resistivity values.  
Significant lateral discontinuities were not observed across the WCS during this EI survey.  
Shallow elliptical low resistivity anomalies typically represent changes in clay and moisture 
content and are usually interpreted as a “lens” of this material.  Deep elliptical low resistivity 
anomalies indicative of bedrock fractures beneath the WCS were not observed during this 
investigation.

 Air-filled voids typically exhibit very high resistivities (greater than 2,500 ohm-meters).  
Resistivity values of this magnitude were not observed across the WCS during this 
investigation.  Mud or water-filled voids are typically identified as elliptical low resistivity 
anomalies.  While elliptical low resistivity anomalies were identified across the WCS during 
this investigation, these were mostly at shallow to moderate depths (above the anticipated 
bedrock zone) and may be related to more conductive zones and not the presence of mud or 
water-filled voids.  As determined by seismic (discussed later) the absence of water within the 
landfill, eliminates the opportunity for mud or water filled voids to be present. 

 The low resistivity anomalies have been interpreted to represent more electrically conductive 
material.  This electrically conductive material is possibly increased clay content and/or 
increased water saturation (below the base of the WCS).  Because clayey materials and saturated 
materials have similar resistivity value ranges, it is difficult to determine the difference between 
these materials using EI methods.  

 The EI traverses transected the clay cutoff walls (within the WCS berms and considered 
coincident with the berms) during the Zone II EI investigation.  The resistivity profiles indicate 
that some anomalies exist near, along, or within the berms.    The resistivity profiles that transect 
the northern berm (EI traverses 12 and 55, Figures 9-2 and 9-14) do not suggest significant low 
resistivity anomalies within or extending across the berm.  The western berm is transected by 
many EI traverses, including Traverse 1, and Traverses 12 through 37 (Appendix B).  Low 
resistivity anomalies were identified within, near or extending across the western WCS berm 
along EI Traverses 15, 21, 30, and 34-37 (Appendix B, also Figures 9-4, 9-6, 9-7, and 9-9 
through 9-12).  While these low resistivity anomalies may only represent cultural features 
(fences, ditch, utility, etc.) on the west side of the western berm, the low resistivity anomalies on 
the east side of the western berm may indicate an increased clay content within the shallow 
materials along the western edge of the landfilled material.

 Most EI traverses did not completely transect the eastern WCS berm hence significant low 
resistivity anomalies were not generally identified along the eastern WCS berm on those 
traverses that crossed the berm.  A couple of exceptions do exist.  EI traverse 37 (Figure 9-12)
does indicate a significant low resistivity anomaly extending into the eastern WCS berm area.  
Another EI traverse completed across the eastern berm (Traverse 56, Figure 9-15) confirms that 
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a low resistivity anomaly extends into the eastern berm at this location.  The southern WCS 
berm is transected by EI Traverse 55 (Figure 9-14).  The resistivity profile indicates that a large 
low resistivity anomaly exists beneath the berm.  The low resistivity anomaly (Z2-55A, 
Figure 9-14) indicates a more electrically conductive material beneath the berm and is most 
likely influenced by the near-surface metals identified during the electromagnetic and magnetic 
surveys.

 Since the bottom of the WCS has been described as clay, the expected resistivity expression of 
the landfill bottom is a consistent low resistivity contrast.  The consistent low resistivity contrast 
was not identified on all the WCS EI profiles.  A few profiles exhibit resistivity values that may 
“hint” at the possible landfill bottom.  EI Traverse 17, Anomaly Z2-17B (Figure 9-5), indicates 
low resistivity and may be interpreted to represent clay materials (possibly the clay underlying 
the landfill) at approximately 94 meters (308 feet) above mean sea level (AMSL).  

9.5.1.2  Summary and Conclusions of E  R sults A ross the WCS I e c

One of the purposes of the electrical imaging survey was to identify possible fractures on the WCS.  
Geophysical measurements performed on the WCS, including EM31, EM61, magnetometer, 
seismic, and electrical imaging methods, were all focused on the characteristics of the WCS, and 
were generally acquired with parameters that minimally measured the cap as an ancillary target.  
Geophysical measurements were not made to directly assess fractures as part of the geophysical 
investigation.  In conducting the EI survey, SAIC personnel crossed the WCS numerous times in 
very organized patterns.  All SAIC personnel were aware of the concerns for cracks, fissures or 
closed depressions on the landfill cap, and the need to mark and map any features seen.  By 
observation there were no cracks or fissures on the landfill cap.  The absence of observed cracks, 
fissures or closed depressions suggests the integrity of the WCS cap remains intact.  

The EI results obtained from the EI traverses across the WCS indicate that resistivity contrasts exist 
within the resistivity profiles. Although the resistivity range is small, indicating possible consistent 
(homogeneous) material within some areas, numerous anomalies were identified.  A consistent 
resistivity contrast that may be identified as the possible landfill bottom was not identified 
throughout all the EI profiles. 

The anomalies in most instances appear to be isolated “pockets” of material, although several 
patterns were identified within the anomaly distribution and provide information pertaining to the 
general WCS characteristics.  The WCS anomaly magnitudes and shapes appear to change south of 
EI Traverse 31.  Also, the variability increases within the south-north trend of the WCS.  Large low 
resistivity areas were identified between EI Traverses 15-19, and Traverse 32-37.  These features 
appear to exhibit some distortion and likely represent fill with some possible metallic content.  A 
linear low resistivity feature exists along the base of the western berm and suggests a possible 
former trench, ditch, or buried utility location.   

Air-filled or water-filled voids were not identified within or beneath the WCS.  Resistivity values 
associated with air-filled voids are nominally in excess of 2,500 ohm-meters and were not recorded 
in any of the EI data sets over the WCS. The absence of observed cracks or fissures (discussed 
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above) further suggests the absence of voids and settlement within the WCS.  Therefore, SAIC can 
conclude that significant air-filled voids are not interpreted to be present in the WCS.  Small-scale 
voids, below the resolution capability of this method may exist, however larger scale features that 
may compromise the integrity of the WCS were not identified.   

The general landfill characteristics and waste pile contents have been described in detail within 
previous sections. Water- or mud-filled voids, typically elliptical in shape and exhibit low 
resistivities (due to the conductive nature of clays and pore fluids), were not identified within the EI 
data over the WCS.  SAIC did not interpret any anomalous areas within Zone II that may be 
attributed to extensive sand and gravel channels, or sand lenses.  No discontinuities or significant 
breaches were identified in the EI data at the locations of the clay cutoff wall.  Anomalies adjacent 
to the cutoff walls are occasionally observed to adversely affect the modeled resistivity of the cutoff 
wall.  These anomalies relate to materials placed within the WCS, as well as natural geologic 
variations (generally the red-brown clay with a varying presence of sand and gravel) adjacent to the 
cutoff wall.  Variations in electrical resistivity not related to adjacent anomalies are generally 
interpreted to represent subtle variations in construction or composition, and have not been 
interpreted to represent compromises of the cutoff wall integrity due to the limited magnitude of 
measured value variation.  Based upon the geophysical data, the cutoff wall may be interpreted to be 
intact and uncompromised.   

The EI survey was also utilized to evaluate the moisture variations within the subsurface and above 
the water table.  The EI method is a useful geophysical method to evaluate moisture variations in 
the subsurface, however the EI method cannot uniquely identify water saturation (unless 
soil/sediment homogeneity exists).  Areas of altered resistivity were identified that may be 
interpreted to indicate increases in moisture.  Interpretation of the EI data alone, integrated with 
other geophysical methods discussed in other sections of this report does not permit the 
interpretation of water saturation within the WCS.  Section 12.6.2 provides interpreted depths for 
water saturation via the seismic shear wave data analysis. 

The clay cutoff walls (WCS berms) on the western side of the WCS were transected by numerous 
EI traverses.  A few traverses transected the northern, southern, eastern WCS berms.  The resistivity 
information identified some low resistivity anomalies that extend across or within the berms, 
suggesting electrically conductive material within the berm or adjacent to the berm.  While this 
information may only relate to increased clay content within or extending across the berm, the 
possibility that this resistivity value is related to increased saturation or cultural interferences, i.e., a 
chain-link fence or a subsurface utility, cannot be eliminated using the EI method.  

9.5.1.3  E  R sults A ross Non-WCS Zone II I e c

The EI results obtained from EI traverses that transect non-WCS Zone II areas include Traverses 2 
through 10 and Traverses 38 through 52 (Figure 9-1, individual traverses located in Appendix B).  
Resistivity anomalies (those areas with anomalous resistivity value or shape) were identified on 
each profile and listed within the Anomaly Summary Table (Appendix B).  The anomaly ID, 
traverse number, zone, and possible interpretation are listed for each anomaly within the Anomaly 
Summary Table, but selected anomalies are identified on Table 9-3.

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



H:\JOBS\COMPONE\ArmyCOE\NiagaraFFs\Report\NFSSReportFinal1.7.doc                  Page 92 of 146 

Shallow-low and shallow–high resistivity anomalies (less than 5 meters [16.4 feet] bgs) may 
represent the unconsolidated materials throughout Zone II.  Moderate depth resistivity anomalies 
(between 5 meters [16.4 feet] and 20 meters [65.6 feet]) likely represent the material just overlying 
the bedrock and the upper bedrock surface.  Deeper resistivity anomalies (greater than 20 meters 
[65.6 feet]) can likely be interpreted as material within the bedrock or at the bedrock/unconsolidated 
material interface. 

Shallow-low resistivity anomalies identified on resistivity Traverses 2 through 10 and Traverses 38 
through 52 (individual traverses located in Appendix B), for example Z2-5E (Figure 9-16) and 
Z2-48B (Figure 9-17), indicate a more electrically conductive material.  Other elliptical low 
resistivity anomalies may also indicate a “lens” of more electrically conductive material.  This more 
electrically conductive material is likely attributed to an increased clay and/or moisture content.  
Shallow-high resistivity anomalies, for example Z2-48C (Figure 9-17), also appear elliptical in 
shape.  These anomalies are interpreted to be attributed to the road, ditch, or nearby wells.   

Moderate depth resistivity anomalies are identified on the resistivity profiles.  These anomalies 
exhibit low, moderate, and high resistivity.  Anomaly Z2-5C (Figure 9-16) exhibits resistivity 
values between 40 and 80 ohm-meters (moderate depth-moderate resistivity) and can be interpreted 
to represent less electrically conductive material, likely decreases in clay and/or moisture content or 
minor increases in silt, sand, or gravel.  Moderate depth-low resistivity anomalies, for example 
Z2-48A (Figure 9-17), suggest a more electrically conductive material and can be interpreted to 
represent increased clay content and/or moisture.

Deeper-low resistivity anomalies, for example Z2-48E (Figure 9-17) and Z2-5B (Figure 9-16),
indicate a more electrically conductive material, which can be interpreted to represent increased clay 
content and/or moisture.  The depth of these anomalies (below the anticipated bedrock interface) 
however suggests that these anomalies may also be interpreted to represent bedrock lithology or 
competency changes.

Several significant lateral discontinuity anomalies, for example Z2-46F (Appendix B) have been 
identified on the resistivity profiles.  These significant lateral discontinuities can be interpreted to 
represent changes within the unconsolidated material, possible bedrock fracture locations (if 
positioned near the bedrock interface), or other bedrock lithology or competency changes (if below 
the anticipated depth to bedrock).  While the EI results overall consist of numerous slight lateral 
discontinuities, the anomalies identified as such, listed on Anomaly Summary Table and on the 
associated traverses within Appendix B, are not considered geologically significant features within 
the EI data set. 

Comparison of the non-WCS EI results obtained during the Zone II investigation suggests that a 
couple of general trends can be identified within the data, however most of the resistivity anomalies 
tend to be isolated as elliptical shape features, possibly indicating a “lens” of material.   

A consistent shallow to moderate depth-low resistivity anomaly was identified on each of the 
resistivity profiles at approximately 35-45 meters (114.8-147.6 feet) inline distance.  This low 
resistivity anomaly suggests more electrically conductive material, likely increased clay and/or 
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moisture.  Because this feature is observed on each of the non-WCS EI profiles, this feature appears 
to be linear.  The anomaly shape and electrically conductive material is typical of a potential ditch, 
trench, or buried utility.

A general trend of moderate resistivity was observed within the Zone II non-WCS resistivity 
profiles at approximately 90 to 80 meters (295.3 to 262.5 feet) AMSL.  Moderate to high resistivity 
anomalies were identified within this depth range, some of which exhibited a “layered” appearance, 
while others were more “lens-like”.  The consistent occurrence of a moderate to high resistivity 
features within 90 to 80 meters (295.3 to 262.5 feet) AMSL may be interpreted as a potential 
interface of a shallow less electrically conductive unit (less clay, more sands and gravels overlying 
bedrock.   

9.5.1.4   Summary and Conclusions of EI Results Across Non WCS Zone II-

The EI results obtained from the EI traverses across the non-WCS portions of Zone II indicate that 
resistivity contrasts exist within the resistivity profiles. Numerous anomalies were identified and 
listed on the Anomaly Summary Table as well as the resistivity profiles (both located within 
Appendix B).  Each anomaly was given an ID, position, and possible interpretation.  Selected 
anomalies were also identified on Table 9-3.

The anomalies identified across the non-WCS were of several types and depths.  Low resistivity 
anomalies were interpreted to represent more electrically conductive materials, such as increased 
clay and/or moisture content. Higher resistivity anomalies were interpreted to represent less 
electrically conductive materials, such as less clayey material and/or drier material.  Overall, fewer 
prominent irregular anomalies were observed and suggest that fewer locations of fill material were 
detected using the EI methods in this area. The depth of the anomalies may contribute to the 
anomaly interpretation for example; shallow anomalies are more likely related to the unconsolidated 
material, while the deepest anomalies are more likely related to bedrock material. 

A linear low resistivity feature was identified on each of the resistivity profiles at approximately 35 
to 45 meters (114.8 to 147.6 feet) inline distance (this feature was also identified at these distances 
along the western berm of the WCS).  This feature may be interpreted to represent a possible ditch, 
trench, or buried utility location.  The feature is also parallel and adjacent to a known roadway. 

Moderate to high resistivity anomalies were more frequently identified between 90 and 80 meters 
(295.3 to 262.5 feet) AMSL than low resistivity anomalies.  The occurrence of this moderate to high 
resistivity anomalies within this range can be interpreted to represent less electrically conductive 
material, either less clayey and/or drier material, potential bedrock, or competency changes.   

As with the Zone II WCS EI results, natural geologic variations (generally the red-brown clay with 
a varying presence of sand and gravel) are interpreted present, adjacent to the cutoff wall.  
Variations in electrical resistivity not related to adjacent anomalies are generally interpreted to 
represent subtle variations in construction or composition, and have not been interpreted to represent 
compromises of the cutoff wall integrity due to the limited magnitude of measured value variation.  
Based upon the geophysical data, the cutoff wall may be interpreted to be intact and 
uncompromised.   
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The EI survey was also utilized to evaluate the moisture variations within the subsurface and above 
the water table.  The EI method is a useful geophysical method to evaluate moisture variations in 
the subsurface, however the EI method cannot uniquely identify water saturation (unless 
soil/sediment homogeneity exists).  Areas of altered resistivity were identified that may be 
interpreted to indicate increases in moisture.  Interpretation of the EI data alone, integrated with 
other geophysical methods discussed in other sections of this report does not permit the 
interpretation of water saturation within the WCS.  Section 12.6.2 provides interpreted depths for 
water saturation via the seismic shear wave data analysis. 

9.5.2 EI Zone III
The EI traverses were completed within geophysical Zone III at the locations identified on 
Figure 9-18.  Most of the EI traverses were completed across features identified during the EM and 
Magnetometer surveys. Some of the EI traverses were completed to provide data coverage along 
NFSS property limits (for example Traverse 4). The resistivity survey results for Zone III are 
presented on resistivity profiles (located within Appendix B).  Zone III results examples are shown 
in Figures 9-19, 9-20, 9-21, and 9-22.  The resistivity profiles represent 13 resistivity traverses that 
were completed within geophysical Zone III, approximately 3,655 lineal meters (11,992 feet) of EI 
data.   

The resistivity profiles obtained throughout Zone III extend from west to east or south to north.  
Two of these traverses, Traverse 4 and Traverse 5 were presented in bisected profiles (located in 
Appendix B).  These traverses were significant in length and to preserve equivalent scales, the 
profiles were bisected onto separate figures.  However each bisected profile contains some overlap 
to ease the review of the profiles.   

The significant resistivity contrasts (anomalies) for the EI survey within Zone III have been 
identified on the Anomaly Summary Table (Appendix B).  Selected anomalies are presented on 
Table 9-3.

Shallow-low resistivity anomalies, for example Z3-1C (Figure 9-19), were identified on each of the 
resistivity profiles.  The low resistivity suggests that a more electrically conductive material exists in 
these identified locations.  The more electrically conductive material can be interpreted to represent 
increased clay content and/or increased moisture, likely within the overburden.  Irregular low 
resistivity anomalies or those adjacent to nearby possible cultural interferences include Z3-2G 
(Figure 9-20), Z3-3B (Appendix B), Z3-4F (Appendix B) and Z3-4I (Appendix B), Z3-5D 
(Appendix B), Z3-6C (Appendix B), Z3-7A (Appendix B), Z3-8A (Figure 9-21), Z3-10A 
(Appendix B), and Z3-13A (Figure 9-22).  Many of these anomalies extend to greater depths on the 
resistivity profiles; however this is mainly related to the distortion caused by the cultural 
interference.  

Shallow-moderate to high resistivity anomalies, for example Z3-8C (Figure 9-21), suggest a less 
electrically conductive material that can be interpreted to represent less clayey and/or drier 
conditions.  Numerous shallow less electrically conductive areas are identified on each resistivity 
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profile.  Some of these anomalies may be interpreted to represent dry fill materials, for example 
rock or rubble.  Unless fill materials were observed at the surface during the EI field investigation, 
the shallow high resistivity anomalies were not identified as possible fill areas.  Irregular shallow 
high resistivity anomalies, for example Z3-8E (Figure 9-21) (also see Anomaly Z3-9E, 
Appendix B), were identified and interpreted to represent material possibly related to cultural 
features.  Anomaly Z3-8E can be interpreted to represent a less electrically conductive material; 
possibly less clayey, drier material and/or roadway fill material.   

Moderate depth anomalies were identified on each resistivity profile.  Anomaly Z3-8B 
(Figure 9-21) suggests more electrically conductive material that can be interpreted to represent 
increased clay content and/or increased moisture.  Anomaly Z3-2D (Figure 9-20) suggests a less 
electrically conductive material that can be interpreted to represent less clayey and/or decreased 
moisture.  Numerous anomalies have been identified that are similar.  These anomalies and the 
possible interpretation are listed on the Anomaly Summary Table and the resistivity profiles 
presented in Appendix B.

A few high resistivity anomalies were located adjacent to low resistivity anomalies, for example, 
Z3-2F and Z3-13C (Figures 9-20 and 9-22).  These moderate depth high resistivity anomalies occur 
adjacent to a low resistivity anomaly that is somewhat irregular.  Occasionally, the resistivity 
inversion software (modeling process) produces “false” high resistivity anomalies around an 
extremely low resistivity anomaly, especially during instances of electrical interference (i.e. near 
utility locations or other highly conductive features).  The location of these particular high resistivity 
anomalies adjacent to very low resistivity anomalies does not discredit the anomaly as a viable 
feature, but does increase the level of uncertainty pertaining to those specific anomalies.  These 
potential “false” high resistivity features are identified within the Anomaly Summary 
Table (Appendix B).   

Deep resistivity anomalies were identified on each resistivity profile.  Anomaly Z3-13H 
(Figure 9-22) suggests a more electrically conductive material.  The depth of this anomaly (probably 
below the anticipated bedrock interface) suggests that this feature may likely be related to bedrock 
lithology or competency changes. Anomaly Z3-12E (Appendix B) exhibits resistivity values greater 
than 500 ohm-meters.  This resistivity value suggests a resistive material.  The depth of this feature 
suggests this feature may be below the anticipated bedrock interface and therefore can be interpreted 
to represent a competency change within the bedrock.  

Lateral discontinuity anomalies were identified on several resistivity profiles, for example Z3-1A 
(Figure 9-19) and Z3-2A (Figure 9-20).  Typically these features are interpreted as possible bedrock 
fractures, bedrock topographic lows, or lithology changes within the unconsolidated or bedrock 
material.  

Numerous moderate to high resistivity anomalies were identified throughout the Zone III EI 
resistivity profiles within the moderate zone, (approximately 90 to 80 meters [295.3 to 262.5 feet] 
AMSL).  Along some profiles, such as Traverses 1, 2, 3, 4, 11, 12, and 13 (located in Appendix B) a 
consistent resistivity contrast exists between shallow-low resistivity material and deeper moderate to 
high resistivity material. At several locations along the resistivity profiles this resistivity contrast is 
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below 80 meters (262.5 feet) AMSL (Traverse 13-Figure 9-22, [Traverse 4 and Traverse 3 located 
in Appendix B], Traverse 2-Figure 9-20, and Traverse 1-Figure 9-19).  The resistivity contrast 
between electrically conductive material and deeper less electrically conductive material appears to 
have a variable resistivity range, however the contrast appears to occur consistently within the 37.5 
to 45 ohm-meter resistivity level.   

The resistivity contrast along Traverses 1, 2, 3, 4, 11, 12, and 13 between shallow electrically 
conductive material and deeper less electrically conductive material can be interpreted to represent 
the rock competency changes within the subsurface (more competent rock generally exhibits higher 
resistivity).  This contrast extends from approximately 90 to 70 meters (295.3 to 229.7 feet) AMSL. 
Along Traverse 13 (inline distance 255 meters [836.7 feet], Figure 9-22), the resistivity contrast 
appears pointy and irregular, similar to a bedrock pinnacle.  These features do not appear to be 
consistent with the anticipated site geology.  In addition, sand and gravel lenses, moisture content, 
fractures, traverse orientation, and electrical distortions can affect the depth of the resistivity contrast 
(either raising or lowering within the profile) and also affect the shape of the resistivity contrast.  
Therefore, the presence of sand and gravel lenses, moisture, fractures, and electrical distortions can 
affect the location of the interpreted competent rock interface and likely cause the odd shaped 
“points”. Despite these odd “points” the EI data can be used to identify a general trend to the 
bedrock surface.   

The general trend across Traverses 1, 2, 3, 4, 11, 12, and 13 is that an interpreted competent rock 
interface follows a resistivity contrast that exists approximately between 90 and 70 meters (295.3 
and 229.7 feet) AMSL.  This resistivity contrast approximately follows the 37.5 to 45 ohm-meter 
resistivity level, however this does not suggest that all resistivity values greater than 
37.5 ohm-meters can be interpreted as bedrock material.  The remaining Zone III EI traverses did 
not present a consistent resistivity contrast.  These traverses (Traverses 5, 6, 7, 8, 9, and 10) did 
indicate that numerous moderate to high resistivity anomalies were observed between 
approximately 90 to 80 meters (295.3 to 262.5 feet) AMSL.  These resistivity anomalies may be 
interpreted as a “hint” of the bedrock surface, but are not consistent enough to provide a more 
distinct contrast.  The factors listed above (presence of sand and gravel lens, moisture, traverse 
orientation, fractures and electrical distortions) can contribute to the lack of a more distinct contrast. 

9.5.2.1 Summary and Conclusions of the EI Results Across Zone III

The electrical imaging survey in Zone III was conducted to supplement the EM and focused 
magnetometer surveys conducted in this area.  The EI results obtained from the EI traverses 
completed within Zone III indicate that resistivity contrasts exist within the resistivity profiles. 
Numerous anomalies were identified and listed in one of three locations:  1) on Table 9-3, 2) in the 
Anomaly Summary Table (Appendix B), and 3) on individual resistivity profiles (located in 
Appendix B).  Each anomaly was given an ID, position, and possible interpretation. 

The anomalies identified within Zone III were of several types and depths. Low resistivity 
anomalies were interpreted to represent more electrically conductive materials, such as increased 
clay and/or moisture content. Shallow-high resistivity anomalies were interpreted to represent less 
electrically conductive materials, such as less clayey material and/or drier material, and potentially 
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represent sand and gravel material.  The depth of the anomalies may contribute to the interpretation 
of the anomaly for example; shallow anomalies are more likely related to the unconsolidated 
material, while the deepest anomalies are more likely related to bedrock material.  Interpretation of 
the EI data, suggests small scale sand and gravel channels, below the resolution capability of this 
method may exist, however larger scale features that may provide contaminant flow pathways from 
the upper silts and clay units into the glacial-lacustrine clay or down to the bedrock surface were not 
identified in the EI traverses.

The electrical imaging survey was performed also in part to gather data on the depth to bedrock.  A 
resistivity contrast was observed along some of the Zone III EI profiles and usually occurred along 
the 37.5 to 45 ohm-meter resistivity level.  This resistivity contrast is interpreted as a rock 
competency change, possibly the top of rock in some locations. This interface is variable across the 
EI profiles but extends between approximately 90 to 70 meters (295.3 to 229.7 feet) AMSL.  The 
resistivity contrast was not as evident along some other EI traverses. Along these traverses the 
occurrence of moderate to high resistivity anomalies between 90 to 80 meters (295.3 to 262.5 feet) 
AMSL only “hints” to the potential contrast between shallow electrically conductive material and 
deeper less electrically conductive material.  The occurrence of this resistivity contrast at 
approximately 90 to 80 meters (295.3 to 262.5 feet) AMSL generally coincides with top of rock 
information obtained from well logs, which indicate that the top of rock exists approximately 10 to 
15 meters (32.8 to 49.2 feet) bgs (Acres American Incorporated, 1981 and BNI, 1984).  

Numerous anomalies were identified that appeared irregularly shaped and distorted.  These 
anomalies are consistent with EI data collected across or adjacent to utilities.  Possible utility or 
culturally influenced anomalies were identified and noted within the Anomaly Summary Table.
The most prominent anomalies that appear to be related to utilities include Z3-3B, Z3-4F, Z3-6C, 
Z3-7A, Z3-8A, Z3-10A, and Z3-13A (located in Appendix B).  No anomalous areas were 
interpreted as contaminant plumes (either emanating from the WCS – Zone II or adjacent to the 
CWM Landfill – Traverse 5 [although a general lower resistivity value was encountered along this 
line]). 

Additionally delineating soil and bedrock stratigraphy and any fractures or faults were an objective 
of the EI data collection in Zone III.  Lateral discontinuities were identified and interpreted as 
possible bedrock fractures, bedrock lithology or competency changes, and/or perhaps topographic 
bedrock lows.  These anomalies were identified on the resistivity profiles and included within the 
Anomaly Summary Table (Appendix B).  While lateral discontinuities were slightly apparent within 
the shallow portions of the profiles, these were not considered significant since they likely represent 
the “lens-like” nature to the unconsolidated deposits.   

9.5.3 Integration of Site Geology 

9.5.3.1  Zone I  I

9.5.3.1.1 Waste Containment Structure 
Geologic information directly relevant to the collected EI data across the WCS is limited to the soil 
and rock borings pre-dating the emplacement of the WCS and those observation wells completed in 
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1986 that surround the WCS.  Table 9-4 is a list of selected borings or wells that have been reported 
to intersect or penetrate the Queenston Formation (HydroGeologic, Inc., 2001).  Surface elevation 
prior to WCS emplacement, over the immediate area of the WCS, ranged from 96-98 meters (315 to 
321.5 feet) AMSL.  The top of the Queenston Formation ranged from 83 to 86.93 meters (272.31 to 
285.20 feet) AMSL and is considered to gently slope to the northwest. Thickness of unconsolidated 
sediments beneath the WCS ranged from 11 to 14 meters (36 to 46 feet) (HydroGeologic, Inc., 
2001).  Elevations for the unconsolidated units beneath the top of the gray clay are shown in 
Table 9-4.

Zone II EI Traverses 1, 11 through 37, and 53 through 56 were either partially or entirely collected 
on top of the WCS.  Traverse spacing on all lines except Traverses 53 and 55 were collected at a 
4-meter electrode spacing and preclude the identification of small-scale features within the WCS.  
Well and soil boring logs identify sand or gravel deposits within the upper clay unit (brown clay) 
typically 3 to 5 feet thick (1 to 1.5 meters), however, some were measured in excess of 15 feet 
(4.5 meters) thick (HydroGeologic, Inc., 2001).  Because of the electrode spacing and proximity of 
the reported sand or gravel lenses to the surface, the EI method could not resolve these near surface 
features.  Figure 9-23 shows the EI Traverse locations within Zone II and the elevation of the 
Queenston Formation identified in the borings or wells from Table 9-4.

Appendix B contains all the EI profiles for Zone II.  Profiles 11, 13, 18, 23, 26, 29, 32, and 37 (north 
to south) show the locations of wells or borings with the reported elevation for the top of the 
Queenston Formation (from the HydroGeologic, Inc., 2001 reference).  Where discernable, a solid 
black line, on the figures, denotes the top of the Queenston Formation based on the boring data.  A 
dashed black line, where shown, denotes the interpreted competent surface, from the EI profiles, for 
the Queenston Formation.  The interpreted competent bedrock surface nominally follows the 37.5 
ohm-meter contour level and has a good correlation with those borings that intersect the bedrock 
surface.  Variations do occur and are noted on the individual traverse figures.  Generally, the 
differences between the top of the Queenston Formation, and the top of competent bedrock can be 
attributed to differential weathering that has occurred at the top of the Queenston Formation, and 
has been documented in a variety of well logs.  Competent bedrock has been interpreted present 
throughout the area surveyed.   

9.5.3.1.2 Non-Waste Containment Structure 
Table 9-4 lists the selected borings or wells that have been reported to intersect or penetrate the 
Queenston Formation (HydroGeologic, Inc., 2001).  EI Traverses 2-10 and 38 through 52 were 
collected within Zone II but off of the WCS proper.  EI Traverses 3 through 10 are located within 
the boundary fencing for the WCS (Figure 9-23).  Traverse spacing on all lines located in Zone II 
and off the WCS were collected at a 4-meter electrode spacing and preclude the identification of 
small-scale features near the surface. 

EI Traverses 8, 7, 5, 4, and 48 (south to north), contained in Appendix B, show the locations of 
wells or borings with the reported elevation for the top of the Queenston Formation (from the 
HydroGeologic, Inc., 2001 reference).  Where discernable, a solid black line, on the figures, denotes 
the top of the Queenston Formation based on the boring data.  A dashed black line, where shown, 
denotes the interpreted competent surface, from the EI profiles, for the Queenston Formation.  The 
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interpreted competent bedrock surface nominally follows the 37.5 ohm-meter contour level and has 
a good correlation with those borings that intersect the bedrock surface.  Variations do occur and are 
noted on the individual traverse figures. 

9.5.3.2 Zon  Ie II

Table 9-4 lists the selected borings or wells that have been reported to intersect or penetrate the 
Queenston Formation (HydroGeologic, Inc., 2001).  EI Traverses 1through 13 were collected within 
Zone III.  EI Traverses 1, 3, 5, 6, and 13 are west to east oriented profiles, with the remainder (2, 4, 
and 7 through 12) trending south to north (Figure 9-18).  Traverse spacing on all lines located in 
Zone III were collected at a 4-meter electrode spacing and preclude the identification of small-scale 
features near the surface. 

Appendix B contains all the EI profiles for Zone III.  EI profiles 2 through 6, 8, 10, 11, and 13 show 
the locations of wells or borings with the reported elevation for the top of the Queenston Formation 
(from the HydroGeologic, Inc., 2001 reference).  Where discernable, a solid black line, on the 
figures, denotes the top of the Queenston based on the boring data.  A dashed black line, where 
shown, denotes the interpreted competent surface, from the EI profiles, for the Queenston 
Formation.  The interpreted competent bedrock surface nominally follows the 37.5 ohm-meter 
contour level and has a good correlation with those borings that intersect the bedrock surface.  
Variations do occur and are noted on the individual traverse figures. 
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10.0 SEISMIC REFRACTION
10.1 Purpose of the Seismic Refraction Survey
The primary purpose of the seismic refraction survey in Zone III was to map the top of the bedrock 
(Queenston Formation).  The Zone III refraction survey also was used to map near-surface seismic 
pressure points and bedrock faults and evaluate vertical subsurface stratigraphy.  The refraction 
survey was conducted to supplement the EM and focused magnetometer surveys conducted in this 
area.  The location of refraction spreads was determined following the reduction and presentation of 
the EM and magnetometer surveys.   

10.2  Seismic Refraction Theoretical Background
Seismic surveys involve the use of an energy source, detectors, and a recording instrument.  For 
most shallow seismic surveys, a source such as a sledgehammer or weight-drop system is impacted 
against a plate or fixture coupled to the ground surface to induce shock waves that are detected by a 
line of geophones (geophone spread) positioned at known distances and elevations from the source 
point.  Each geophone is constructed within a coil that is suspended by springs in a magnetic field 
(the magnet is usually integral with the case of the geophone).  With passage of a seismic wave, the 
geophone’s case and magnet move while the coil remains relatively stationary thus generating a 
voltage that is proportional to the velocity of the seismic particle wave motion.  The voltages at the 
geophones are transmitted by cable to a seismograph that is essentially made up of amplifiers and a 
recorder.  The exact time of the source impact is determined by the closure of a switch or the 
saturation of a transistor (located either on the source, plate or fixture) and transmitted to the 
seismograph by another cable to start the recording of the seismic data.   

Seismic waves that travel through the body of a medium (i.e., through the earth) are termed body 
waves versus surface waves that travel along or near the ground surface.  Analyses of body waves 
are concerned with either their reflection or refraction from subsurface changes in elastic properties 
and density (such as might happen where there is a change in lithology or saturation).  Figure 10-1
shows idealized seismic raypaths for two flat-lying layers with the lower layer having a higher 
velocity than the upper layer.  Wavefronts are defined as the surface over which the phase of a 
traveling wave disturbance is the same.  In isotropic media, the actual seismic wave travels in the 
direction normal (perpendicular) to the wavefront and a line denoting the direction of travel of the 
wave energy is termed a raypath.  The direct ray travels along the surface and reaches the receivers 
before any of the other rays.  The initial ray traveling from the source through the media is called 
the incident ray and its angle of incidence ( i) is equal to the angle of reflection ( R), with the angles 
measured between the raypaths and a normal to an interface.  The angle r is termed the angle of 
refraction. 

From Snell’s Law (sin i/sin r = V1/V2), when V2 is greater than V1 and r reaches 90º then the 
refracted ray will travel along the interface and not penetrate into the lower medium.  The angle of 
incidence for which r equals 90º is called the critical angle ( c).  According to Huygens’ principle, 
every point on an advancing wavefront can be regarded as a new source of waves, therefore as the 
wavefront progresses along the interface at the critical angle it will be refracted back to the surface.  
For angles of incidence greater than c, there is no refraction into the lower medium and total 
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reflection occurs.  If the velocity of the upper layer is greater than the lower layer (i.e., V1 > V2) as 
shown in Figure 10-2 then a critically refracted ray (at r = 90º) will not exist because it is not 
possible to have sin i greater than 1. 

The analysis of seismic data involves determinations of the time of the first arrivals of seismic 
energy (first breaks), the time of later seismic wave arrivals, and the different characteristics of the 
waves.  Seismic energy arrivals from a reflecting interface (reflector) or refracting interface 
(refractor) that is horizontal will arrive earlier at geophones closer to the source than at geophones 
farther from the source.  Likewise, arrivals from shallow interfaces will reach the geophones earlier 
than arrivals from deeper interfaces.  Figure 10-3 shows idealized arrival times versus offset for the 
different types of rays encountered in seismic surveys.  Note that the curvature of a reflection is 
hyperbolic and that the reflected ray generally arrives at later times than either the direct or critically 
refracted ray.  The critically refracted ray does not exist at distances closer to the source point than 
its asymptote to the reflection curve. 

10.3 Seismic Refraction Limitations
Several limitations must be considered in the application of seismic refraction data to the definition 
of any geologic setting.  One of the limitations with this method is its inability to detect relatively 
thin layers.  Methods are available to estimate minimum and maximum thickness, if such a layer is 
suspected; however, the application of these adjustments can be misleading.   

In shallow seismic studies, the absence of velocity contrasts between different lithologic layers 
makes interpretation difficult.  A gradational contact between formations or subsurface layers may 
make it difficult to differentiate the subsurface materials.  It is possible that saturated, 
unconsolidated gravel deposits may have approximately the same seismic velocity as saturated, 
unconsolidated silt and clay deposits depending upon their densities.  A basic understanding of the 
local geology, supported by test boring data, can aid in the interpretation of the seismic data.   

A third refraction limitation occurs when the seismic velocities do not increase with depth.  The 
following geologic setting examples can create this velocity inversion condition: 

1. An unconsolidated sand and gravel aquifer underlying a compact glacial till, 
2. Semi-consolidated or unconsolidated sediments below dense basalt,   
3. Dense limestone overlying poorly cemented sandstone. 

In each of these examples, the second lower velocity interval will not be detected by the seismic 
refraction technique.  In addition, the calculated depth to any deeper refractor layer will be in error.   

An accurate determination of the depth to a particular refractor is dependent upon many factors.  
Included among these are: 

1. Type and accuracy of the field equipment, 
2. Quality of field procedures, 
3. Amount of background interference to data acquisition (seismic noise), 
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4. Number and types of corrections made to the field data, 
5. Type of interpretation method used, and 
6. Variation of the subsurface from the assumptions used in the interpretation. 

Each of the above factors was considered during the acquisition and interpretation of the seismic 
data from the NFSS to ensure the collection of accurate information.  Published references indicate 
that the depth to a refractor can often be determined to within 10 percent of its true depth.  Larger 
errors are normally due to improper interpretation or difficult field conditions.   

10.4  Seismic Refraction Field Procedures
The seismic refraction survey was conducted between August 8 and 12, 2001.  Seismic refraction 
data were collected at anomalous locations identified during the EM31 and Magnetometer surveys 
as well as locations necessary to provide a spatial overview of the top of bedrock.  The center of the 
anomaly was located using global positioning system, and the orientation preferred (N/S or E/W).  
The geophone array was laid out in the preferred orientation, with the center of the spread at the 
center of the anomaly.  The type of equipment used for this seismic refraction survey includes an 
energy source, geophones, and a recording device.  Each will be discussed individually.   

Energy Source – The source energy used for the survey at this site was a 20-pound sledgehammer 
pounded against an aluminum plate.  Source locations were typically conducted at the center of the 
geophone spread; 1.5 meters (5 feet) off each end of the spread as well as additional offend shots 
located 30 meters (100 feet) from the end geophone.  Sources were not conducted at the quarter 
point in the spreads at this site unless observed noise levels indicated they were necessary.   

Seismograph – The recording seismograph used at this site was a Geometrics Strataview.  This 
portable 24-channel digital signal processing and enhancement seismograph has a 24-bit analog to 
digital conversion capability, with a dynamic range of 113 decibels (dB) measured at 2 milliseconds 
(ms) from 3 to 150 hertz (Hz).  Data stacking uses a 32-bit storage system.  The sample interval 
used at this site was 125 microseconds (us) (0.125 ms), with a record length of 256 ms. During this 
project; the data were typically recorded without any field filtering.     

Data files are recorded using SEG-2 (Society of Exploration Geophysicists) standard format, and 
stored digitally onto the seismograph’s hard disk with a file name consisting of a sequential record 
number and a “.dat” suffix.  Each file contains a header per SEG-2 standard that included, at a 
minimum, the instrument type and serial number, file format, line number, date, time, filter settings, 
X-coordinate location of the source point, distance measurement units, number of samples per 
channel, sample interval, record length, and number of stacks.  On the accompanying field notes the 
following items were recorded:  the line number, orientation of the seismic line, file number, source 
point X-coordinate location, position along or off the ends of the geophone spread in distance units, 
number of stacks if they varied from the normal.  Additional pertinent information relative to the 
survey was also included within the field notes. 

Geophones -- Twenty-four receivers, or geophones, were spread apart at common 10-foot intervals 
to measure the energy response from the subsurface.  The geophones used at this site (Mark 
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Products) have a naturally undamped frequency response of 14 Hz with an intrinsic sensitivity of 
0.7 volts per inch per second. 

The field data were monitored during data collection to assure appropriate quality of data. Of critical 
observation during data collection was the number of repeated sources that were necessary to 
overcome ambient noise and provide a clear first break for interpretation.  At the NFSS, the seismic 
data were stacked nominally four to eight times (depending upon offset and noise) at each source 
point to increase the signal-to-noise ratio.  The source point locations were surveyed by GPS, 
geophone positions along the nominally straight lines were located by measuring tape, and 
elevations were surveyed with a hand-level and stadia rod.  A summary of the refraction data files 
collected is located in Table 10-1.  Additional information pertaining to the seismic refraction 
methods and procedures may be found in the seismic refraction geophysical procedure in 
Appendix A-5.

10.5  Seismic Refraction Data Processing 
Seismic depth sections (depth versus seismic velocity for a variable number of layers) are computed 
using the SIP (version 4-1) set of computer programs from RimRock Geophysics Inc., Lakewood, 
Colorado.  The general processing and interpretation flow consisted of the initial selection, or 
“picking”, of the seismic first breaks with the SIPIK program (with the input data file format as 
described earlier).  Creation of data files for input into the interpretation program occurs with the 
SIPIN program (with a “.sip” suffix), and interpretation of the data using modeling and iterative 
ray-tracing techniques with the SIPT2 program (that can be output to an “.out” suffix file for later 
printing or plotting).  The SIPT2 program uses the delay-time method to obtain a 
first-approximation depth model, which is then trimmed by a series of ray-tracing and model 
adjustment iterations to minimize any discrepancies between the picked arrival times and 
corresponding times traced through a 2.5-dimensional model.  The delay-time method is based upon 
the concept of the additional time taken for a seismic wave to travel between the ground surface 
(reference level) and a refractor minus the time required for a wave to travel the horizontal 
projection of the raypath at the reference level at the velocity of the refractor.  With the delay-time 
method, depths to refractors can be determined beneath each geophone. 

Arrival times at two geophones, separated by some variable XY-distance, are used in refractor 
velocity analyses and time-depth calculations.  Using the principle of migration and iterative 
ray-tracing within the SIPT2 program, forward and reverse seismic rays emerge from essentially the 
same point on the reflector, thus requiring the reflector to be plane over only a very small distance.  
The ray-tracing procedure tests and corrects the estimated migrated position of points representing 
the locations of ray entry and emergence from the refracting horizon and takes into account the dip 
of the refracting horizon at those emergence points, therefore enabling accurate representation of 
steeply dipping horizons. 

For any refraction seismic data analysis, it is important to determine accurate velocities.  The SIPT2
program employs several routines for selection of the proper velocities.  For the direct arrivals 
through the first layer, the velocity is computed by dividing the distances from each source point to 
each geophone by the corresponding arrival times.  These individual velocities are averaged for 
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each source point, and a weighted average is computed.  For layers beneath the first layer, velocities 
are computed by two methods:  1) Regression, in which a straight line is fit by least squares to the 
arrival times representing the velocity layer and average velocities are computed by taking the 
reciprocals of the weighted average of the slopes of the regression lines, and 2) the Hobson-Overton 
method wherein velocities are computed if there are reciprocal arrivals from two opposing source 
points at two or more geophones.  Final velocities used in the SIPT2 inversion process are computed 
by taking an average of the two methods. 

Information about possible reflections is calculated using the X2-T2 method.  The X2-T2 method 
determines root mean squared (rms) velocity (V) and the depth of a reflector (Z) from the arrival 
time (T) versus offset (X) relationship:  V2T2 = 4Z2 + X2.  The square of the horizontal offset (X2) is 
plotted against the square of the reflection time (T2) with the slope equal to the inverse of the 
velocity squared and the depth obtained from the intercept.  The rms velocity is based upon the 
assumption that the subsurface is comprised of a series of parallel layers with velocity Vi and 
perpendicular seismic wave traveltime through each layer (ti) as follows:   

Vrms = [ | iVi
2ti / iti |]½. 

Included within Appendix C to this report is output from the SIPT2 program that includes a listing 
of the input data (source point and geophone locations with elevations, arrival times picked for each 
geophone, and the layer assigned to each arrival time for the interpretation), velocity analysis tables, 
a time-distance (T-D) plot indicating the picked arrival times and layer assignments, and a depth 
model plot for each source point and geophone.  On the SIPT2 depth model plots, the positions of 
the emergent rays along each refracting horizon are indicated by letters corresponding to the 
appropriate source points with questionable points, if any, highlighted by a question mark.  At the 
time of processing an arbitrary datum was established at 91.4 meters (300 ft) above mean sea level 
(AMSL).  Depth-model plots included in Appendix C are tied to this datum and range from 4.5 to 
6.1 meters (15 to 20 feet) lower than reported ground surface elevations.   

The location of each source was used to present the information for each line in map view.  The 
source at the center of each spread was retained for presentation of the average velocity interpreted 
for the line.  Locations for each geophone were linearly interpolated from the source locations 
identified by GPS measurement.   

10.6  Seismic Refraction Data Presentation and Interpretation

10.6.1 Seismic Refraction Zone III  
Seismic refraction data were collected along 24 separate seismic refraction spreads identified as line 
07 through line 29.  The data were interpreted to represent three separate layers.  A fourth layer 
could not be reliably identified to evaluate additional vertical subsurface stratigraphy.  Line 19 and 
Line 19A were acquired in a crossing pattern.  The resulting velocities and elevations are within 
10%, consistent within normal levels of error associated with refraction data.

The refraction data set as a whole generally exhibits a first layer velocity range from 280 to 650 
meters per second [mps] (925 to 2,125 feet per second [fps]) as shown on Figure 10-4.  The average 
velocity of the first layer is 460 mps as shown on Table 10-2 (1,500 fps).  For convenience seismic 
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velocities will be reported in feet per second (with mps conversion on Tables, Figures, and 
occasionally in the text) from this point forward.  These velocities represent dry to moist soil 
conditions.  The second layer ranges in velocity from 4,375 to 6,000 fps, with an average velocity of 
4,975 fps.  Generally the velocities increase toward the northwest within the second layer.  The 
velocities encountered represent moist to saturated unconsolidated materials.  The third layer ranges 
from 8,650 to 10,930 fps.  Generally, the velocities for the third layer increase toward the 
Northcentral portion of the site.  The velocities represent consolidated bedrock material.  Layer 
velocities are summarized on Table 10-2.

The depth to the second layer generally ranges from ground surface to a depth of approximately 4.8 
meters (16 feet as shown on Figure 10-5).  This represents elevations ranging from 97.5 to 92.6 
meters AMSL (320 feet to 304 feet AMSL).   

Line 28 provided data that were difficult to interpret.  Therefore, the western portion of this line 
indicates an abnormally shallow third layer that is not interpreted to accurately represent the 
subsurface.  This minor irregularity aside, the depth to the top of the third layer ranges from 
approximately 6.1 meters (20 feet) below the ground surface, to approximately 15 meters (50 feet) 
below ground surface.  This represents elevations ranging from 91.4 to 82.2 meters AMSL (300 feet 
to 270 feet AMSL).   

The geometric configuration of the third layer elevations can be interpreted to indicate a historic 
drainage area in the Northcentral portion of the site.  This drainage area is represented by elevations 
lower than 82.2 meters (270 feet) AMSL.  Refractor depths and elevations are summarized on 
Table 10-3.

Detailed examination of the data does not identify abrupt lowering of elevations in the third layer 
that may be related to weathering associated with a bedrock fault or seismic pressure point.  No 
velocity abnormalities were identified that represent faults, vertical weathered zones or seismic 
pressure points.  No abnormally large seismic velocities were identified that would suggest the 
presence of a seismic pressure point.   

10.6.2 Integration of Site Geology 
Table 9-4 lists the selected borings or wells that have been reported to intersect or penetrate the 
Queenston Formation (HydroGeologic, Inc., 2001).  Seismic refraction lines 07 through 29 were 
correlated with the soil borings or monitor wells that intersected the Queenston Formation.   
Bedrock elevations, from the correlated borings and wells, ranged from 87.2 to 82.5 meters AMSL 
(286 feet to 271 feet AMSL) and typically varied only a few feet when compared to the seismic 
section depths.  Appendix C shows the projected (normal) location of the correlated borings or wells 
onto the nearby seismic line depth model.   

10.7 Seismic Refraction Data Summary and Conclusions
The seismic refraction was successful in identifying and mapping the top of bedrock.  The velocities 
encountered do not indicate abnormal overpressurized conditions.  The seismic refraction survey 
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did identify a bedrock “sag” or low spot along the northern property boundary that has been 
interpreted to represent an historic erosional surface.
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11.0  SEISMIC REFLECTION
11.1 Purpose of the Seismic Reflection Survey
SAIC conducted a seismic reflection survey in Zone IV west of the WCS fence north to south along 
the access road.  Seismic reflection was used in this zone instead of MT because of the nearby 
overhead electrical power lines that caused interference in the MT data.  In this zone, seismic 
reflection was used to enhance the deeper investigation necessary to evaluate the possibility of 
bedrock faults and fractures, geologic discontinuities, and seismic pressure points.  One seismic 
reflection line was recorded, processed, and interpreted. 

11.2  Seismic Reflection Theoretical Background
Seismic surveys involve the use of an energy source, detectors, and a recording instrument.  For 
most shallow seismic surveys, a source such as a sledgehammer or weight-drop system is impacted 
against a plate or fixture coupled to the ground surface to induce shock waves that are detected by a 
line of geophones (geophone spread) positioned at known distances and elevations from the source 
point.  Each geophone is constructed with a coil that is suspended by springs in a magnetic field (the 
magnet is usually integral with the case of the geophone).  With passage of a seismic wave, the 
geophone’s case and magnet move while the coil remains relatively stationary thus generating a 
voltage that is proportional to the velocity of the seismic particle wave motion.  The voltages at the 
geophones are transmitted by cable to a seismograph that is essentially made up of amplifiers and a 
recorder.  The exact time of the source impact is determined by the closure of a switch or the 
saturation of a transistor (located either on the source, plate or fixture) and transmitted to the 
seismograph by another cable to start the recording of the seismic data. 

Seismic waves that travel through the body of a medium (i.e., through the earth) are termed body 
waves versus surface waves that travel along or near the ground surface.  Analyses of body waves 
are concerned with either their reflection or refraction from subsurface changes in elastic properties 
and density (such as might happen where there is a change in lithology or saturation).  Figure 11-1
shows idealized seismic raypaths for two flat-lying layers with the lower layer having a higher 
velocity than the upper layer.  Wavefronts are defined as the surface over which the phase of a 
traveling wave disturbance is the same.  In isotropic media, the actual seismic wave travels in the 
direction normal (perpendicular) to the wavefront and a line denoting the direction of travel of the 
wave energy is termed a raypath.  The direct ray travels along the surface and reaches the receivers 
before any of the other rays.  The initial ray traveling from the source through the media is called 
the incident ray and its angle of incidence ( i) is equal to the angle of reflection ( R), with the angles 
measured between the raypaths and a normal to an interface.  The angle r is termed the angle of 
refraction. 

From Snell’s Law (sin i/sin r = V1/V2), when V2 is greater than V1 and r reaches 90º then the 
refracted ray will travel along the interface and not penetrate into the lower medium.  The angle of 
incidence for which r equals 90º is called the critical angle ( c).  According to Huygens’ principle, 
every point on an advancing wavefront can be regarded as a new source of waves, therefore as the 
wavefront progresses along the interface at the critical angle it will be refracted back to the surface.  
For angles of incidence greater than c, there is no refraction into the lower medium and total 
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reflection occurs.  If the velocity of the upper layer is greater than the lower layer (i.e., V1 > V2) as 
shown in Figure 11-2 then a critically refracted ray (at r = 90º) will not exist because it is not 
possible to have sin i greater than 1. 

The analysis of seismic data involves determinations of the time of the first arrivals of seismic 
energy (first breaks), the time of later seismic wave arrivals, and the different characteristics of the 
waves.  Seismic energy arrivals from a reflecting interface (reflector) or refracting interface 
(refractor) that is horizontal will arrive earlier at geophones closer to the source than at geophones 
farther from the source.  Likewise, arrivals from shallow interfaces will reach the geophones earlier 
than arrivals from deeper interfaces.  Figure 11-3 shows idealized arrival times versus offset for the 
different types of rays encountered in seismic surveys.  Note that the curvature of a reflection is 
hyperbolic and that the reflected ray generally arrives at later times than either the direct or critically 
refracted ray.  The critically refracted ray does not exist at distances closer to the source point than 
its asymptote to the reflection curve. 

During the acquisition of seismic reflection data, the seismic waves recorded from each geophone 
are gathered into groups that have a common source point (source record).  The individual traces 
within the source records are subsequently regrouped into gathers that have the midpoint between 
their source and receiver locations in common (termed common-midpoint [CMP] or 
common-depth-point [CDP] gathers).  The differences in time of arrivals at variable source point to 
geophone distances along reflection paths are termed moveout and are hyperbolic (if reflecting 
strata dips and source-receiver offsets are not too large).  Moveout depends upon velocity, dip (to a 
lesser extent) as well as offset, and decreases with increased reflection time. 

Once the seismic traces have been grouped (sorted) into CDP gathers, analyses of the moveout of 
reflections within the dataset provides velocities that are used to flatten the hyperbolic moveout on 
adjacent traces to a common two-way travel time (approximate time it takes seismic energy to travel 
from a point on the surface to a reflector and back to the same point on the surface).  These 
correction velocities take into account the approximate root-mean-square (rms) velocities of all the 
overlying layers, and the moveout correction is termed normal moveout or NMO.  Traces within 
each statics and NMO-corrected CDP gather can be summed horizontally, or CDP stacked, to 
attenuate random effects and non-primary reflection NMO from other wave types (e.g., multiple 
reflections, surface waves, refractions, diffractions, etc.), and to increase the signal-to-noise (S/N) 
ratio.  The amount of horizontal summing, or CDP fold, is dependent upon the number of 
seismograph channels (i.e., number of geophones), and the location and number of source points.  A 
representation of this concept is shown in Figure 11-4.  Each CDP gather then becomes one stacked 
trace with reflected energy at two-way travel time.  A seismic reflection section consists of stacked 
CDP gathers along the length of the line. 

Currently available seismographs for shallow investigations generally have oversampled 24-bit 
floating-point amplifiers and a signal-enhancement feature.  Signal enhancement, or vertical 
stacking, involves repeated source impacts at the same point into the same set of geophones.  For 
each source point the stacked data are recorded into the same seismic data file and theoretically the 
seismic signal arrives at the same time from each impact, and thus is enhanced, while noise is 
random and tends to be reduced or cancelled. 
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Spurious vibrations from nearby vehicular traffic, machinery, or wind can adversely affect the 
quality of seismic data.  If the seismic noise sources are sporadic, acquisition can be timed to when 
the noise is at a minimum.  Under conditions of constant noise, the number of stacks can be 
increased or, at last resort, in-field filtering can be applied.  Because of the current design of 
seismographs with relatively large dynamic range floating-point amplifiers, it is generally better to 
record without filters (other than anti-alias) and then apply filtering in the processing stage, if 
necessary.  Coherent noise consisting of either ground roll (usually Rayleigh waves that are 
propagated along the free surface of the earth and are a type of surface wave) or air-blasts (noise 
from the source that travels at the speed of sound in air) can overwhelm smaller amplitude 
reflections.  Proper field design and filtering during processing can often, but not always, mitigate 
the effects of these coherent noise sources. 

11.3  Seismic Reflection Field Procedures
The seismic reflection data were collected between June 11 and 14, 2001.  The seismic reflection 
data were acquired with a 48-channel Geometrics StrataView R-48 signal-enhancement 
seismograph, Mark Products 40-Hz vertical geophones, and an Accelerated Weight Drop (AWD) 
source attached to the receiver hitch of a pickup truck.  The AWD consisted of an approximate 
200-pound cylinder that was hydraulically lifted against large rubber bands and then released thus 
resulting in a drop force much greater than the actual weight of the cylinder. 

To determine the optimal source to geophone offset distances and other acquisition parameters, a 
series of noise, filter, and offset evaluation tests were initially conducted.  For these tests, the 
geophone interval was 1.5 meters (5 feet) and source points were located 1.5 to 75 meters (5 to 245 
feet) off one end of the geophone spread thus resulting in a pseudo 96-channel seismic record 
(geophysically termed a pseudo-walkaway test).  The test data were acquired with and without 
seismograph filters, variable record lengths and sampling intervals, and different numbers of source 
stacks.

The test data were initially analyzed in the field, later downloaded into a laptop computer, further 
inspected that evening, and then forwarded via the Internet to Excel Geophysical Services, Inc.’s 
computing center in Englewood, Colorado for additional analyses (note that Excel processed the 
final data as will be discussed later within this report).  These analyses of the data indicated that the 
following acquisition parameters would optimize data quality and satisfy the project objectives: 

1. 10 feet geophone intervals (3 meters),  
2. nominal 6-source stacks,  
3. an off-end source to geophone configuration with a nominal source to first geophone 

interval of 1.5 meters (5 feet),  
4. no field seismograph filtering,  
5. a 512-millisecond (ms) record length, and a
6. 0.25-ms sampling interval.  

The reflection seismic data were acquired per the industry standard common-depth-point (CDP) 
method using the parameters determined during the testing phase.  Additional information 
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pertaining to the seismic reflection methods and procedures may be found in the seismic reflection 
geophysical procedure in Appendix A-6.  The geophone positions along the nominally straight line 
were located by measuring tape and elevations were determined only between stations 309 and 314 
because of the presence of a ditch and road bank (the remainder of the survey line was considered 
flat).  For CDP data acquisition, the source and geophones were moved in tandem down the line by 
moving the source point up 3 meters (10 feet) and “rolling” the geophones up 3 meters [10 feet] 
(e.g., source point 1 was recorded by geophone station numbers 1 through 48, source point 2 was 
recorded by geophone station numbers 2 through 49, etc., as represented in Figure 11-4), except at 
the beginning and end of the line.  This recording manner resulted in nominal 24-fold CDP data 
(i.e., the same subsurface point was sampled at nominally 24 different source point to geophone 
distances) with subsurface points every 1.5 meters (5 feet).  At the beginning of the line, the 
geophone spread was left stationary and 14 source points were located at distances between 41 to 
1.5 meters (135 to 5 feet) from the first geophone to increase the CDP fold.  At the end of the line, 
the geophone spread was also held stationary to the final station and data were acquired at source 
points located between each geophone to increase the CDP fold without the geophone spread 
having to be extended beyond the actual final station. 

Overall the qualities of the seismic reflection data were considered very good to excellent.  Sporadic 
lawn mowing and brush cutting occurred during acquisition of the seismic data; however those 
activities were generally far enough away to not adversely affect the quality of the data.  There 
appeared to be little 60-Hz noise introduced into the data from the nearby power lines.  The 
presence of a few corrugated metal culverts along the line and a gravel road near stations 313 and 
314 did not affect data quality particularly given the relatively high CDP fold of the data.  Wind 
noise was minimal during the entire survey period. 

11.4  Seismic Reflection Data Processing 
Field processing was performed for quality control purposes.  Field processing was performed using 
WinSeis  Turbo a commercial software package written and prepared by the Kansas Geologic 
Survey.  Due to the high fold of the data collected, the final reflection seismic data processing was 
performed by Jerry Schwinkendorf of Excel Geophysical Services, Inc., Englewood, Colorado, with 
on-site and general supervision by Jim Hasbrouck of Hasbrouck Geophysics, Inc., Montrose, 
Colorado.  Excel’s UNIX workstation-based ProMAX  reflection seismic and Green Mountain 
Geophysics refraction statics software packages were used to process the data and offered the 
opportunity to perform extensive testing in a short period of time. 

The side-label on the enclosed reflection seismic section details the steps and testing performed on 
the data and is reproduced below: 

1. Reformat data:  SEG-2 to SEG-Y, 
2. Record and trace editing, 
3. Geometry definition, 
4. Pick first breaks, 
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5. Green Mountain Geophysics refraction statics:  Flat datum, Vo 3,000 ft/sec, 
Vr 10,000 ft/sec (914 and 3,047 m/sec) [where Vo = overburden velocity; Vr 
= rock velocity], 

6. Exponential gain recovery (with numerous tests), 
7. Spectral analysis plot (with field record input), 
8. Filter analysis (with field record input), 
9. Spectral whitening (10-15-130-150 Hz), 
10. Trace balance, 
11. CDP sort, 
12. Statics to floating datum, 
13. Interactive velocity analysis, 
14. Whole-line velocity analysis, 
15. Preliminary stack, 
16. Frequency analysis,
17. Velocity analysis (using narrow panels), 
18. Normal moveout correction, 
19. Mute analysis, 
20. First break mute, 
21. Statics to flat datum, 
22. CDP stack, 
23. Filter analysis (with unfiltered stack input), 
24. Bandpass filter (10-20-80-100 Hz), 
25. FX filter, 
26. Time variant scaling, and  
27. Display (with field polarity). 

First breaks (first arrivals of seismic energy) were chosen for each field record and a refraction 
model was computed.  Two refracting horizons were identified with their respective velocities 
shown on the top two graphs of the seismic section, and their depths and associated statics values 
shown in Figure 11-5.  Note that the depths were relative with an arbitrary surface elevation of 
304.8 meters (1,000 feet).  The statics values were relatively constant and small which was expected 
given the essentially uniform near-surface geology within the survey area.  The first layer refractor 
occurs at depths of approximately 3 to 61 meters (10 to 20 feet) with velocities from about 5,900 to 
6,300+ feet per second (1,800 to 1,925 meters per second).  These ranges discount values near the 
ends of the lines that are inherently less reliable and probably correspond to water-saturated 
sediments.  The second layer refractor at a depth of around 15 meters (50 feet) and velocities greater 
than 10,000 feet per second (3,050 meters per second) is probably the bedrock Queenston 
Formation.  These depth values are consistent with the known geology. 

Spectral and filter analyses were conducted upon individual field records in order to determine the 
quality of the data, the amount of information present, and to design a preliminary data processing 
flow.  Figures 11-6 and 11-7 show four representative field records without and with, respectively, 
AGC or automatic gain control.  Note that each record has a source point number (which is keyed to 
the station numbers along the top of the seismic section), a listing of every fifth seismograph 
channel number, and a field file identification number above the plot.  Time in 100 ms increments is 
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labeled along the sides of the plots.  A record without AGC (Figure 11-6) is overwhelmed by high 
amplitude groundroll, to the extent that hardly any other seismic data are present.  An instantaneous 
AGC display gain is computed by determining the absolute value of individual trace amplitudes 
within a specified time window (100 ms for Figure 11-7 and other similar figures), and then 
computing the ratio of a desired rms plot level to this mean value and assigning each time sample a 
value of the gain function.  The gain function is computed for each time sample and results in a 
record plot where weak signals have their gains increased and strong signals (e.g., groundroll) are 
reduced in gain.  Such a display makes it possible to identify the numerous components of a seismic 
record. 

The four records in Figure 11-7 have both similar and dissimilar attributes.  Cone shaped groundroll 
(perhaps better seen in Figure 11-6) is present on each record as are good first breaks.  Signals with 
appropriate moveout (i.e., hyperbolic) are present for some of the traces in source points 204.5, 
263.5, and 315.5 at about 10 to 20 ms beneath the first breaks.  What may be reflections are also 
present at about 80 to 100 ms (again beneath the first break times) along each record and will be 
more evident throughout steps of the processing flow.  At times greater than about 100 ms 
(referenced to first break times) on each record, there may be slight indications of possible 
reflections over a few traces but they are not present at similar times on the individual records and 
thus will not be coherent in a CDP gather.  Some of these quasi-coherent traces may actually be 
related to a “double bounce” of the source since they might be on one record and not the next.  The 
records shown in Figure 11-7 are similar to those seen on the seismograph while in the field and 
indicate that some reflections may be present after CDP processing of the data. 

Spectral analyses of the raw data from the four representative source points are shown in 
Figures 11-8, 11-9, 11-10 and 11-11.  Generally, data to –30 dB under ideal circumstances, or 
-20 dB under more typical conditions, are considered useable.  While the spectral analyses are 
variable for the four source points, it can be generally stated that the highest power data are in the 
range of approximately 20 to 60 Hz with good useable data (greater than –20 dB) from about 15 to 
130 Hz.  Very low amplitude data are present between –20 and –30 dB from 140 to 240 Hz, but are 
inconsistent between the records and may be more of an indication of high frequency noise rather 
than signal.  Consequently, the data are spectral whitened in a range from 15 to 130 Hz by breaking 
the data into 8 to 10 Hz wide panels (i.e., 11 to 12 equal bands), scaling those data to the same level, 
and summing all the bands back together.  Spectral whitening of data generally greater than –20 dB 
(15 to 130 Hz as shown in the representative spectral analysis plots) has the effect of enhancing 
whatever lower amplitude, higher frequency data is present. 

For display purposes, the spectrally enhanced data are bandpass filtered.  Narrow bandpass filters 
are applied to the data to determine the optimum frequency-filtering interval that can be used on the 
data to enhance any possible reflections and reduce noise.  For the processing flow used in this 
project (and typically for most seismic data processing), the data are bandpass filtered after CDP 
stacking.  However, it is instructive and less cumbersome (i.e., full section filter panels are quite 
large) for the purposes of this report to look at the effects of filtering on sample source records with 
the understanding that the same filters will be applied to the CDP stack data (i.e., the effect of 
filtering the data should be similar for raw and CDP stacked data).  That is, if we can identify 
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possible reflections on the filtered field data then those same reflections should be present on the 
CDP stacked data. 

Figures 11-12, 11-13, 11-14, 11-15, 11-16, and 11-17 show the raw field data in Figure 11-7 with 
various bandpass filters applied.  The reflections at about 10 to 20 and 80 to 100 ms (referenced to 
first break times) are evident on the filter panels from about 20 to 60 and perhaps 80 Hz with mostly 
noise at 100 Hz and beyond.  Figures 11-18 and 11-19 show the raw data with AGC and two 
bandpass filters applied (10-20-60-80 Hz and 10-20-100-120 Hz, respectively).  As expected, the 
higher bandpass filtered data show more character, especially for the shallower reflector, but the 
deeper reflectors appear somewhat more coherent on the lower bandpass filtered data. 

Figures 11-20 and 11-21 are the same as in Figures 11-18 and 11-19 with the addition of a first 
break mute and NMO correction.  To determine the NMO correction, whole-line velocity analysis 
of the CDP gathers are conducted by stacking velocities ranging from 5,000 to 8,000 feet per second 
(1,525 to 2,440 meters per second) and choosing velocities where the hyperbolic moveout is 
flattened.  These velocities are further refined via narrow CDP gather panel analyses to arrive at the 
final stacking velocities that are shown at the top of the stacked seismic section.  Note that the 
stacking velocities vary only slightly along the line.  The first break mute excludes traces that are 
dominated by refraction arrivals or contain frequencies after NMO correction that are appreciably 
lower than the other surrounding traces.  The near-surface reflector (approximately 10 to 20 ms) is 
particularly present on both the lower and higher bandpass filtered data for all source points except 
136.5 where there might be a slight hint only on the higher filtered data.  A lower reflector is present 
at about 80 or 90 ms on both filtered data sets in with perhaps a little more coherency particularly 
for source point 263.5 on the lower bandpass filtered data.  An additional reflector may be present 
between the predominant upper and lower reflectors at about 50 ms, especially on the lower 
bandpass filtered data, but it is not evident on all the representative source point data sets. 

To remove the large effects of groundroll, a cone mute is applied as shown in Figures 11-22 and 
11-23.  The reflections identified previously are perhaps easier to see on these figures (versus 
Figures 11-20 and 11-21) because of the cone mute. When the data are CDP stacked, there will be 
minimal influence from spurious groundroll noise (note that the effects of the cone mute make the 
stacked section not perpendicular at the ends).  Reflected data are present with both the 10-20-60-80 
Hz and 10-20-100-120 Hz filters applied, and sometimes a reflector is better characterized with one 
filter versus the other.  Consequently, the final stacked data are filtered at 10-20-80-100 Hz as a 
compromise. 

CDP stacking will enhance, by its very nature, reflection data that are on the raw records, but should 
not introduce data that were not there originally.  To augment this enhancement and to diminish 
noise, an FX filter is applied before the final CDP stacked display.  FX filtering is a multichannel 
noise-reduction filter that preserves the most dominant dipping energy while removing random 
noise or dips with very low energy.  The FX filter successfully removed what appeared to be mostly 
random noise events at dips of 30º to 45º.  FK filtering of the data was also tried but not considered 
successful on this data set.  The final stack data were migrated but with little change in the results, 
the migrated section is not included. 
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11.5  Seismic Reflection Data Presentation and Interpretation
The discussion above has concentrated on the effects of various processes on the raw data records 
with the implicit understanding that if we can see coherent reflections on the input data then we will 
also see them in the CDP stacked sections.  Note that in the actual processing of the data many more 
raw data records were inspected and several analyses were conducted on the CDP gathered data.  
From the four representative records, reflections appear present at about 10 to 20 ms and 80 to 
100 ms.  However; even these reflections are not entirely consistent between records, which suggest 
a variability of the reflecting interface.  Beneath about 100 ms (as measured from the first break 
times) there are no consistent reflections on the four representative records, thus one should be wary 
of interpreting too much into any deeper signals that are coherent. 

Figure 11-24 presents the seismic reflection line and Figure 11-25 presents the interpreted seismic 
reflection line. 

The seismic section corroborates the representative records, as expected, with relatively linearly 
consistent reflections at about 10 to 20 and 80 to 100 ms. The upper reflector corresponds to the top 
of the Queenston Formation at about 15 meters (50 feet) depth.  The depth of the lower reflector at 
±100 ms is about 110 meters (360 feet) calculated by using the stacking velocity values (which is 
not entirely accurate or acceptable in a classical sense but can be useful for many geological 
interpretation purposes).  This depth compares well with the 115 meters (375 feet) X2-T2 calculated 
depth from a possible reflection seen within the shear-wave data (see Section 12.6.2).  Geologically 
these reflectors occur within the Queenston Formation and probably consist of a lithologically 
harder shale, siltstone, or mudstone with relatively appreciable thickness (e.g., greater than 15 
meters or 50 feet).  Between the two primary consistent reflectors, possible reflections at times of 
about 50 to 60 ms occur that may be related to localized changes in stratigraphy.  Precambrian 
basement is interpreted from the CSAMT/MT data to be relatively flat and range in depth from 
about 335 to 365 meters (1,100 to 1,200 feet). Using the stacking velocities, the calculated time of a 
reflection from Precambrian basement would be on the order of 290 to 320 ms and no coherent 
reflectors are present at those times on the seismic section.  This lack of a basement reflection may 
be caused by no velocity contrasts between the Queenston Formation and Precambrian basement, or 
a lack of sufficient seismic energy at those depths. 

11.6 Seismic Reflection Data Summary and Conclusions
A seismic reflection survey was conducted within Geophysical Zone IV west of the WCS at the 
NFSS to examine deep-seated features such as bedrock faults and fractures, geologic 
discontinuities, and seismic pressure points near the landfill.  The seismic reflection method was 
used in Geophysical Zone IV instead of CSAMT/MT because of the presence of overhead electrical 
power lines that adversely affect the electromagnetic data.  The overall qualities of the seismic 
reflection data were considered very good to excellent and there appeared to be little 60-Hz noise 
introduced into the data from the nearby power lines. 

The seismic reflection data were processed with industry standard, workstation-based software and 
involved a considerable amount of testing to optimize the final stacked section.  Two near-surface 
refracting layers are present:  1) interpreted water-saturated sediments at approximate depths of 3 to 
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6.1 meters (10 to 20 feet) with velocities from about 1,800 to 1,925 meters per second (5,900 to 
6,300+ feet per second), and 2) interpreted top of the bedrock Queenston Formation at around 15 
meters (50 feet) depth with velocities greater than 3,050 meters per second (10,000 feet per second, 
see Figure 11-25).  The reflection data show relatively linearly consistent reflections at about 10 to 
20 ms and 80 to 100 ms interpreted to correspond, respectively, to the top of the Queenston 
Formation at about 15 meters (50 feet) depth and a lithologically harder unit within the Queenston 
Formation at approximately 110 meters depth (360 feet).  Beneath about 100 ms there are no 
consistent reflections, thus any deeper signals that are coherent should be interpreted with caution.  
Precambrian basement is expected at about 335 to 365 meters (1,100 to 1,200 feet) in depth from 
the CSAMT/MT data and consistent, coherent reflectors are not present at times corresponding to 
those depths.  Close examination of the CDP gathers before stacking individual traces verifies this 
observation.

Based upon the seismic reflection data collected, there are no significant lateral discontinuities that 
are interpreted to represent seismic pressure points. 
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12.0  SEISMIC SHEAR-WAVE
A seismic shear wave survey is a specialized form of seismic survey.  This survey was planned to 
take advantage of the observation that shear deformation cannot be sustained in a liquid.  Therefore 
shear wave energy will not propagate in water, and will attenuate quickly in saturated conditions.  
The seismic shear-wave survey was planned as a surface wave dispersion analysis, with a classical 
shear-wave survey performed as a technical alternative to be determined by field conditions.  Site 
conditions and the unexpected good rate of data collection permitted a classical shear-wave survey 
to be conducted in addition to the surface wave dispersion approach, and were found to be more 
beneficial.  Therefore, the results of both survey methods are presented.

12.1 Purpose of the Seismic Shear-Wave Survey
The purpose of the seismic surveys in Zones I and II is to identify water saturation in the WCS.  
Building 411 remains at the bottom of the WCS in Zone I.  Building 411 was used to store 
high-level radioactive waste materials that were slurried to the landfill area from the silo, prior to 
silo demolition.  Photographs show Building 411 to contain this liquid slurry and decanting pumps 
and piping.  There is no clear evidence for the final disposition of the material that resided within 
Building 411 basement.  Of interest is an evaluation of the presence of residual liquid material 
within Building 411 basement.   

As a means to evaluate landfill cap integrity, the absence of liquids accumulating at the base of the 
landfill would serve as a measure of this parameter.  The seismic survey was proposed as a means to 
evaluate the presence of liquid due to the absence of shear wave propagation.  

12.2 Theoretical Background

12.2.1 Shear Waves 
Seismic surveys involve the use of an energy source, detectors, and a recording instrument.  For 
most shallow seismic surveys, a source such as a sledgehammer or weight-drop system is impacted 
against a plate or fixture coupled to the ground surface to induce shock waves that are detected by a 
line of geophones (geophone spread) positioned at known distances and elevations from the source 
point.  Each geophone is constructed with a coil that is suspended by springs in a magnetic field (the 
magnet is usually integral within the case of the geophone).  With passage of a seismic wave, the 
geophone’s case and magnet move while the coil remains relatively stationary thus generating a 
voltage that is proportional to the velocity of the seismic particle wave motion.  The voltages at the 
geophones are transmitted by cable to a seismograph that is essentially made up of amplifiers and a 
recorder.  The exact time of the source impact is determined by the closure of a switch or the 
saturation of a transistor (located either on the source, plate, or fixture) and transmitted to the 
seismograph by another cable to start the recording of the seismic data. 

Shear-waves are a type of body wave (i.e., the waves travel through the body of a medium, as 
opposed to surface waves that travel along or near the surface).  With passage of a shear-wave, the 
medium changes shape but not volume through what can be thought of as a shearing action.  
Compressional-waves are also a type of body wave; however with passage the medium changes 
volume but not shape in response to compressive and tensional stresses.  Both the seismic shear- 
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and compressional-wave methods are commonly used for geologic, hydrogeologic, and engineering 
investigations.

Analyses of body waves are concerned with either their refraction or reflection from subsurface 
changes in elastic properties and density.  Figure 12-1 shows idealized seismic raypaths for two 
flat-lying layers with the lower layer having a faster velocity than the upper layer.  Wavefronts are 
defined as the surface over which the phase of a traveling wave disturbance is the same.  In isotropic 
media, the actual seismic wave travels in the direction normal (perpendicular) to the wavefront and 
a line denoting the direction of travel of the wave energy is termed a raypath.  The direct ray travels 
along the surface and reaches the receivers before any of the other rays.  The initial ray traveling 
from the source through the media is called the incident ray and its angle of incidence ( i) is equal to 
the angle of reflection ( R), with the angles measured between the raypaths and a normal to an 
interface (e.g., refractor or reflector).  The angle r is termed the angle of refraction. 

From Snell’s Law (sin i/sin r = V1/V2), when V2 is greater than V1 and r reaches 90º then the 
refracted ray will travel along the interface and not penetrate into the lower medium.  The angle of 
incidence for which r equals 90º is called the critical angle ( c).  According to Huygens’ principle, 
every point on an advancing wavefront can be regarded as a new source of waves, therefore as the 
wavefront progresses along the interface at the critical angle it will be refracted back to the surface.  
For angles of incidence greater than c, there is no refraction into the lower medium and total 
reflection occurs.  If the velocity of the upper layer is greater than the lower layer (i.e., V1 > V2) as 
shown in Figure 12-2 then a critically refracted ray (at r = 90º) will not exist because it is not 
possible to have sin i greater than 1. 

Figure 12-3 indicates body wave particle motion and wave propagation direction.  For 
compressional-waves (or P-waves) the particle motion is in the direction of propagation.  On the 
other hand, shear-waves exhibit polarization, or a preferential direction of particle motion, 
depending upon how they are generated and received.  A horizontally polarized shear-wave (or 
SH-wave) is generated by striking a source horizontally and transverse, or perpendicular, to the 
geophone spread axis and detected by geophones that are also oriented horizontal and transverse 
(see Figure 12-4).  Particle motion of a SH-wave is perpendicular to the direction of wave 
propagation.  Upon refraction, reflection and transmission, SH-waves will convert only to 
SH-waves (e.g., an SH-wave will travel down to a refractor then refract back to the surface as an 
SH-wave).  Shear-waves can also be vertically polarized (SV-wave) if the source is struck 
horizontally in-line (radial) and recorded by a spread of geophones that are also oriented horizontal 
and in-line.  For SV-waves, particle motion is in the vertical plane that also contains the direction of 
wave propagation.  Unlike SH-waves, SV-wave propagation is not pure and is coupled with 
P-waves thus upon refraction, reflection, and transmission, SV-waves will split (or mode convert) 
and appear more like P-waves.  Love waves are similar to SH-waves with horizontal particle motion 
perpendicular to the direction of wave propagation, but are surface waves associated with layering. 
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in the seismic attributes will be present.  However, the presence of disturbed material (e.g., a pit or 
trench) or buried debris will result in non-linear and complex wave path conditions that manifest 
themselves as changes in seismic wave attributes.  For example, pure SH-waves in an isotropic, 
homogeneous medium will theoretically be 180º out-of-phase when generated by impacts struck in 
opposite directions (i.e., 180º apart, horizontal, and transverse).  If one of the shear-wave data files 
is inverted (phase-shifted 180º) then the SH-wave data plots will be in-phase in an isotropic, 
homogeneous medium.  If an anomalous source such as a building or a wall is present in the 
subsurface then these plots will not be in-phase and changes in the other shear-wave attributes 
(frequency, amplitude, and/or velocity) may also be evident. 

The combination of shear- and compressional-wave seismic techniques is often used for the 
identification of subsurface fluids because shear-waves are not affected by the presence of fluid 
filling the spaces in rock framework while, in contrast, there is a compressional-wave response.  In 
practice, compressional-waves are expected to refract or reflect at a water table contact, whereas 
that horizon would be essentially transparent to shear-waves. 

Currently available seismographs for shallow investigations generally have oversampled 24-bit 
floating-point amplifiers and a signal-enhancement feature.  Signal enhancement, or stacking, 
involves repeated source impacts at the same point into the same set of geophones.  For each source 
point the stacked data are recorded into the same seismic data file and theoretically the seismic 
signal arrives at the same time from each impact, and thus is enhanced, while noise is random and 
tends to be reduced or canceled. 

Spurious vibrations from nearby vehicular traffic, machinery, or wind can adversely affect the 
quality of seismic data.  If the seismic noise sources are sporadic, acquisition can be timed to when 
the noise is at a minimum.  Under conditions of constant noise, the number of stacks can be 
increased or, at last resort, in-field filtering can be applied.  Because of the current design of 
seismographs with relatively large dynamic range floating-point amplifiers, it is generally better to 
record without filters (other than anti-alias) and then apply filtering in the processing stage, if 
necessary. 

12.2.2 Theoretical Considerations for Raleigh-Wave Estimate of Shear Properties 
Close examination of a common source record normally examined for compressional wave seismic 
refraction survey shows that a significant amount of energy arrives at the geophones after the first 
breaks in the form of surface wave (normally Raleigh- or Love-waves).  Raleigh-waves, like 
Love-waves are surface waves, which propagate slower than the primary energy, arriving at the 
geophone after the first break data.  However, a Raleigh-wave contains a vertical component and is 
therefore recorded on compressional wave geophones while Love-waves with a lateral component 
are recorded on shear geophones.    Surface waves commonly travel at or near the ground surface.  
In particular, Raleigh waves propagate along the free surface and represent the dominant wave in 
ground roll.  Raleigh wave particle motion is elliptical and retrograde (i.e., the particle moves 
opposite to the direction of energy propagation at the top of its elliptical path) in the vertical plane 
containing the direction of propagation (Sheriff, 1973).  Raleigh wave amplitude decreases 
exponentially with depth.  The normally accepted axiom regarding the depth of penetration for a 
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surface wave (Richart, et. al., 1970) is approximately equal to the wavelength.  The elastic 
properties to a depth of about one wavelength determine the Raleigh-wave velocity.  Because the 
elastic properties change with depth, longer wavelengths depend on the elastic properties of more 
and different materials than the short wavelengths.  Hence Raleigh-waves of different wavelengths 
travel at different velocities.  This makes the Raleigh-wave frequency dispersive.   

This dispersion can be used to estimate shear-wave velocities from the Raleigh-wave properties 
through careful analysis of the data gathered using conventional compressional-wave survey 
geophones.  This estimate is done by inverting the amplitude and phase information of a 
Raleigh-wave recorded by a geophone array containing multiple geophones (Szelwis and Behle, 
1987).  Recognizing that surface waves are frequency dispersive, an analysis of the data comparing 
phase velocity to frequency permits the development of a dispersion curve and the inversion to 
estimate a shear velocity (Park et. al. 1999).   The SurfSeis  program, written by the Kansas 
Geologic Survey in association with the University of Kansas, employs a multichannel analysis of 
surface waves (MASW).  MASW depends on a low frequency geophone array recording data long 
enough to measure the surface waves generated by the seismic source.  Therefore SurfSeis  is 
designed to generate a shear wave velocity (Vs) profile (i.e., Vs versus depth) by analyzing surface 
wave dispersion on multichannel records.   

12.3  Seismic Shear Wave Field Procedures
Seismic shear wave data were collected between June 15 and 19, 2001.  Figure 12-5 shows the 
locations of the seismic lines within the WCS with lines 2, 3, and 4 within Geophysical Zone I (as 
detailed within Figure 12-6) and lines 5 and 6 within Geophysical Zone II.  Both the shear- and 
compressional-wave seismic data were acquired with a 24-channel Geometrics StrataView R-48
seismograph (with 24-bit analog to digital conversion through oversampling, digital anti-alias and 
decimation) in 32-bit floating-point SEG-2 (Society of Exploration Geophysicists) standard format, 
2048 or 4096 samples per channel, 0.25 ms sample interval, and 512 or 1024 ms record length.  The 
record length was varied so that the complete apparent wave-train of surface wave data was 
recorded along some of the lines. 

Each SEG-2 seismic data file was recorded digitally onto the seismograph’s hard disk with a file 
name consisting of a sequential record number and a “.dat” suffix.  Each file also contained a header 
per SEG-2 standard that included, at a minimum, the instrument type and serial number, file format, 
line number, date, time, filter settings, X-coordinate location of the source point, distance 
measurement units, number of samples per channel, sample interval, record length, and number of 
stacks.  On the accompanying field notes the following items were recorded:   

1. the line number,  
2. acquisition type (transverse-transverse, radial-radial, or vertical-vertical),
3. orientation of the seismic line,
4. file number,  
5. source point X-coordinate location,
6. position along or off the ends of the geophone spread in distance units,  
7. number of stacks, and  
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8. from which direction the source was struck.  Additional pertinent information 
relative to the survey was also included within the field notes. 

Data were acquired with geophone intervals of 2.1 meters (7 feet) and a variable number of source 
point locations within and off the ends (and in-line) of each line as detailed within Table 12-1.  The 
seismic data for each technique were stacked nominally three to six times (depending upon offset 
and noise) at each source point to increase the signal-to-noise ratio.  The source point locations were 
surveyed by GPS, geophone positions along the nominally straight lines were located by measuring 
tape, and elevations were surveyed with a hand-level and stadia rod.   

For the shear-wave seismic data, striking a 20-pound sledgehammer horizontally against a 
rectangular steel fixture upon which the operator stood generated the seismic energy.  The steel 
fixture had a mass of 90 pounds, measured approximately 12 by 20 inches at the base, and was 
coupled to the ground by nine 4-inch spikes.  The relatively large mass of the steel fixture plus the 
weight of the operator standing on the fixture provided excellent coupling with the ground.  The 
source was struck either transversely (perpendicular) or radially (parallel) to the axis of a survey line 
and horizontal geophones were oriented in similar directions (i.e., only transverse-transverse and 
radial-radial data were acquired; no mixed mode data were acquired).  Transverse and radial strikes 
were made separately from directions 180º apart to produce data suitable for polarized 
interpretation.

For the compressional-wave data, vertical geophones were substituted for the horizontal geophones 
used in the shear-wave surveys and the data were acquired along the same lines with similar source 
location points.  A 20-pound sledgehammer struck vertically upon an aluminum plate was used as 
the source.

Overall the qualities of the field were considered excellent.  Lawn mowing activity occurred 
sporadically during acquisition of the seismic data; however it was generally far enough away not to 
adversely affect the quality of the data.  Wind with a velocity of approximately 5 to 10 miles per 
hour was present during the acquisition of data along line 6 but only had a minimal affect on the 
quality of the data. 

12.4  Seismic Shear Wave Conventional Data Processing 
The shear-wave seismic data were processed and displayed using a combination of existing 
software packages.  Selected portions of the data are displayed initially using the ShearView V2.0 
software program developed by J. C. Hasbrouck of Hasbrouck Geophysics, Inc.  Through the use of 
ShearView it is possible to import two separate shear-wave field data files (acquired 180º apart at 
the same location) and identify which data are actually shear-waves and Love waves versus 
compressional-waves by analyses of the waves’ attributes.  The amplitude versus frequency 
spectrum of selected data was displayed using a program developed by Dr. W. P. Hasbrouck of the 
USGS (program PLT1RF).

Both shear- and compressional-wave seismic depth sections (depth versus seismic velocity for a 
variable number of layers) are computed using the SIP (version 4-1) set of computer programs from 
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RimRock Geophysics Inc., Lakewood, Colorado.  The general processing and interpretation flow 
consisted of: 

1. the initial selection or “picking” of the seismic first breaks with the SIPIK program 
(with the input data file format as described earlier),

2. creation of data files for input into the interpretation program with the SIPIN
program (with a “.sip” suffix), and  

3. interpretation of the data using modeling and iterative ray-tracing techniques with 
the SIPT2 program (that can be output to an “.out” suffix file for later printing or 
plotting).   

The SIPT2 program uses the delay-time method to obtain a first-approximation depth model, which 
is then trimmed by a series of ray-tracing and model adjustment iterations to minimize any 
discrepancies between the picked arrival times and corresponding times traced through a 
2.5-dimensional model.  The delay-time method is based upon the concept of the additional time 
taken for a seismic wave to travel between the ground surface (reference level) and a refractor 
minus the time required for a wave to travel the horizontal projection of the raypath at the reference 
level at the velocity of the refractor.  With the delay-time method, depths to refractors can be 
determined beneath each geophone. 

Arrival times at two geophones, separated by some variable XY-distance, are used in refractor 
velocity analyses and time-depth calculations.  Using the principle of migration and iterative 
ray-tracing within the SIPT2 program, forward and reverse seismic rays emerge from essentially the 
same point on the reflector, thus requiring the reflector to be plane over only a very small distance.  
The ray-tracing procedure tests and corrects the estimated migrated position of points representing 
the locations of ray entry and emergence from the refracting horizon and takes into account the dip 
of the refracting horizon at those emergence points, therefore enabling accurate representation of 
steeply dipping horizons. 

For any refraction seismic data analysis, it is important to determine accurate velocities.  The SIPT2
program employs several routines for selection of the proper velocities.  For the direct arrivals 
through the first layer, the velocity is computed by dividing the distances from each source point to 
each geophone by the corresponding arrival times.  These individual velocities are averaged for 
each source point, and a weighted average is computed.  For layers beneath the first layer, velocities 
are computed by two methods:  1) Regression, in which a straight line is fit by least squares to the 
arrival times representing the velocity layer and average velocities are computed by taking the 
reciprocals of the weighted average of the slopes of the regression lines, and 2) the Hobson-Overton 
method wherein velocities are computed if there are reciprocal arrivals from two opposing source 
points at two or more geophones.  Final velocities used in the SIPT2 inversion process are computed 
by taking an average of the two methods. 

Information about possible reflections is calculated using the X2-T2 method.  The X2-T2 method 
determines rms velocity (V) and the depth of a reflector (Z) from the arrival time (T) versus offset 
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(X) relationship:  V2T2 = 4Z2 + X2.  The square of the horizontal offset (X2) is plotted against the 
square of the reflection time (T2) with the slope equal to the inverse of the velocity squared and the 
depth obtained from the intercept.  The rms velocity is based upon the assumption that the 
subsurface is comprised of a series of parallel layers with velocity Vi and perpendicular seismic 
wave traveltime through each layer (ti) as follows:   

Vrms = [| iVi
2ti/ iti|]½. 

Included within Appendix D-1 to this report is output from the SIPT2 program that includes a listing 
of the input data (source point and geophone locations and elevations, arrival times picked for each 
geophone, and the layer assigned to each arrival time for the interpretation), velocity analysis tables, 
a time-distance (T-D) plot indicating the picked arrival times and layer assignments, and a depth 
model plot for each source point and geophone.  On the SIPT2 depth model plots, the positions of 
the emergent rays along each refracting horizon are indicated by letters corresponding to the 
appropriate source points with questionable points, if any, highlighted by a question mark. 

12.5 Seismic Shear Wave Dispersion Data Processing

The program SurfSeis  for multichannel analysis of surface waves, available from the Kansas 
Geological Survey (KGS), was used to facilitate the analysis.  In order to simplify the analysis, all 
of the data were converted from SEG-2 format (containing a mixture of ASCII header information, 
and variable length binary trace data) to a “KGS-modified SEG-Y” format.  The format permits a 
number of individual files to be combined into a single line file.  The file name was established 
sequentially in the field with a “.dat” extension.  A KGS subdirectory was established and the 
concatenated “.dat” files were combined to a “LineXX.dat” file for further processing.   

Surface wave processing utilizes the compressional wave generated data, but focuses on the 
information contained in the data that follows the first breaks (Figure 12-7).  By performing a Fast 
Fourier Transform (FFT) the data can be examined in frequency verses distance format 
(Figure 12-8).  In this format the frequency dispersive nature of good quality seismic wave energy 
can be examined (referred to as overtone analysis) with minimal bias.  Identifying the dispersive 
surface wave, the inversion parameters of frequency and velocity can be constrained to the 
fundamental modes.  The phase velocity dispersion curve (Figure 12-9) is examined relative to 
velocity trend and apparent signal to noise ratios and saved as a “ .dc” file.  For the data from this 
site, no other data processing (such as filtering, muting) was performed on the data prior to overtone 
and dispersion curve analysis.   

The dispersion curve (“ .dc”) data files were inverted using a 10-layer model.  The model inversion 
was permitted to run from an initial estimate of layer velocities based on the frequency dispersion.  
Output from the inversion were saved as “ .lst” files as well as .bmp files for future review and 
potential re-display using other programs.  The velocity model data is presented in Appendix D-1.
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12.6  Seismic Shear Wave Data Presentation and Interpretation

12.6.1 Seismic Shear Wave Geophysical Zone I 
As shown in Figure 12-6, the geophones along the three seismic lines within Geophysical Zone I are 
positioned to be within the outline of Building 411 as interpreted from other geophysical surveys 
conducted by SAIC.  Lines 2 and 3 include additional far-offset source points extending beyond the 
building.  These far-offset source points are included to determine if anticipated effects from the 
presence of the building will be different with source points within and outside its boundary.  
Source points beyond 7 feet (2.1 meters) off-end on Line 4 are not included because beyond that 
point (particularly to the east) the elevation changes significantly, which could introduce possible 
errors into the interpretation (e.g., anomalies caused by changes in the subsurface or by elevation 
differences). 

Design plans received from Michelle Rhodes (USACE) and dated 1984 by Bechtel Corporation 
indicate that Building 411 is oriented such that a center dividing wall between Bays C and D and a 
“block baffle wall” between Bays B and C run in a south to north direction.  According to these 
plans, the building’s floor should be at an estimated depth of about 7.5 meters (25+ feet) however it 
must be noted that the Bechtel plans are only for the design phase of the project and do not include 
any as-built diagrams.  As further evidence that the plans are only for design, the thickness of 
residues in the building vary depending upon which plan is viewed.  In addition to Bays B, C, and 
D, a small Bay A is shown at the southwest corner of Bay D and Tank 414 is shown to be 
southwest.  While it is difficult to determine exactly where the seismic lines are located in relation 
to Building 411 and its interior walls, it is reasonable to interpret from the position of the seismic 
lines and the remediation plans that seismic line 2 may be close to one or both of the interior walls, 
seismic line 3 is probably within Bay D, and seismic line 4 crosses the building’s interior walls. 

Figures 12-10 and 12-11 show representative transverse polarized shear-wave data from lines 2 and 
3, respectively, with the same source offsets.  If the subsurface were uniform then we would expect 
very little change between the seismic records, however this is obviously not the case.  As discussed 
previously, pure horizontally polarized shear-waves (SH-waves) will be 180º out-of-phase when 
generated with blows struck in opposite directions.  If one of the shear-wave data files is inverted 
(phase shifted 180º), then the SH-wave data plots will be in-phase for homogeneous media (note 
that all polarized shear-wave data plots presented within this report have the second file inverted 
and positive polarity shaded).  If an anomalous source such as a building or wall is present then 
changes in the shear-wave data attributes (phase, frequency, amplitude and/or velocity) may be 
evident. 

The predominant high amplitude waves in both Figures 12-10 and 12-11 are interpreted as Love 
waves (which are a type of surface wave with phase characteristics similar to that of shear-waves).  
Shear-waves generally have faster velocities than Love waves and thus will arrive earlier in a 
seismic record.  Along line 2, what could perhaps be shear-waves are present before the high 
amplitude Love waves (particularly for the middle geophones), but they are somewhat “ringy” 
(oscillatory) and are difficult to identify at the farther offsets.  Such oscillatory nature may actually 
indicate Love waves, which are defined as essentially multiple, total reflections of waves within a 
low velocity layer at the surface.  Beyond about geophone 10, the high amplitude Love waves 
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change character to include three or four peaks and the phase of the later arrivals are somewhat out 
of phase.  The combination of early, “ringy” interpreted Love waves, character changes within the 
high amplitude Love waves, the presence of phase changes, and the overall noisy appearance of the 
records probably indicate interference from the sides and interior walls of Building 411 along line 2.  
At the far source point offsets, it is not possible to choose reliable first breaks probably also because 
of the building’s interferences and possible early Love waves.  Shear-waves are present on some of 
the records with source points within the geophone spread, but those data do not have enough offset 
for the appearance of refractions from the building’s floor.  In consideration of the discussion above, 
it is not possible to construct plausible seismic depth sections along line 2.  Similarly the data along 
line 4 has adverse interference effects and thus it is also not possible to model seismic depth sections 
along line 4. 

Along line 3 (Figure 12-11) the high amplitude Love waves do not show the character changes 
present along line 2 in Figure 12-10, an early oscillatory interpreted Love wave is not present, and 
the first-arrival shear-waves can be chosen for all the geophones (albeit with some difficulty at the 
far offsets).  From about the middle to the end of the geophone spread of line 3 (approximately 
geophone 11 to 24) the phase of the arrivals after the high amplitude Love wave are not exactly 180º 
out-of-phase which is probably due to interference from the Building 411’s outside wall near the 
end of the line.  Given the quality of the along line 3, it is possible to model reasonable seismic 
depth sections. 

Figures 12-12 and 12-13 show the computed seismic depth sections along line 3 for transverse and 
vertical source/receiver data, respectively.  Transverse source and receiver, or SH-waves, are not 
affected by the presence of fluids (i.e., SH-waves will transmit through and not refract or reflect 
from a fluid-saturated layer), while vertical source and receiver (compressional- or P-waves) data 
will refract or reflect from the top of a fluid-saturated layer.  Therefore, if fluid were present within 
an area then we would expect differences in the response of the shear- and compressional-waves.  
While Figures 12-12 and 12-13 indicate some change between the interpreted “basement” depth of 
the shear- and compressional-waves, that difference is considered to be within the error range for 
these data, given the difficulty in picking the first arrivals because of interference from the building.  
Therefore, these data do not show the interpreted presence of any fluids along line 3.  The depth to 
the interpreted lower layer or “basement” is somewhat lower than shown on Bechtel’s design plans 
but since we have no as-built data, the actual constructed depth is not known. 

Figures 12-14 through 12-22 are full-record amplitude versus frequency spectrum plots and are 
included to show the effects of the building’s floor and walls upon the seismic data.  The data within 
WCS, Figures 12-14 and 12-15, along line 2 were acquired with the source points within the 
interpreted outline of Building 411 and indicate the presence of data to about 80 Hz (and even to 
120 Hz, although with lower amplitude), which are probably the effects from the building.  
Figure 12-16 data along line 2 have the source points removed from the building’s outline and 
indicate much lower frequencies with probably less building interference and perhaps the presence 
of more Love waves than shear-waves.  Love waves generally have frequencies in the range of 20 to 
40 Hz, while shear-waves generated with the source used for this project are almost always in the 
range of 50 to 60 Hz. 
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The spectra along line 3 as shown in Figures 12-17, 12-18 and 12-19 show a similar response as in 
the example along line 2, in that the data for the source points located within the building’s outline 
(Figures 12-17 and 12-18) contain much higher frequencies than when the source points are located 
outside the building (Figure 12-19).  Somewhat lower frequencies are present for the 8.5 meters (28 
feet) south offset (Figure 12-17) along Line 3 than for the 17 meters (56 feet) south offset along 
Line 2 (Figure 12-14) probably because the Line 2 offset is closer to the interpreted southern wall of 
Building 411 and its inherent interference effects. 

Line 4 is expected to cross the interior walls of Building 411 and the spectra shown in Figures 12-20
and 12-22 indicate generally higher and more broadband frequencies which we would expect to 
arise from greater interference effects because the seismic waves are much more scattered.  The 
Line 4 spectra give an indication why it is not possible to construct seismic depth sections along that 
line due to adverse noise influence. 

The surface wave dispersion analysis of the compressional wave data supports the analysis and 
conclusions developed using the traditional analysis methods discussed in the preceding paragraphs.  
The surface wave dispersion models generally agreed with the findings of the traditional analysis.  
The differences that exist are generally within the limited resolution afforded by the modeling.  
When the reduced resolution of the surface wave dispersion method is taken into consideration, the 
two methods generally agree in their shallow results.  The surface wave dispersion analysis 
commonly presents a decrease in velocity within the second layer that is not anticipated to be real, 
and is interpreted to represent an inversion artifact.  Seldom is the third layer observed as seen in the 
traditional shear wave analysis method.   

An inordinate amount of time was not spent on the surface wave dispersion data to refine the 
analysis since the same conclusions are to be drawn relative to the shallow layers.  The surface 
wave dispersion method did not see the third layer as well as the traditional method, and when it 
was suggested, there was much less resolution due to fundamental method limitations.  The surface 
wave dispersion model data is presented in Appendix D-2 for review as necessary.   

12.6.2 Seismic Shear Wave Geophysical Zone II 
Seismic Lines 5 and 6 within Geophysical Zone II are oriented perpendicular to each other with the 
56 feet (17 meters) east source point along Line 5 at the same location as the 84 feet (25.6 meters) 
north source point along Line 6.  Although these lines have a common point, the interpreted depths 
beneath that point may not be in agreement because of inherent variance of interpreted data at or 
near the ends of lines.  Data along Line 5 are suitable for analyses by the common-depth-point 
(CDP) reflection seismic and multichannel analysis of surface waves (MASW) methods; however 
this portion of the report will primarily be concerned with refraction and polarized shear-wave 
analyses.  The subsurface beneath seismic Lines 5 and 6 appears to be much more homogeneous 
than for the seismic lines within Geophysical Zone I as indicated by analyses of the 
electromagnetic, magnetic, and electrical imaging data, and the overall better quality of the seismic 
data. 
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Figures 12-23 though 12-28 shows the results of refraction analyses of several source and receiver 
combinations as summarized on Table 12-2.

As discussed previously, transverse source and receiver SH-waves (or horizontally polarized 
shear-waves) will transmit through and not refract or reflect from a fluid-saturated layer while 
compressional-waves (vertical source and receiver) will refract or reflect from the top of a 
fluid-saturated layer.  Radial source and receiver data contain primarily SV-waves (vertically 
polarized shear-waves) and compressional-waves (P-waves).  SH-waves convert only to SH upon 
refraction, reflection and transmission, unlike SV-wave propagation which is coupled with P-waves 
and thus will be converted and appear more like P-waves.  Consequently, some similarity between 
the results of P-wave and SV-wave depth sections would be expected. 

The seismic depth section results summarized within Table 12-2 show good correlation between 
similar component data (i.e., Line 5 transverse as compared to Line 6 transverse, etc.) particularly 
for the second and third layers.  There is also reasonably good correlation between the vertical and 
radial source/receiver (P- and SV-waves) depth section results.  The geophone elevations along both 
Lines 5 and 6 are essentially flat (a variation of 0.12 meters [0.4 feet] occurs along Line 5 and there 
is no elevation change of the geophones along Line 6) with an elevation of approximately 102.5 
meters (336.5 feet) along Line 5 geophones and 102.9 meters (337.5 feet) along Line 6 geophones.  
The elevation benchmark on the north side of the WCS near the chain-link fence is 316.8 feet with 
the surrounding area essentially flat.  Therefore, the depth from the geophones along Lines 5 and 6 
to the plain surrounding the WCS is 6.0 to 6.3 meters (19.7 to 20.7 feet), respectively, which for 
geophysical data interpretation purposes can be considered to be 6.1 meters (20 feet). 

The vertical source and receiver (P-wave) depth section results along Lines 5 and 6 indicate a 
third-layer refractor depth than ranges from approximately 8.2 to 10.9 meters (27 to 36 feet or an 
approximate elevation of 94.5 to 91.7 meters or 310 to 301 feet AMSL) while the transverse source 
and receiver (SH-wave) data show depths from approximately 18.2 to 23.5 meters (60 to 77 feet or 
approximate elevations from 84.4 to 79.2 meters [277 to 260 feet] AMSL).  From the geological 
description of the area, the thickness of the unconsolidated deposits appear variable but generally 
become saturated in an approximate depth range of 1.8 to 7.0 meters (6 to 23 feet) below the ground 
surface (approximate elevations of 94.8 to 89.6 meters or 311 to 294 feet AMSL).  According to the 
drilling report for borehole BH-68 (Acres American Incorporated, 1981), the water level is at about 
1.2 meters (4 feet) below ground surface, and wet sediments are encountered to about 11.3 meters 
(37 feet).  Measured water levels are variable depending upon the time of the year and the amount 
of moisture received during a year, while water depths determined by interpretation of P-wave 
seismic data depend upon the amount of water-saturation.  Therefore, what is considered 
water-saturated depth can be different between borehole and seismic data.  Nevertheless, the vertical 
source and receiver refractor at an approximate elevation of 91.7 to 94.5 meters (301 to 310 feet) 
AMSL is interpreted to be resulting from increased water-saturation below the surface of the ground 
surrounding the WCS.   

Bedrock is generally present at an elevation of 86.8 to 81.7 meters (285 to 268 feet AMSL or 10 to 
15 meters [32 to 49 feet] below the ground surface), which correlates reasonably well with the 
results from the transverse source and receiver data (84 to 79 meters or 277 to 260 feet).  Note that 
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the Queenston Formation bedrock can be slightly to moderately weathered with some fractures 
present (as seen in borehole BH-68) which may have the effect of producing seismic computed 
bedrock depths somewhat deeper than the bedrock identified from the geology within boreholes.  
Essentially, the weathering and fractures will lower the seismic velocity and bedrock will not be 
seen in the seismic data until the rock becomes more competent. 

Figures 12-29, 12-30, and 12-31 are polarized transverse source and receiver shear-wave data 
examples from Line 6 and show relatively well defined first-arrivals of the SH waves and 
reasonably well behaved Love waves, as contrasted to the data from Geophysical Zone I.  The 
shear-waves show a distinct break in slope for the first-arrivals (particularly for the 25 meter [84 
feet] source offset) that is representative of the refraction from the bedrock Queenston Formation.  
Possible hyperbolic reflections are present within the farther offset shear-wave data and 
Figure 12-31 highlights such an event with an X2-T2 calculated depth of 115 meters (375 feet).  
Reflections at earlier times within the record are difficult to pick out of the high amplitude Love 
waves. 

The surface wave dispersion analysis of the compressional wave data supports the analysis and 
conclusions developed using the traditional analysis methods discussed in the preceding paragraphs.  
The surface wave dispersion models generally agreed with the findings of the traditional analysis.  
The differences that exist are generally within the limited resolution afforded by the modeling.  
When the reduced resolution of the surface wave dispersion method is taken into consideration, the 
two methods generally agree in their shallow results.  The surface wave dispersion analysis 
commonly presents a decrease in velocity within the second layer that is not anticipated to be real, 
and is interpreted to represent an inversion artifact.  Seldom is the third layer observed as seen in the 
traditional shear wave analysis method.   

An inordinate amount of time was not spent on the surface wave dispersion data to refine the 
analysis since the same conclusions are to be drawn relative to the shallow layers.  The surface 
wave dispersion method did not see the third layer as well as the traditional method, and when it 
was suggested, there was much less resolution due to fundamental method limitations.  The surface 
wave dispersion model data is presented in Appendix D-2 for review as necessary.   

12.7 Seismic Shear Wave Data Summary and Conclusions
Shear- and compressional-wave seismic surveys were conducted within the WCS at the Niagara 
Falls Storage Site to identify the possible presence of fluids.  Three lines of seismic data were 
acquired within Geophysical Zone I over Building 411 and two seismic lines within Geophysical 
Zone II were acquired over a more homogeneous portion of the landfill. 

The combined use of the shear- and compressional-wave seismic techniques is appropriate for the 
identification of subsurface fluids.  Shear-waves generated and recorded with transverse sources and 
receivers (SH-waves or horizontally polarized shear-waves) are not affected by the presence of 
fluids since the SH-waves will transmit through and are not refracted or reflected from a 
fluid-saturated layer.  Vertical source and receiver (compressional- or P-waves) data will refract or 
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reflect from the top of a fluid-saturated layer.  Therefore, if fluid were present within an area then 
we would expect differences in the response of the shear- and compressional-waves. 

Within Geophysical Zone I the presence of Building 411 adversely affects the quality of the seismic 
data primarily because of scattering of the seismic waves from the building walls.  However, data 
along Line 3, which is thought to be within the large Bay D of Building 411, are of sufficient quality 
for preparation of seismic depth models.  The computed “basement” depths along Line 3 are 
essentially the same for both the SH- and P-wave data therefore there is no interpreted presence of 
fluids along that line. 

Full-record amplitude versus frequency spectrum plots for all three seismic lines within 
Geophysical Zone I indicate the effects of Building 411’s floor and walls upon the seismic data and 
offer concurrence with the outline of the building from interpretation of the other types of 
geophysical data acquired within the area.  The spectrum plots also show that adverse noise effects 
from the building’s presence make it difficult to impossible to model seismic depth sections within 
this zone. 

The seismic data within Geophysical Zone II are less noisy and of higher quality than in 
Geophysical Zone I probably because of the more homogeneous nature of Geophysical Zone II as 
interpreted from the other geophysical data.  Consequently, it is possible to model seismic depth 
sections along both Lines 5 and 6 for each component type of data acquired (SH, P, and SV).  The 
vertical source and receiver (P-wave) data indicate a refractor at depths ranging from approximately 
8 to 11 meters (27 to 36 feet) that correlates with the depth of water-saturated sediments beneath the 
ground surface.  The transverse source and receiver (SH-wave) data have a refractor interpreted at 
approximately 18 to 24 meters (60 to 77 feet) depth that correlates reasonably well with the top of 
the Queenston Formation bedrock given that weathering and fracturing are present within the upper 
portion of the bedrock.  

The surface wave dispersion provided enough useful information to provide confidence in the data 
collected and analysis provided by the traditional shear wave methods.  Limitations in vertical 
resolution of the modeling provided a handicap for this method.  Therefore direct use of the results 
of this method provided little additional information for the objectives of the shear wave survey in 
these two zones.   
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13.0  GROUND-PENETRATING RADAR
Ground-penetrating radar (GPR) is useful in locating and identifying features that are located below 
grade level.  SAIC commonly utilizes GPR to examine geologic features, determine the location and 
sizes of underground storage tanks (USTs) or to determine the presence of buried drums, footers and 
landfilled areas.  SAIC also utilizes GPR for subsurface sinkhole identification and contamination 
studies.   

13.1 Purpose of the GPR Survey
SAIC conducted a limited GPR survey to identify shallow subsurface features such as contaminant 
plumes, clay layers, the water table and sand and gravel lenses.  The GPR is the most effective tool, 
available given the power line and fence interferences anticipated in Zone IV. 

13.2  GPR Theoretical Background
GPR systems produce cross-sectional images of subsurface features by transmitting discrete 
electromagnetic pulses into the subsurface and recording the echoes or reflections from interfaces 
between materials with differing dielectric properties.  In principle, GPR is entirely analogous to a 
medical sonogram or ultrasound, except that GPR uses electromagnetic (radar) energy rather than 
acoustic (sound) energy and is therefore sensitive to electrical properties (as opposed to ultrasound 
which is sensitive to densities). 

Cross-sectional images of subsurface objects and layers are generated by rapidly and repeatedly 
transmitting electromagnetic pulses into the subsurface as the GPR transmitter and receiver are 
towed along a survey profile (commonly at a small and fixed separation).  For each pulse, the 
receiving antenna records the reflections from subsurface dielectric contrasts as wiggle traces of 
amplitude vs. travel time.  Successive reflections are plotted side-by-side on the record, and produce 
a cross-sectional image of the dielectric variations in the subsurface (Figure 13-1).

Assigning a color scale to the amplitudes of reflected pulses can provide more distinct and sensitive 
cross-sectional images.  This produces color radar records that depict both high amplitude 
reflections and low amplitude reflections.  Therefore, on a color record, it is possible to determine 
not just the depth to a particular reflector, but the amplitude of the reflection knowing the 
electromagnetic velocity of the subsurface material. 

Reflection amplitudes are dependent on the magnitude of the dielectric contrast at depth.  Since the 
electrical properties of most soils and metal tanks or pipes are dramatically different, these targets 
produce dramatic and characteristic reflections, which can be easily recognized on a color radar 
record.  Concrete, fiberglass, and plastic pipes, as well as tanks and other structures also produce 
recognizable, but more subtle reflections since they have electrical properties that more closely 
match many soils.  Terra cotta pipes are often difficult to recognize since the electrical properties of 
terra cotta (clay) are very close to many clay-rich soils.  Reflections are also obtained from naturally 
occurring electrical interfaces such as soil/bedrock, soil/air, bedrock/air, dry soil/saturated soils (i.e. 
the groundwater table), and other subsurface contacts. 
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The effective penetration depth of radar systems is controlled by dielectric permittivity and 
electrical conductivity (usually dictated by moisture content) of the soils and the frequency of the 
radar energy.  For a given radar frequency, a coherent pulse will travel more deeply into less 
electrically conductive materials.  In highly electrically conductive materials (such as damp clays), 
the pulse is dissipated at very shallow depths (sometimes measured in inches).  Using a transmission 
antenna with a lower frequency can increase penetration, but this causes a loss of resolution.  
Frequencies commonly employed fall within the 80 to 900 MHz range.  In general, the use of GPR 
is limited to depths of 4.5 meters (15 feet) or less (although in very dry sand or bedrock, penetration 
depths up to 9 meters [30 feet] have been obtained). 

Resolution of GPR systems is dependent on the frequency of the antenna employed.  Very high 
frequency antennas (900 MHz or greater) can resolve features one-quarter inch or less in diameter 
(i.e. reinforcing rods), but penetrate to depths of only one or two feet (0.3 to 0.6 meters).  The most 
commonly used antennae (designed for optimum transmission at frequencies of 120 to 500 MHz) 
can resolve linear features with dimensions as small as one or two inches, at penetration depths up 
to 3 meters (10 feet, such as utility lines, etc.). 

Since they produce cross-sectional images GPR records are usually interpreted visually, often in real 
time.  In the absence of a feature with known depth on the record, an absolute depth scale is 
unavailable, and only relative depth information can be obtained.  However, if a feature with a 
known depth can be scanned, its position on the record establishes an empirical absolute depth 
scale.

Since the GPR antenna is towed at a sometimes-uneven speed, positioning along the record is 
achieved by placing event marks on the record at known locations or spacing along the profile. 

13.2.1 GPR Capabilities 
Unlike other electrical, EM, and magnetic techniques, GPR can provide relative (and sometimes 
absolute) data on the depth to various features.  Most other techniques can delineate anomalies 
through contouring of gridded measurements, or recognition of audible alarms or needle deflections, 
but cannot readily provide target depths.  Because of the rapid pulse rate, GPR is probably the most 
continuous profiling technique.  It is also one of the quickest (although not easiest) to perform.  The 
antenna may be towed by hand at walking speed, or towed behind a vehicle at greater speeds for 
more extensive surveys.  These capabilities make GPR particularly suited to reconnaissance-level 
stratigraphic or water table profiling, and scanning for unknown or suspected underground 
structures. 

13.2.2 GPR Limitations 
The greatest limitation of GPR is the loss of penetration in electrically conductive materials such as 
damp clays.  This can be insidious, since an absolute depth scale is rarely available.  In any GPR 
survey, an attempt should be made to locate and profile a nearby object or feature within known 
depth to ensure that sufficient penetration is being achieved.  A single known utility or an auger-hole 
may be sufficient to calibrate the GPR penetration in many cases. 
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Since there is a trade-off between penetration depth and resolution, it may be difficult (or 
impossible) to chose an antenna with the correct frequency to attain the necessary penetration while 
maintaining the necessary resolution.  An incorrect frequency selection will result in missing the 
desired feature. 

Ringing, or antenna multiples from a single reflector are usually seen on the commonly raw, 
unprocessed GPR profiles.  Although an experienced interpreter can usually recognize them, they 
can be misleading to the uninitiated. 

The GPR antennae commonly used for shallow scanning are shielded to look only downward.  
However, unshielded antennae are occasionally used.  Unshielded antennae are susceptible to 
spurious reflections from overhead or nearby structures, such as power lines, buildings, cars, etc. 

13.3  GPR Field Procedures
The GPR data were collected on August 13, 2001.  SAIC used a Model SIR-2 GPR unit 
manufactured by Geophysical Survey Systems, Inc., (GSSI) of New Hampshire.  Two antennas 
were used for this survey.  SAIC chose a 200 Megahertz (MHz) central frequency antenna in order 
to optimize depth, and a 500 MHz antenna to maximize resolution.  Data were collected during two 
separate passes, towing the antenna behind a field vehicle.  Data were collected along a single 
traverse in Zone IV coincident with the seismic reflection line.  Fiducial markers were recorded into 
the data every 10 meters.  Positioning for these markers was established using a hip chain during 
data collection.  All data were digitally recorded and monitored in the field for review and quality 
assurance.  Additional information about methods and procedures can be found in the GPR 
geophysical procedure in Appendix A-7.

A dielectric constant of 6 was used to estimate depths to features identified in the GPR record for 
this site.  This constant was selected based on general soil information, and may be incorrect for 
site-specific applications.  No subsurface utilities with known depth were used to calibrate the 
measurements for this site.   

13.4  GPR Data Processing
This section describes the steps used to prepare and process the digital GPR data.  The GPR data 
were processed using two different software tools.  RADAN Windows NT software package 
developed by GSSI was used for the early data processed.

Data preparation began by downloading the data from the internal data storage of the SIR-2 to a 
computer hard drive.  Following this step, the data were backed up, and appropriate filenames were 
assigned to the data files to reflect the site of data origin, the survey line on which the data were 
acquired, and the frequency of the antenna used during data acquisition.  Reviewing the data and 
filling out the Ground Penetrating Radar Data Processing form initiated the data file tracking 
process. 
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A GPR record consists of a number of scans, which, when reviewed together, appear as a 
continuous image.  Each scan is made up of a specified number of samples, between 256 and 1,024.  
The GPR data processing included the following general steps: 

1. Editing of the marker position information, 
2. Spatial re-sampling to provide consistent horizontal scale, 
3. Deconvolution (if necessary), 
4. Spectrum analysis, 
5. Frequency filtering, 
6. Adjusting gains, and 
7. Depth conversion. 

Spatial re-sampling is a rubber sheeting process used to compensate for irregular trace spacing.  
Since the operator's speed varies as the antenna is drug on the ground surface, and the instrument 
samples at fixed time increment, the number of GPR data traces between known points (position 
locations identified in the data) is very likely not constant.  By plotting this data at constant trace 
spacing, horizontal distortion will occur.  The data were managed to present 20-scans per meter with 
10-meters per fiducial mark.   

Deconvolution is a process, which removes “ringing” in the data caused when a radar signal 
bounces back and forth between layers causing a repetitive reflection pattern in the data.  A 
predictive deconvolution of 29 nanoseconds (ns) was applied to the 500 MHz data.  The data were 
pre-whitened to stabilize the filter, smoothing the output and reducing the overall noise level in the 
data.   

The amplitude spectrums of the data are evaluated visually.  A data subset is chosen, and the 
amplitude of the traces is plotted against frequency.  Visual inspection of the data identifies where 
the amplitude is low.  This maximum frequency value is used to establish an upper bound for 
subsequent spectral balancing.

Spectral balancing is performed to balance the amplitude spectra of the data. Because the earth is an 
effective high cut filter, frequency components of radar data are attenuated due to ordinary energy 
dissipation with time, and natural distortion occurs.  Correcting this distortion, the spectral balance 
divides the data into overlapping equal energy gaussian filters in the frequency domain.  The filtered 
data are then transformed back into the time domain and gained with an inverse envelope 
(instantaneous amplitude) function filter.  The filtered, gained traces are recombined in the time 
domain for further processing and evaluation.   

The GPR records show distance along the horizontal axis and two-way travel in nanoseconds along 
the vertical axis.  Different colors in the records reflect different amplitudes in the reflected signal. 

All of the above steps and processing parameters are stored in the header file of the data, and 
documented on GPR processing control forms that are retained in the project files and within the 
digital data records for each traverse.  Parameters specific to each process were recorded on these 
forms, which will allow the processing sequence to be duplicated, if necessary.   
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13.5  GPR Data Presentation and Interpretation
The data from both the 500 and 200 MHz antennas were examined in detail.  The data from the 200 
MHz antenna had little useful information for the first 20 ns, and provide only fair data between 20 
ns and 45 ns.  The 500 MHz antenna provides good resolution for the first 50 ns however this 
antenna does not penetrate very deeply in the clayey soils present.  The 200 MHz antenna has very 
poor resolution for the first 30 ns, but penetrates much deeper (Figure 13-2). Therefore, data from 
the two antennas are used in a complementary fashion.   

The 500 MHz data were thoroughly examined in order to identify potential near-surface features.  
Among the features identified in the data and summarized on Table 13-1 (see below) were culvert 
pipes, large rocks and backfilled excavations (Figure 13-3).  Generally, the 500 MHz antenna is 
limited to approximately 30 ns depth penetration (approximately 1.5 meters).   

Table 13-1 500 MHz Radar Anomalies 
X (m) Target Z (m)
145.3 Culvert Pipe 0.50 
158.2 Rock? 0.31 
194.7 Excavation Area - 
209.0 Rock?/Excavation 0.31 +/-
243.6 Culvert Pipe 0.56 
300.4 Rock?/Excavation 0.35+/-
324.1 Excavation - 
359.9 Excavation - 
399.2 Rock? 0.70 
442.8 Excavation - 
484.3 Surf.Metal Pipe? 0.10 
496.6 Culvert Pipe? 0.57 
519.4 Excavation - 
530.0 Rock? 0.51 
547.0 Rock? 0.51 
582.7 Culvert Pipe? 0.72 
589.5 Pipe? 0.39 
595.6 Excavation? - 

The 200 MHz data does not have the resolution to see the rocks and culvert pipes as well as the 500 
MHz data.  In general, a disturbed area can be identified; however the cause of the disturbance 
cannot be interpreted.  However the 200 MHz is able to penetrate to greater depths.  The 200 MHz 
antenna was recorded for a record length of 300 ns (approximately 18 meters).   Reflected radar data 
is interpreted to a depth of approximately 150 ns or approximately 9 meters.  Minor sub-vertical 
fracturing is observed in the 200 MHz data set (Figure 13-4).   

Data from the two antennas were examined in detail for indications of possible contaminant plumes.  
Experience and published literature indicate that free-phase contaminant plumes commonly 
significantly alter the dielectric constant of the medium and therefore alter the ability of the GPR 
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data to reflect in the subsurface.  No areas of decreased or discontinuous reflectors were identified 
that could be interpreted to represent a contaminant plume at the site.   

13.6 GPR Data Summary and Conclusions
GPR data were collected west of the WCS.  Due to the clay content of the soils, penetration was 
limited.  Near surface soil fractures, rocks, excavated areas, and drainage pipes were interpreted.  
No contaminant plumes were interpreted to be present. 

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



H:\JOBS\COMPONE\ArmyCOE\NiagaraFFs\Report\NFSSReportFinal1.7.doc                  Page 135 of 146 

14.0 VICINITY PROPERTY G
14.1 Purpose
During remedial activities in 1986, a radiologically contaminated drum was unearthed at the 
Vicinity Property G site (DOE, 1987).  During its removal, portions of additional drums were also 
observed.  In March 1987, an EM terrain conductivity survey was conducted over the adjacent area 
to determine the magnitude of the drum burial area (BNI, 1987a).  Several targets were located 
within a 50 by 50 foot area and 31 additional drums were excavated in June 1987.  In addition, a 
small (6.5 by 6.5 meter) area of buried animal carcasses was identified in a 1983 survey, 
remediated, and backfilled in 1984 (Bechtel, 1998). 

The purposes of the geophysical surveys at Property G were two-fold: 

1. to confirm the absence of larger areas of buried metal targets that may represent a 
cache of drums and,

2. if possible, to identify the presence of any remaining buried animal carcasses at the 
former burial location. 

14.2 EM31 Field Procedures 
Approximately 3.5 hectares were surveyed north of the Niagara Falls Storage Site proper 
(Figure 14-1).  Conductivity and in-phase component field strength measurements were collected at 
1-second intervals along survey lines spaced 3 meters apart, using the EM31.  A focused EM31 
survey was also conducted over the presumed location of a former animal carcass burial area.  
Conductivity and in-phase component field strength measurements were collected at 1.8-meter (6-
foot) intervals along survey lines spaced 0.91 meters (3 feet) apart, using the EM31.  GPS data were 
collected at profile endpoints for both surveys with conductivity and in-phase measurement 
locations interpolated between the endpoints.  Figure 14-2 shows the data tracking / measurement 
location map for the Property G EM31 surveys. 

14.3 EM31 Data Processing
Data processing for Property G was performed in a fashion that is consistent with the information
contained in Section 5.5 EM31 Data Processing.  The reader is referred to this section for further 
information.   

14.4 EM31 Data Presentation and Interpretation
The EM31 survey in Property G (Figures 14-3 and 14-4) can be interpreted to identify eight 
anomalous features (GA through GH).  These anomalous features are summarized on Table 14-1.   
SAIC interprets anomaly GA as part of a former railroad grade that existed parallel to and south of 
the perimeter fence line in the Niagara Falls Storage Site proper.  Past aerial photographs, viewed at 
the site during survey activities, showed the location of the former rail grade as it looped north from 
the NFSS proper, traversed north parallel to the N-S road, and then looped back to the east along the 
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northern edge of Property G.  Anomalies GB and GC are interpreted to be associated with this 
former railroad grade.  Both anomalous zones exhibit a strong conductivity response; however they 
do not exhibit a magnetic susceptibility response (Figure 14-4).  SAIC attributes this conductivity 
response to a change in the soil and/or fill material.  All the interpreted anomalies for Property G are 
identified solely via the conductivity response maps.  SAIC does not identify any large areas of 
buried metallic debris.  Several areas within the surveyed area contain visible surface metal with 
associated debris.  Figure 14-4 shows several small, high magnetic susceptibility targets that are 
attributed to isolated surficial metallic debris. 

Anomaly GD lies along the northern edge of the EM31 survey limits (Figure 14-3).  A topographic 
“low” exists along this boundary and may be the cause of the increased conductivity.  Because of 
the survey limits, SAIC was not able to determine the lateral extent of this potentially anomalous 
zone.

Anomaly GE is in the vicinity of a former metal drum burial site.  Figure 14-3 shows a moderate 
conductivity anomaly, although no magnetic susceptibility response is observed on Figure 14-4.
SAIC attributes the conductivity response to the fill material used in the backfilling of the metallic 
drum burial area.  SAIC interprets that no additional buried metallic drums exist within this former 
burial area.   

Two high amplitude conductivity anomalies (GF and GG) exist north of the drainage ditch 
(Figure 14-3).  Both anomalies are rectangular in shape and do not exhibit a magnetic susceptibility 
response (Figure 14-4).  SAIC attributes this conductivity response to a change in the soil and/or fill 
material.  Anomalies GF and GG are wholly contained within a broad area of moderately elevated 
conductivity.  A high conductivity response is also exhibited in Figure 14-3 (GH) east of anomaly 
GG to the edge of the EM31 survey limits. 

Figures 14-2, 14-3, and 14-4 also show the measurement locations, conductivity and magnetic 
susceptibility response contour maps for a focused EM31 survey, projected from the main survey 
area maps.  The survey was conducted at the presumed location of a former animal carcass burial 
site.  EM31 data were collected along west to east traverses over the focus region.  A mounded 
region with visible surface metal occupied the west-central portion of the survey area.  SAIC is 
unable to identify an anomalous area that could be associated/attributed to a former animal carcass 
burial area.   

14.5 Other Geophysical Methods
An EM61 survey was proposed in the Work Plan to be performed in the event that any anomalies 
identified in the EM31 survey needed refinement.  SAIC did not identify any substantial anomalous 
regions that were interpreted as having buried metallic materials.  Therefore, an EM61 survey was 
not conducted over any portion of the Property G site. 

A limited GPR survey was proposed in the Work Plan to be performed in the event that any 
anomalies identified in the EM31 survey needed refinement.   Five GPR profiles were collected at 
various locations on the Property G site with 200 and 500 MHz antennae.  The GPR signal 
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penetration was extremely poor.  No quantifiable reflections were identified within the GPR data 
sets and for this reason SAIC will not present the profile data in this report.  Electronic copies of the 
data traverses will be retained in the SAIC job file. 

14.6 Property G Geophysical Investigation Summary and Conclusions
An EM31 survey over a portion of Property G can be interpreted to identify eight anomalous 
features (GA through GH).  These anomalous features are summarized on Table 14-1.  All of the 
interpreted anomalies exhibited a conductivity response; none exhibited a magnetic susceptibility 
response, which means no large buried metallic targets are interpreted to exist within the survey 
limits.  No conductivity or magnetic susceptibility anomaly was identified to exist in the former 
animal carcass burial location.  SAIC concludes that no buried metallic waste that may have 
contained or was directly associated with the presumed animal carcass burial location exists within 
the focused EM31 survey limits.  
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15.0 INTEGRATED INTERPRETATION

Several non-intrusive field investigation methods were completed between May 15 and November 
15, 2001 as a means to geophysically characterize the NFSS.  A supplemental EM61 survey was 
conducted in May 2002 to aid in positioning of trench locations undertaken by Maxim, Inc.  The 
overall investigation was planned in an effort to characterize the WCS, locate buried debris, utilities, 
and geologic features such as fractures/faults that could allow contaminant migration.   

The geophysical work described in the previous sections was broken into five discrete zones of 
investigation.  The Zones were based upon the survey objectives established by the USACE and the 
geophysical methods and acquisition parameters necessary to meet those objectives.  As a summary, 
Geophysical Zones I and II consist of the restricted fenced area of the Waste Containment Structure 
(WCS).  Geophysical Zone I consists of approximately the southern one-third of the WCS including 
the former building(s) plus a 61-meter (200-foot) buffer zone on the east and south sides of the 
WCS, and a 50-meter (165-foot) buffer zone to the west of the WCS.   

Geophysical Zone II consists of approximately the northern two-thirds of the WCS plus a 61-meter 
(200-foot) buffer on the north and east sides of the WCS and a 50-meter (165-foot) buffer to the 
west of the WCS.  The distance of 50 meters (165 feet) is the approximate distance from the base of 
the landfill to the western WCS perimeter fence.  Geophysical Zone III represents the non-WCS 
portion of the property.  Geophysical Zone IV is the area west of the WCS and contains the Niagara 
Mohawk high voltage power line off of NFSS property.  Vicinity Property G represents the final 
area of investigation.   

Graphical and tabular results of the integrated geophysical interpretation for the NFSS proper are 
limited to near-surface features.  Regional scale geologic features are addressed within each Zone 
and provide converging lines of evidence of a stable geologic framework across the surveyed area.   

To facilitate the presentation of the integrated interpretation, near-surface features identified during 
the geophysical survey activities were grouped into the following classifications: 

U - Utilities (above- or underground): this includes electric lines, sanitary sewers, 
 and storm water sewers. 

D - Drainage systems: this includes open drainage ditches, waterways, and culverts  
used to divert or channel water. 

S - Structures: this includes buildings, foundations, slabs, pedestals, etc., that either
 currently exist or formerly existed on site.   

F - Fence Lines:  those areas having vertical fencing or the framework (posts) still in place. 

CZ - Electrically Conductive Zones:  those areas that show an elevated EM31 
   conductivity response. 
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FZ - Ferrous Zones:  those areas that show an elevated vertical magnetic gradient response. 

MZ - Metallic Zones:  those areas that show an elevated EM31 magnetic 
    susceptibility response and/or an elevated EM61 differential response. 

Typically, electrically conductive, ferrous, and metallic zones were those areas that exhibited 
responses to the geophysical instrumentation and may 1) be partly or entirely attributed to an 
unknown subsurface feature or target, or 2) be partly or entirely influenced by surface features not 
readily recognizable as a source for the anomaly. 

Table 15-1 provides the integrated designation (ID), location, electromagnetic or magnetic anomaly 
reference, comments, and interpretation for the features found on Figures 15-1 through 15-6.  The 
ID for each target or aerial extent is keyed in such a manner to provide the reader with the general 
feature type and its map location.  Each of the aforementioned classifications, have an underlined 
character or characters that are incorporated into the ID of the target or zone (e.g., FZ is a reference 
to Ferrous Zones).  In addition, the targets have a numeric component associated with their map 
location.  IDs labeled between 100-199, following the alpha character(s), have the majority of that 
target or feature within Figure 15-1 (e.g., FZ137), those IDs labeled between 200-299 within 
Figure 15-2, those IDs labeled between 300-399 within Figure 15-3, etc. 

15.1  Zones I and II- WCS
Geophysical surveys in Zones I and II included seismic, electromagnetic (both time and frequency 
domain techniques), electrical imaging (resistivity), magnetic, and magnetotelluric methods.  
Previous sections provide supportive information on each method’s theory, data collection, data 
processing, and data presentation.   

Figure 15-1 shows the integrated interpretation for the near-surface features and anomalous targets 
or zones in Zones I and II based on the aforementioned classifications.  Prominent features of 
interest are FZ121, CZ134, and FZ137.  Feature FZ121 shows a strong magnetic and 
electromagnetic response and is interpreted as Building 411.  Changes in electromagnetic response 
without changes in magnetic response are attributed to changes of the height of the EM instrument 
above Building 411, as the landfill thickens to the center.  A seismic shear wave survey was 
conducted in the vicinity of Building 411 and revealed no interpreted presence of fluids along Line 
3.  EI Traverses 31 through 37 show resistivity anomalies that exhibit large-extreme resistivity 
contrasts relative to those traverses to the north (Traverses1, and 11 through 30) and correlate well 
with magnetic and electromagnetic anomalies interpreted as the former Building 411 and other 
former adjacent structures and buried building/construction debris.  An electrically conductive zone 
(CZ134) exists north of the Building 411 location and is interpreted as being coincident with the 
1991 addition to the WCS.  EI Traverse 53 shows a very shallow, low resistivity zone that correlates 
with CZ134.  Because of its smaller electrode spacing, Traverse 53 was able to identify this low 
resistivity zone.  Traverse 55 provides a “hint” of this shallow zone, between inline distances 150 to 
253 meters.  Two ferrous anomaly locations (FZ135 and FZ136) exist within CZ134.  A 
supplemental EM61 survey at these locations did not reveal any interpreted shallow buried items.  
Anomalous areas are interpreted as metallic targets, either ferrous or non-ferrous, at a depth of 1.5 to 

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



H:\JOBS\COMPONE\ArmyCOE\NiagaraFFs\Report\NFSSReportFinal1.7.doc                  Page 140 of 146 

2.4 meters (5 to 8 feet) below grade.  A large ferrous target (FZ137) exists north of CZ134 and is 
interpreted as the reported bulldozer location.  A depth of 7.6 meters (25 feet) below ground surface, 
to the bulldozer’s center of mass, was estimated from the magnetic data and complemented with 
electrical imaging (resistivity) survey information. 

SAIC did not interpret any anomalous zones within the WCS that may be attributed to a 
contaminant plume, sand and gravel channels, or inconsistencies with the clay cutoff wall.  A 
shallow, low resistivity zone that extends across the western edge of EI Traverses 29 through 34 
correlates with a near surface electrically conductive zone CZ152 and is interpreted as a zone of fill. 
(Boring BH-68 documents a surficial zone that includes gravel and concrete to a depth of 2.4 meters 
(8 feet), where auger refusal occurred prior to relocation of the borehole; [Acres American 
Incorporated, 1981]).   

General geologic framework (depth to bedrock from seismic, magnetotelluric, and electrical 
imaging data) was complementary and correlated with well logs and soil boring depths for the top 
of bedrock, with elevations ranging from 85.5 to 83 meters (280.5 to 272.3 feet) AMSL.  The 
eastern section of EI Traverse 49, from 126 to 196 meters inline distance, was coincident with 
seismic refraction Line 24.  Negligible resistivity contrasts exist between the top of competent rock 
and the overlying till and sandy gravel deposits as a group.  Seismic velocity contrasts between the 
top of competent rock and the interpreted saturated overburden correlate well with the above 
mentioned resistivity grouping.  Resistivity contrasts occur when the bedrock has undergone 
weathering and the introduction of precipitates and clay minerals along weathered surfaces lowers 
the resistive properties of the rock, yet does not have a pronounced effect on the bulk density of the 
bedrock which relates to the seismic velocity of the material.  

North of the WCS electrically conductive anomalies (CZ148, CZ149, and CZ150) were identified 
via the EM31 survey with little metal content.  EI traverse data do not indicate anomalous zones at 
depth over these regions.  Based on the data the three electrically conductive zones are interpreted 
as areas of shallow electrically conductive fill. 

15.1.1 Waste Containment Structure Assessment 
As mentioned above, the various geophysical survey methods applied to the WCS provide a series 
of complementary measurements to establish the conditions of the WCS.  The objectives of the 
geophysical survey included the identification of fractures or closed depressions on the WCS as 
well as potential voids and caverns.  The survey also included as objectives, examination of the clay 
cutoff wall, an assessment of water saturation within the WCS, examination of deep-seated features 
near the landfill such as seismic pressure points and a delineation of any contaminant plumes related 
to the WCS.  Other geophysical objectives not related to the structural assessment included an 
evaluation of the presence of sand and gravel channels near the WCS the definition of general 
landfill characteristics and waste pile contents, identification of buried drums and debris and the 
delineation of building foundations and rebar. The objectives and results of the geophysical survey 
are summarized below and are used to provide an assessment of the WCS.
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15.1.1.1 Fractures or Closed Depressions

Geophysical measurements performed on the WCS, including EM31, EM61, magnetometer, 
seismic and electrical imaging methods, were all focused on the characteristics of the WCS, and 
were generally acquired with parameters that minimally measured the cap as an ancillary target.  
Geophysical measurements were not made to directly assess fractures or closed depressions as part 
of the geophysical investigation.   

In applying the various geophysical techniques, SAIC personnel crossed the WCS numerous times 
in very organized patterns.  All SAIC personnel were aware of the concerns for cracks, fissures or 
closed depressions on the landfill cap, and the need to mark and map any features seen.  By 
observation there were no cracks, fissures, or closed depressions on the landfill cap.  The WCS 
appears to be well maintained, with an absence of erosion features, a minimal presence of 
deep-rooted plants and healthy grass cover, which is mowed and watered on a regular basis.  The 
absences of observed cracks, fissures, or closed depressions suggest the absence of significant 
settlement within the WCS.  The absences of observed cracks, fissures, or closed depressions also 
suggest the integrity of the WCS cap remains intact.  

15.1.1.2 Voids or Caverns

Air-filled voids typically exhibit very high resistivities (greater than 2,500 ohm-meters).  Resistivity 
values of this magnitude were not observed across the WCS during this investigation.  Air-filled 
voids also represent very low conductivities (less than 0.4 mS/m).  Conductivity values between 0 
and 5 mS/m were not measured on the WCS during the EM31 conductivity survey.  Therefore 
SAIC can conclude that in the absence of very high resistivities, or very low conductivities, 
significant air-filled voids do not exist.   

Mud or water-filled voids are typically identified as elliptical low resistivity anomalies.  While 
elliptical low resistivity anomalies were identified across the WCS during this investigation, these 
were mostly at shallow to moderate depths (above the anticipated bedrock zone) and may be related 
to more conductive zones and not the presence of mud or water-filled voids.  As determined by 
seismic surveys, the absence of water within the landfill eliminates the opportunity for mud or water 
filled voids to be present.   

15.1.1.3 Cutoff Wall Assessment

No discontinuities or significant breaches were identified in the geophysical data at the locations of 
the clay cutoff wall.  Anomalies adjacent to the cutoff walls are occasionally observed to adversely 
affect the modeled resistivity of the cutoff wall.  These anomalies relate to materials placed within 
the WCS, as well as natural geologic variations (generally the red-brown clay with a varying 
presence of sand and gravel) adjacent to the cutoff wall.   

Variations in electrical resistivity not related to adjacent anomalies are generally interpreted to 
represent subtle variations in construction or composition, and have not been interpreted to represent 
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compromises of the cutoff wall integrity due to the limited magnitude of measured value variation.  
Based upon the geophysical data, the cutoff wall is interpreted to be intact and not compromised.   

15.1.1.4 Wate  Saturation in th  WCSr e

The electrical imaging and conductivity surveys are useful geophysical methods to evaluate 
moisture variations in the subsurface, however unique properties of particle motion permit seismic 
methods to directly detect water saturation.  Two seismic traverses were conducted on the northern 
part of the WCS away from anomalies identified by other geophysical methods.  This was done to 
specifically test for water saturation by contrasting the results of shear and compressional seismic 
surveys.  The seismic survey conducted on the WCS indicated a compressional wave refractor at 8.2 
to 10.9 meters (27 to 36 feet) below ground surface at an elevation of 94.4 to 91.7 meters (310 to 
301 feet) AMSL. This is 2.1 to 4.8 meters (7 to 16 feet) below the flat ground surface outside the 
WCS.   

The transverse shear survey did not identify the refractor at 8.2 to 10.9 meters (27 to 36 feet) below 
ground surface, but identified a refractor at 18.3 to 23.5 meters (60 to 77 feet) below ground surface 
at an elevation of 84 to 79 meters (277 to 260 feet) AMSL.  The deeper refractor is consistent with 
the top of the Queenston Formation from the wells and boring logs adjacent to the WCS (Acres 
American Incorporated, 1981). The inability of the transverse shear wave survey to see the refractor 
at 8.2 to 10.9 meters below ground surface (27 to 36 feet) has been interpreted to mean the presence 
of water saturation at this depth.  The interpreted saturation depth from the seismic data is consistent 
with historical water level monitoring in wells that are located outside the WCS.   

In the southern part of the WCS, three seismic traverses were conducted to evaluate the presence of 
water saturation within former Building 411.  Comparable refractors were identified for both shear 
and compressional waves at a depth of approximately 11.9 meters (39 feet) below grade, or 
approximately 94.2 meters (309 feet) elevation AMSL.  With shear and compressional wave 
refractors at the same depth, the interpretation is that saturation is not present.  The elevation is 
consistent with the historical elevation that shows the elevation of the basement to be 95.1 meters 
(312 feet) elevation AMSL.  Unfortunately, there is no reliable geophysical information relative to 
water saturation below the basement of the building.  It is useful to note however that the basement 
of Building 411 is generally above the elevation of saturation identified with the northern lines.   

Therefore, SAIC can conclude that there is no water saturation within the WCS.  The absence of 
water within the WCS suggests water is not entering the WCS.  This may be used as empirical 
evidence to suggest that the cap, cutoff walls and bottom of the WCS remain intact.    

15.1.1.5 Deep Seated Features Under the WCS

The electrical imaging survey examined the WCS structure and the subsurface immediately beneath 
the WCS.  Interpretation of top of Queenston as well as top of competent bedrock has been made.  
The differences between the top of the Queenston, and the top of competent bedrock can be 
attributed to differential weathering that has occurred at the top of the Queenston Formation, and 
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has been documented in a variety of well logs.  Competent bedrock has been interpreted present 
throughout the area surveyed, however the EI did not assess competent bedrock completely enough 
to make this a blanket statement.    

CSAMT/MT and seismic reflection surveys were conducted around the WCS to assess deep-seated 
features near the WCS such as seismic pressure points.  The concept is that a deep-seated feature 
present adjacent to the WCS could extend across the WCS.  From analyses of the seismic reflection 
as well as the CSAMT/MT data there do not appear to be any major, deep-seated faults, fractures, 
geologic discontinuities, or seismic pressure points within the area surveyed at the NFSS.  
Therefore, SAIC can conclude that significant major deep-seated faults or similar features do not 
cross under the WCS.   

15.1.1.6 Contaminant Plumes

An EM31 survey was conducted across the WCS and the entire area around the WCS.  The EM31 
has a nominal depth of investigation to 5.5 meters (18 feet).  The WCS at its maximum height is 
greater than 5.5 meters (18 feet) above ground surface outside the WCS.  Along the perimeter of the 
WCS, where grade is more consistent, the EM31 has the depth of investigation necessary to reach 
the static water table.  No contamination plumes were interpreted present, and none were identified 
migrating away from the WCS.  SAIC can therefore conclude that there is no significant subsurface 
release occurring from the WCS moving laterally away from the WCS.   

Vertical migration below the WCS cannot be detected with the EM31 survey due to depth 
limitations, but may be detected with the electrical imaging survey.  Within the WCS, an anomalous 
contamination plume could exist among the identified anomalies without specific detection.  
Therefore, vertical migration of contaminants, without lateral migration is a possibility.   

15.2  Zone III 
Geophysical surveys in Zone III included seismic, electromagnetic (frequency domain techniques), 
electrical imaging (resistivity), magnetic, and magnetotelluric methods.  Previous sections provide 
supportive information on each method’s theory, data collection, data processing, and data 
presentation.

Figures 15-1 through 15-5 show the integrated interpretation for the near-surface features and 
anomalous targets or zones based on the aforementioned classifications.  Table 15-1 provides the 
ID, location, electromagnetic or magnetic anomaly reference, comments, and interpretation for the 
features on Figures15-1 through 15-5.

Prominent features of interest in Zone III are FZ310, FZ328, and MZ551.  Features FZ310 and 
FZ328 (Figure 15-3) show strong magnetic and electromagnetic responses and are coincident with 
the multitude of structures located in the north central section of the survey area.  Because of the 
number of cultural features on the surface, field verification is required to separate anomalous zones 
from surficially “clean” areas.  Feature MZ551 located on Figure 15-5 is along the eastern side of 
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the survey area and shows an elevated in-phase electromagnetic response that is interpreted as a 
zone of non-ferrous metals.   

SAIC did not interpret any anomalous areas within Zone III that may be attributed to a contaminant 
plume, extensive sand and gravel channels, or sand lenses.  General geologic framework (depth to 
bedrock from seismic, electrical imaging, and magnetotelluric data) was complementary and 
correlated with well log and soil boring depths for the top of bedrock, with elevations ranging from 
85.5 to 83 meters (280.5 to 272.3 feet).  SAIC interpreted several utility locations from the 
near-surface data sets.  From the seismic data collected in Zone III, SAIC interprets no abnormal 
overpressurized conditions.  The seismic refraction survey, however, did identify a bedrock “sag” or 
low spot along the northern property boundary that has been interpreted to represent a historic 
erosional surface.   

Multiple EI Traverses were coincident with seismic refraction Lines.  Negligible resistivity contrasts 
exist between the top of competent rock and the overlying till and sandy gravel deposits as a group.  
Seismic velocity contrasts between the top of competent rock and the interpreted saturated 
overburden correlate well with the above mentioned resistivity grouping.  Resistivity contrasts occur 
when the bedrock has undergone weathering and the introduction of precipitates and clay minerals 
along weathered surfaces lowers the resistive properties of the rock, yet does not have a pronounced 
effect on the bulk density of the bedrock which relates to the seismic velocity of the material.  
Figures 9-19 through 9-22 are presented in Appendix B.

15.3  Zone IV
Geophysical surveys in Zone IV included seismic, electromagnetic (frequency domain techniques), 
and GPR methods.  Previous sections provide supportive information on each method’s theory, data 
collection, data processing, and data presentation.   

The electromagnetic data collected consisted of a narrow strip between the western NFSS boundary 
fence and the eastern drainage ditch located on Niagara Mohawk Power Corporation property.  GPR 
data were also collected between the boundary fence and the eastern ditch, due to the clay content of 
the soils penetration was limited.  Near surface soil fractures, rocks, excavated areas, and drainage 
pipes were interpreted.  No contaminant plumes were interpreted to be present.  No additional 
features of interest were interpreted for this narrow zone. 

A seismic reflection survey was conducted west of the WCS at the NFSS to examine deep-seated 
features such as bedrock faults and fractures, geologic discontinuities, and seismic pressure points 
near the landfill.  The seismic reflection method was used instead of CSAMT/MT because of the 
presence of overhead electrical power lines that adversely affect the electromagnetic data.  Two 
near-surface reflecting layers are present:  1) interpreted water-saturated sediments at approximate 
depths of 3 to 6.1 meters [10 to 20 feet], and 2) interpreted top of the bedrock Queenston Formation 
at around 15 meters (50 feet) deep. 

Based upon the seismic reflection data collected, there are no significant lateral discontinuities that 
are interpreted to represent seismic pressure points. 
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15.4  Vicinity Property G

Geophysical surveys in Vicinity Property G included electromagnetic (frequency domain 
techniques), and GPR methods.  Previous sections provide supportive information on each method’s 
theory, data collection, data processing, and data presentation.   

Figure 15-6 shows the integrated interpretation for the near-surface features and anomalous targets 
or zones based on the aforementioned classifications.  Table 15-1 provides the ID, location, 
electromagnetic or magnetic anomaly reference, comments, and interpretation for the features on 
Figure 15-6.

An electromagnetic (EM31) survey over a portion of Property G can be interpreted to identify eight 
anomalous features (CZ601 through CZ608) and two additional features, relating to a known fence 
and an existing structure.  A focused (area of dense data measurements) EM31 survey was also 
conducted over a presumed animal carcass burial location based on historic records.  SAIC 
concludes that no buried metallic waste that may have contained or was directly associated with the 
presumed animal carcass burial location exists within the focused EM31 survey limits.  A limited 
GPR survey was conducted over anomalous zones yielding no quantifiable reflections due to poor 
signal penetration.

15.5 Summary

Within the geophysical data, 291 separate anomalies have been interpreted.  Of these, 103 are 
interpreted to represent Utilities (45), Drainage Systems (10), known Structures (38), or Fence lines 
(17).  Therefore, 181 anomalies remain, which may be of interest for intrusive investigation.  Of the 
105 Ferrous Zone anomalies not coincident with identifiable sources, 69 are described as isolated.  
If these anomalies are to be considered nominal (relative to the potential for substantial 
environmental impact), then 112 features of concern remain.  Within the WCS, 25 anomalies are 
present and have interpreted origins consistent with known facility history.  Therefore, direct 
investigation of these features is not recommended.  Table 15-2 summarizes the remaining 87 
anomalous features of interest.  These 87 features warrant close scrutiny and may warrant intrusive 
investigation or further historical research.   

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



H:\JOBS\COMPONE\ArmyCOE\NiagaraFFs\Report\NFSSReportFinal1.7.doc                  Page 146 of 146 

16.0 BIBLIOGRAPHY

Acres American Incorporated, 1981.  Hydrologic and Geologic Characterization of the 
DOE-Niagara Falls Storage Site, prepared for NLO, Incorporated, under subcontract document 
S-1071-NF, September 30. 

Bechtel National, Inc. (BNI), 1984.  Geologic Report - Niagara Falls Storage Site, Lewiston, New 
York.  Prepared for U.S. Department of Energy, OakRidge Operations Office, under Contract DE-
AC05-810R20722.

Bechtel National, Inc. (BNI), 1987.  Memorandum, J.A. Blanke, FUSRAP Project 14501, Bechtel 
National, Inc. to B.C. McConnel/M.G. Jones, Bechtel National, Inc., “Electromagnetic Terrain 
Conductivity Survey at Area G, NFSS, Report,” March 26. 

Bechtel, 1998.  Memorandum, S. Nakasaki, BNI/FUSRAP File No. 7340/158, Bechtel National, 
Inc., to Surajit Amrit, Bechtel National, Inc., “Niagara Falls Storage Site – Data/Information 
Pertaining to the Specific Areas in the Off-Site (Vicinity) Property G,” January 26. 

Breiner, S., 1973.  Applications Manual for Portable Magnetometers.  Sunnyvale, California:  
Geometrics. 

Danbom, S. H., and Domenico, S. N., 1987.  Shear-Wave Exploration:  Society of Exploration 
Geophysicists, Tulsa, Oklahoma. 

Department of Energy (DOE), 1987, Letter, S.W. Ahrends, Director, Technical Services Division, 
Department of Energy, Oak Ridge Operations, to T. Gable, Air and Waste 

Dobrin, M.B., 1976.  Introduction to Geophysical Prospecting.  Third Edition, New York:  
McGraw-Hill.

HydroGeologic, Inc., 2001.  Draft Conceptual Model and Calibration Technical Memorandum 
Niagara Falls Storage Site, Lewiston, New York.  Prepared for U.S. Army Corps of Engineers, 
Buffalo District, Contract Number DACW49-00-D-0001, August 6. 

Jakosky, J.J., 1950. Exploration Geophysics, Los Angeles, California: Trija Publishing Company, 
pp 440-442. 

Keller, G.V., and F.C. Frischknecht, 1966.  Electrical Methods in Geophysical Prospecting.  In 
International Series in Electromagnetic Waves, 10. Oxford, England:  Pergamon Press. 

McNeill, J.D., 1980.  Electrical Terrain Conductivity Measurement at Low Induction Numbers, 
Technical Note TN-6.  Geonics Limited, Ontario, Canada. 

Nabighian, M. N., 1991.  Electromagnetic Methods in Applied Geophysics, Volume 2, Application, 
Parts A and B:  Society of Exploration Geophysicists, Tulsa, Oklahoma. 

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



H:\JOBS\COMPONE\ArmyCOE\NiagaraFFs\Report\NFSSReportFinal1.7.doc                  Page 147 of 146 

Nettleton, L.L., 1971.  Elementary Gravity and Magnetics for Geologists and Seismologists.  :  
Society of Exploration Geophysicists, Tulsa, Oklahoma 

Park, C.B., Miller, R.D., and Xia, J., 1999.  Multichannel Analysis of Surface Waves, Geophysics 
Vol. 64, No. 3; p.800-808.   

Richart, F.E., Hall, J.R., and Woods, R.D., 1970. Vibrations of Soils and Foundations:
Prentice-Hall, Inc., New Jersey, 414 pp.  

Roman, I., 1951.  Resistivity reconnaissance in Am. Soc. Testing Materials, Symposium on  
Surface and subsurface reconnaissance:  Am. Soc. Testing Materials Special Tech. Pub. 122, p. 
171-220.

Sheriff, R. E., 1973.  Encyclopedic Dictionary of Exploration Geophysics:  Society of Exploration 
Geophysicists, Tulsa, Oklahoma. 

Sjogren, B., 1984. Shallow Refraction Seismics:  Chapman and Hall Ltd. 

Szelwis, R., and Behle, A., 1987.  Shallow Shear-Wave Velocity Estimation from Multimodal 
Rayleigh Waves.  In Shear Wave Exploration, Edited by DanBom, S.H. and Donenico, S.N., 
Society of Exploration Geophysicists, Tulsa Oklahoma. 

Telford, W. M., Geldart, L. P., Sheriff, R. E., and Keys, D. A., 1976.  Applied Geophysics:
Cambridge University Press. 

Ulriksen, C.P.F., 1982.  Application of Impulse Radar to Civil Engineering. Sweden:  Lund 
University of Technology, Department of Engineering Geology. 

Van Nostrand, R.G., and Cook, K.L., 1966, Interpretation of resistivity data: U.S. Geological Survey 
Professional Paper 499, 310 pp. 

Ward, S.,  1990.  Geotechnical and Environmental Geophysics.  Tulsa, Oklahoma.  Society of 
Exploration Geophysicists, Tulsa, Oklahoma. 

Yilmaz, O., 1987.  Seismic Data Processing:  Society of Exploration Geophysicist, Tulsa, 
Oklahoma. 

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



H:\JOBS\COMPONE\ArmyCOE\NiagaraFFs\Report\NFSSReportFinal1.7.doc                  Page 1 of 146 

Figures

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



Tables

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



Date EM31 File Name GPS File Name Geophysicist
5/16/2001 Z1Z2B1.G31 Z1Z2B1.SSF A. Govelovich
5/16/2001 Z1Z2D1.G31 Z1Z2D1.SSF A. Govelovich
5/16/2001 Z1Z2D2.G31 Z1Z2D2.SSF A. Govelovich
5/16/2001 Z1Z2B2.G31 Z1Z2B2.SSF A. Govelovich
5/17/2001 Z1Z2B1.G31 Z1Z2B1.SSF J. Warren
5/17/2001 Z1Z2D1.G31 Z1Z2D1.SSF J. Warren
5/17/2001 Z1Z2D2.G31 Z1Z2D2.SSF J. Warren
5/17/2001 Z1Z2B2.G31 Z1Z2B2.SSF J. Warren
5/17/2001 Z1Z2B3.G31 Z1Z2B3.SSF J. Warren
5/17/2001 Z1Z2D3.G31 Z1Z2D3.SSF J. Warren
5/17/2001 Z1Z2D4.G31 Z1Z2D4.SSF J. Warren
5/17/2001 Z1Z2B4.G31 Z1Z2B4.SSF J. Warren
5/17/2001 Z1Z2B5.G31 Z1Z2B5.SSF A. Govelovich
5/17/2001 Z1Z2D5.G31 Z1Z2D5.SSF A. Govelovich
5/17/2001 Z1Z2B6.G31 Z1Z2B6.SSF A. Govelovich
5/17/2001 Z1Z2B7.G31 Z1Z2B7.SSF A. Govelovich
5/17/2001 Z1Z2D6.G31 Z1Z2D6.SSF A. Govelovich
5/17/2001 Z1Z2B8.G31 Z1Z2B8.SSF A. Govelovich
5/17/2001 Z1Z2B9.G31 Z1Z2B9.SSF J. Warren
5/17/2001 Z1Z2D7.G31 Z1Z2D7.SSF J. Warren
5/17/2001 Z1Z2B10.G31 Z1Z2B10.SSF J. Warren
5/18/2001 Z2B11.G31 Z2B11.SSF A. Govelovich
5/18/2001 Z2D8.G31 Z2D8.SSF A. Govelovich
5/18/2001 Z2B12.G31 Z2B12.SSF A. Govelovich
5/19/2001 Z2B13.G31 Z2B13.SSF A. Govelovich
5/19/2001 Z2D9.G31 Z2D9.SSF A. Govelovich
5/19/2001 Z2B14.G31 Z2B14.SSF A. Govelovich
5/19/2001 Z2B15.G31 Z2B15.SSF J. Warren
5/19/2001 Z2D10.G31 Z2D10.SSF J. Warren
5/19/2001 Z2B16.G31 Z2B16.SSF J. Warren
5/19/2001 Z2B17.G31 Z2B17.SSF A. Govelovich
5/19/2001 Z2D11.G31 Z2D11.SSF A. Govelovich
5/19/2001 Z2B18.G31 Z2B18.SSF A. Govelovich
5/20/2001 Z2B19.G31 Z2B19.SSF A. Govelovich
5/20/2001 Z2D12.G31 Z2D12.SSF A. Govelovich
5/20/2001 Z2B20.G31 Z2B20.SSF A. Govelovich
5/20/2001 Z2B21.G31 Z2B21.SSF J. Warren
5/20/2001 Z2D13.G31 Z2D13.SSF J. Warren
5/20/2001 Z2D14.G31 Z2D14.SSF J. Warren
5/20/2001 Z2B22.G31 Z2B22.SSF J. Warren
5/20/2001 Z2B23.G31 Z2B23.SSF A. Govelovich
5/20/2001 Z2D15.G31 Z2D15.SSF A. Govelovich
5/20/2001 Z2D16.G31 Z2D16.SSF A. Govelovich
5/20/2001 Z2B24.G31 Z2B24.SSF A. Govelovich
5/21/2001 Z2B25.G31 Z2B25.SSF A. Govelovich
5/21/2001 Z2D17.G31 Z2D17.SSF A. Govelovich
5/21/2001 Z2B26.G31 Z2B26.SSF A. Govelovich
5/23/2001 Z2B27.G31 Z2B25.SSF A. Govelovich
5/23/2001 Z2D18.G31 Z2D17.SSF A. Govelovich
5/23/2001 Z2B28.G31 Z2B26.SSF A. Govelovich
5/30/2001 Z3-B1.G31 Z3-B1.SSF S. Eichelberger
5/30/2001 Z3-F1.G31 Z3-F1.SSF S. Eichelberger
5/30/2001 Z3-F2.G31 Z3-F2.SSF S. Eichelberger
5/30/2001 Z3-F3.G31 Z3-F3.SSF S. Eichelberger
5/30/2001 Z3-F4.G31 Z3-F4.SSF S. Eichelberger
5/30/2001 Z3-B2.G31 Z3-B2.SSF S. Eichelberger
5/30/2001 Z3-B3.G31 or Z3B2 R053019.SSF B. Stahl
5/30/2001 Z3F5.G31or Z3-F5 R053019.SSF B. Stahl
5/30/2001 Z3B4.G31 R053021A.SSF B. Stahl
5/31/2001 Z3-B5.G31 OR Z3B5 R0531.SSF S. Eichelberger
5/31/2001 Z3-F6.G31 OR Z3F6 R0531.SSF S. Eichelberger
5/31/2001 Z3-F7.G31 OR Z3F7 R0531.SSF S. Eichelberger
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5/31/2001 Z3-F8.G31 OR Z3F8 R0531.SSF S. Eichelberger
5/31/2001 Z3-B6.G31 OR Z3B6 R0531.SSF S. Eichelberger

6/1/2001 Z4B1.G31 S. Eichelberger
6/1/2001 Z4B2.G31 S. Eichelberger
6/1/2001 Z4F1.G31 S. Eichelberger
6/1/2001 Z4F2.G31 S. Eichelberger
6/1/2001 Z4B3.G31 S. Eichelberger
6/2/2001 Z3B7.G31 R0602.SSF OR R060219B S. Eichelberger/B. Stahl
6/2/2001 Z3B8.G31 R0602.SSF OR R060219B S. Eichelberger/B. Stahl
6/2/2001 Z3F9.G31 R0602.SSF OR R060219B S. Eichelberger/B. Stahl
6/2/2001 Z3B9.G31 R0602.SSF OR R060219B S. Eichelberger/B. Stahl
6/3/2001 Z3-B10.G31 R0603.SSF OR R060316A S. Eichelberger/B. Stahl
6/3/2001 Z3-F10.G31 R0603.SSF OR R060316A S. Eichelberger/B. Stahl
6/3/2001 Z3-F11.G31 R0603.SSF OR R060316A S. Eichelberger/B. Stahl
6/3/2001 Z3-F12.G31 R0603.SSF OR R060316A S. Eichelberger/B. Stahl
6/3/2001 Z3-F13.G31 R0603.SSF OR R060316A S. Eichelberger/B. Stahl
6/3/2001 Z3-F14.G31 R0603.SSF OR R060316A S. Eichelberger/B. Stahl
6/3/2001 Z3-B11.G31 R0603.SSF OR R060316A S. Eichelberger/B. Stahl
6/4/2001 Z3-B12.G31 S. Eichelberger
6/4/2001 Z3-F15.G31 S. Eichelberger
6/4/2001 Z3-F16.G31 S. Eichelberger
6/4/2001 Z3-F17.G31 S. Eichelberger
6/4/2001 Z3-F18.G31 S. Eichelberger
6/4/2001 Z3-B13.G31 S. Eichelberger
6/5/2001 Z3-B14.G31 W. Saunders
6/5/2001 Z3-F19.G31 W. Saunders
6/6/2001 Z3-B15.G31 W. Saunders
6/6/2001 Z3-F20.G31 W. Saunders
6/6/2001 Z3-F21.G31 W. Saunders

6/25/2001 Z3B20.G31 RO62519A.SSF B. Wappman/P. Yesconis
6/25/2001 Z3F22.G31 B. Wappman/P. Yesconis
6/25/2001 Z3F23.G31 B. Wappman/P. Yesconis
6/25/2001 Z3B21.G31 B. Wappman/P. Yesconis
6/26/2001 Z3B22.G31 RO62619A.SSF B. Wappman/P. Yesconis
6/26/2001 Z3F24.G31 RO62619A.SSF B. Wappman/P. Yesconis
6/26/2001 Z3F25.G31 RO62619A.SSF B. Wappman/P. Yesconis
6/26/2001 Z3F26.G31 RO62619A.SSF B. Wappman/P. Yesconis
6/26/2001 Z3F27.G31 RO62619A.SSF B. Wappman/P. Yesconis
6/26/2001 Z3B23.G31 RO62619A.SSF B. Wappman/P. Yesconis
6/26/2001 Z3B24.G31 RO62619A.SSF B. Wappman/P. Yesconis
6/26/2001 Z3F28.G31 RO62619A.SSF B. Wappman/P. Yesconis
6/26/2001 Z3B25.G31 RO62619A.SSF B. Wappman/P. Yesconis
6/26/2001 Z3AB1.G31 C. Fontana/J. Lindaw
6/26/2001 Z3AB2.G31 C. Fontana/J. Lindaw
6/26/2001 Z3AF1.G31 C. Fontana/J. Lindaw
6/26/2001 Z3AB3.G31 C. Fontana/J. Lindaw
6/27/2001 Z3AF3.G31 R062715A.SSF
6/27/2001 R062815B.SSF + R080619.SSF B. Wappman/P. Yesconis

Combined to SS04.SSF
6/27/2001 Z3AF4.G31 C. Fontana/J. Lindaw
6/28/2001 Z3F32.G31 R062813A.SSF B. Wappman/P. Yesconis
6/28/2001 Z3B29.G31 B. Wappman/P. Yesconis
6/28/2001 Z3F33.G31 R062818A.SSF B. Wappman/P. Yesconis
6/28/2001 Z3AB8.G31 C. Fontana/J. Lindaw
6/28/2001 Z3AF5.G31 R062812A.SSF C. Fontana/J. Lindaw
6/28/2001 Z3AF9.G31 R062814C.SSF C. Fontana/J. Lindaw
6/28/2001 Z3AF10.G31 R062817A.SSF C. Fontana/J. Lindaw
6/28/2001 Z3AB9.G31 C. Fontana/J. Lindaw

7/1/2001 Z3AB10.G31 J. Lindaw
7/1/2001 Z3AF11.G31 R070220B.SSF J. Lindaw
7/1/2001 Z3AF12.G31 J. Lindaw
7/1/2001 Z3AF13.G31 J. Lindaw

Page 2 of 4



Date EM31 File Name GPS File Name Geophysicist

Table 5-1
EM31 Data File Summary

Niagara Falls Storage Site

7/1/2001 Z3AB12.G31 B. Wappman
7/1/2001 Z3AF14.G31 B. Wappman
7/1/2001 Z3AF15.G31 R070119B.SSF B. Wappman
7/1/2001 Z3AF16.G31 R070119C.SSF B. Wappman
7/1/2001 Z3AF16A.G31 R070119C.SSF B. Wappman
7/1/2001 Z3AB13.G31 B. Wappman
7/2/2001 Z3AB14.G31 B. Wappman/J. Lindaw
7/2/2001 Z3AB15.G31 B. Wappman/J. Lindaw
7/2/2001 Z3AF17.G31 R070211A.SSF B. Wappman/J. Lindaw
7/2/2001 Z3AF19.G31 R070220A.SSF B. Wappman/J. Lindaw
7/2/2001 Z3AB16.G31 B. Wappman/J. Lindaw
7/2/2001 Z3AB17.G31 B. Wappman/J. Lindaw
7/2/2001 Z3AF20.G31 R070217A.SSF B. Wappman/J. Lindaw
7/2/2001 Z3AB18.G31 B. Wappman/J. Lindaw

7/24/2001 Z3AB19.G31 Lindaw/Herman/Reccelli
7/24/2001 Z3AF21.G31 NA Lindaw/Herman/Reccelli
7/24/2001 Z3AF22.G31 NA Lindaw/Herman/Reccelli
7/24/2001 Z3AF23.G31 NA J. Herman
7/24/2001 Z3AF24.G31 R072420B.SSF J. Herman
7/24/2001 Z3AB20.G31 Lindaw/Herman/Reccelli
7/25/2001 Z3AB21.G31 Lindaw/Herman/Reccelli
7/25/2001 Z3AF25.G31 R072420B.SSF Lindaw/Herman/Reccelli
7/25/2001 Z3AB22.G31 Lindaw/Herman/Reccelli
7/26/2001 Z3AB23.G31 Lindaw/Herman/Reccelli
7/26/2001 Z3AF26.G31 R072618A.SSF Lindaw/Herman/Reccelli
7/26/2001 Z3AF27.G31 R072618A.SSF Lindaw/Herman/Reccelli
7/26/2001 Z3AF28.G31 R072712B.SSF J. Lindaw/J. Herman
7/26/2001 Z3AB24.G31 J. Lindaw/J. Herman
7/27/2001 Z3AB25.G31 J. Lindaw/J. Herman
7/27/2001 Z3AF29.G31 R072712B.SSF J. Lindaw/J. Herman
7/27/2001 Z3AF30.G31 R072713A.SSF J. Lindaw/J. Herman
7/27/2001 Z3AF31.G31 R072715A.SSF J. Lindaw/J. Herman
7/27/2001 Z3AF32.G31 J. Lindaw/J. Herman
7/27/2001 Z3AF33.G31 R072812A.SSF J. Lindaw/J. Herman
7/27/2001 Z3AB26.G31 J. Lindaw/J. Herman
7/28/2001 Z3AB27.G31 J. Lindaw/J. Herman
7/28/2001 Z3AF34.G31 R072812A.SSF J. Lindaw/J. Herman
7/28/2001 Z3AB28.G31 J. Lindaw/J. Herman
7/29/2001 Z3AB30.G31 J. Lindaw/J. Herman
7/29/2001 Z3AF35.G31 Renamed R072913A.SSF J. Lindaw/J. Herman

                 Z2AF36
7/29/2001 Z3AF37.G31 R072918A.SSF J. Lindaw/J. Herman
7/29/2001 Z3AF38.G31 R072918A.SSF J. Lindaw/J. Herman
7/29/2001 Z3AF39.G31 R072918B.SSF J. Lindaw/J. Herman
7/29/2001 Z3AB31.G31 J. Lindaw/J. Herman
7/30/2001 Z3AB32.G31 J. Lindaw/J. Herman
7/30/2001 Z3AF40.G31 R073018B.SSF J. Lindaw/J. Herman
7/30/2001 Z3AF41.G31 R073018B.SSF J. Lindaw/J. Herman
7/30/2001 Z3AF42.G31 R073018B.SSF J. Lindaw/J. Herman
7/30/2001 Z3AF43.G31 R073017A.SSF J. Lindaw/J. Herman
7/30/2001 Z3AF44.G31 R073018A.SSF J. Lindaw/J. Herman
7/30/2001 Z3AB33.G31 J. Lindaw/J. Herman

8/7/2001 Z3AB34.G31 B. Wappman/P. Yesconis
8/7/2001 Z3AF45.G31 B. Wappman/P. Yesconis
8/7/2001 Z3AF46.G31 B. Wappman/P. Yesconis
8/7/2001 Z3AF45.G31 B. Wappman/P. Yesconis
8/7/2001 Z3AF47.G31 B. Wappman/P. Yesconis
8/7/2001 Z3AF48.G31 B. Wappman/P. Yesconis
8/7/2001 Z3AF49.G31 B. Wappman/P. Yesconis
8/7/2001 Z3AF50.G31 B. Wappman/P. Yesconis
8/8/2001 Z3AB36.G31 B. Wappman/P. Yesconis
8/8/2001 Z3AF51.G31 B. Wappman/P. Yesconis
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8/8/2001 Z3AD52.G31 P. Yesconis/B. Wappman
8/9/2001 Z3AF53.G31 P. Yesconis/B. Wappman
8/9/2001 Z3AF54.G31 P. Yesconis/B. Wappman
8/9/2001 Z3AF55.G31 P. Yesconis/B. Wappman
8/9/2001 Z3AF56.G31 P. Yesconis/B. Wappman
8/9/2001 Z3AF57.G31 P. Yesconis/B. Wappman
8/9/2001 Z3AB39.G31 P. Yesconis/B. Wappman
8/9/2001 Z3AB40.G31 P. Yesconis/B. Wappman
8/9/2001 Z3AB41.G31 P. Yesconis/B. Wappman

8/10/2001 Z3AB42.G31 P. Yesconis/B. Wappman
8/10/2001 Z3AF73.G31 P. Yesconis/B. Wappman
8/10/2001 Z3AF74.G31 P. Yesconis/B. Wappman
8/10/2001 Z3AF75.G31 P. Yesconis/B. Wappman
8/10/2001 Z3AF76.G31 P. Yesconis/B. Wappman
8/10/2001 Z3AF77.G31 P. Yesconis/B. Wappman
8/10/2001 Z3AF78.G31 P. Yesconis/B. Wappman
8/10/2001 Z3AB43.G31 P. Yesconis/B. Wappman
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EM
g (m) Anomaly Map Phase Comment Interpretation
9.1 A Southwest Q Conductivity only with one ferrous target Conductive Zone
3.3 B Southwest B Linear feature coincident with mapped utility Metal water pipeline
6.5 C Southwest I Inphase only Conductive Zone
7.5 D Southwest B Linear feature coincident with mapped utility Metal water pipeline
6.5 E Southwest B Coincident with roadway Utility
6.9 F Southwest B Isolated anomaly   Ferrous Target
1.0 G Southwest I Linear feature Utility
8.2 H Southwest B Linear feature Metallic water pipeline
5.1 I Southwest I Linear feature Drainage Pipe/Ditch
9.9 J Southwest B Linear feature Utility/Drainage Pipe/Ditch
8.0 K Southwest B Large area of anomaly Buried buildings
4.9 L Southwest B Large area of anomaly Burried Rubble
8.6 M Southwest B Large area of anomaly Former buildings and structures -- tank
4.5 N Southwest B Linear feature Coincident with corrugated metal drain pipe
9.5 O Southwest B Large area of anomaly Metallic debris
8.9 P Southwest B Rectangular anomaly Building 411
6.4 Q Southwest B Linear feature coincident with mapped utility Water Utility
2.9 R Southwest B Rectangular anomaly Decon Pad
4.4 S Southwest B Coincident with trailers Trailers
8.5 T Southwest B Coincident with Garage Garage
3.1 U Southwest I Rectangular anomaly Culvert/Large Vault within drainage ditch
2.5 V Southwest I Isolated metals   Ferrous Target at terraced area
3.5 W Southwest I Isolated metals   Ferrous Target at terraced area
0.0 X Southwest B Rectangular anomaly Terraced area on WCS
7.3 Y Southwest B Linear feature coincident with corrugated metal drain pipe
6.9 Z Southwest Q Large area of increased conductivity Fill material near utility
2.9 AA Southwest I Linear feature Coincident with corrugated metal drain pipe
9.0 AB Southwest B Large area of anomaly Reported location of buried bulldozer
0.3 AC Southwest Q Large area of increased conductivity Fill/former lagoon area
7.7 AD Southwest B Isolated near mapped utility Conductive Zone adjacent to Manhole (sanitary)
2.0 AE Southwest Q Inphase adjacent to fence Fill or increased moisture
1.7 AF Southwest Q Large area of increased conductivity Conductive zone
3.3 AG Southwest B Linear feature Coincident with corrugated metal drain pipe
1.4 AH Southwest Q Large area of elevated conductivity Fill materials
2.0 AI Southwest B Coincident with roadway Utility along edge of roadway
3.8 AJ Southwest Q Large area of increased conductivity Fill materials
9.1 AK Southwest B Metals Ferrous Target
6.0 AL Southwest Q Linear feature Former drainage ditch now infilled
0.7 FI Southwest B Linear Feature in vicinity EM61 anomaly C Culvert
4.7 FJ Southwest B Visible circular target on EM inphase Former structure -- tank
7.3 FK Southwest C Possible utility not previously mapped
3.6 FL Southwest B Linear Feature Metal water

Table 5-2
EM31 Anomaly Summary

Niagara Falls Storage Site
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7.3 FM Southwest C Linear conductivity anomaly Utility
3.8 FN Southwest B Linear conductivity anomaly Metallic Target
2.8 FO Southwest B Linear feature WCS Fence Line
7.7 FP Southwest B Linear feature Western Boundary Fence
0.8 FQ Southwest B EM anomaly Buried Culvert
8.0 FR Southwest B Metallic Target north of east-west drainage Buried Metal Target
0.4 FS Southwest B Isolated metallic target west of S119 Observation Wells OW-10A&B
9.8 FV Southwest B Lots of small targets some metallic Former drainage ditch with metallic targets
4.8 AM Northwest B Rectangular anomaly Metallic Zone
5.1 AN Northwest B Lots of small targets some metallic Fill materials
7.5 AO Northwest I Rectangular anomaly Metallic zone with monitor wells nearby
8.2 AP Northwest I Linear Drainage Pipe/Ditch/Utility
5.4 AQ Northwest Q Small conductivity adjacent to utility Drainage Pipe/Ditch/Utility
1.6 AR Northwest B Linear Drainage Pipe/Ditch/Utility
7.8 AS Northwest B High conductivity Conductive zone with some metal
0.4 AT Northwest I Metals Metallic zone with ferrous and non-ferrous
9.8 AU Northwest Q Broad area of high conductivity Former Drainage that has been filled
4.9 AV Northwest I Isolated anomaly Surface debris
1.1 AW Northwest B Isolated anomaly Ferrous Target
0.4 AX Northwest Q High conductivity Conductive zone
0.9 AY Northwest B Isolated Metallic zone, non-ferrous
0.0 AZ Northwest Q High conductivity Culvert/Conductive zone
1.3 BA Northwest I Isolated metal Non-ferrous and ferrous targets
5.3 BB Northwest Q Broad area of high conductivity Building/structure footers/foundations
1.5 BC Northwest Q Broad area of high conductivity Building/structure footers/foundations
2.8 BD Northwest B Linear Utility
3.3 BE Northwest Q Broad area of high conductivity Fill materials
5.3 BF Northwest Q Broad area of high conductivity Fill materials
4.4 BG Northwest Q Isolated high conductivity Conductive zone/Fill material
1.3 BH Northwest I Isolated metals off end of storm pipeline Non-ferrous target
5.1 BI Northwest I Isolated metal Suspected metalic material or pipes at ditch
9.8 BJ Northwest B Mostly conductivity minor inphase Conductive zone with some metal
5.5 BK Northwest B Linear Storm Utility
5.5 BL Northcentral I Linear Storm Utility
7.9 BM Northcentral B Rectangular anomaly Conductive zone
8.3 BN Northcentral B Linear Feature Water Utility
2.8 BO Northcentral Q Slightly elevated conductivity on utility Conductive zone
5.9 BP Northcentral B Linear Feature Fence
6.8 BQ Northcentral B Rectangular anomaly Structure
5.7 BR Northcentral B Linear feature-sharpest on Quad Phase Utility
0.3 BS Northcentral B Rectangular anomaly Structure
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0.2 BT Northcentral I Broad area of elevated inphase Ferrous Target
3.2 BU Northcentral B Area of inhomogeneous material Metallic zone with ferrous and non-ferrous
0.1 BV Northcentral Q Conductivity only at utility juncture Conductive zone
5.9 BW Northcentral B Rectangular anomaly Structure
9.9 BX Northcentral B Rectangular anomaly Former building location
6.3 BY Northcentral Q Isolated conductivity anomaly Conductive zone
2.0 BZ Northcentral B Rectangular anomaly Structure
8.1 CA Northcentral B Rectangular anomaly Structure
4.1 CB Northcentral B Area of inhomogeneous material Conductive zone
1.4 CC Northcentral B Linear Feature Water Utility
8.8 CD Northcentral B Area of inhomogeneous material Structure
8.9 CE Northcentral B Regularly spaced N-S anomalies Structure
3.4 CF Northcentral B Rectangular anomaly Structure/Metallic zone with ferrous debris
9.5 CG Northcentral B Southern portion has stronger inphase Metallic zone with ferrous debris
1.9 CH Northcentral B Rectangular anomaly Structure/Metallic zone with ferrous debris
2.6 CI Northcentral Q Elevated conductivity Conductive zone
0.2 CJ Northcentral B Area of inhomogeneous material Structure
2.8 CK Northcentral B Rectangular anomaly Structure
9.2 CL Northcentral B Rectangular anomaly Structure
7.7 CM Northcentral B Rectangular anomaly Structure
4.1 CN Northcentral B Linear feature Utility - Possible water - distance away
9.2 CO Northcentral B Rectangular anomaly Structure
8.4 CP Northcentral B Rectangular anomaly Structure
2.0 CQ Northcentral B Isolated Linear features adjacent to a utility Water Utility
0.3 CR Northcentral B Isolated features coincident with trend of CQ Utility
1.7 CS Northcentral B Linear Feature Utility
9.2 CT Northcentral B Rectangular anomaly adjacent to a utility Conductive zone with some ferrous material
3.5 CU Northcentral B Rectangular anomaly Stucture
7.3 CV Northcentral B Rectangular anomaly Structure
6.6 FX Northcentral B Isolated anomaly Metallic zone with ferrous targets/rubble
0.0 FY Northcentral I Isolated inphase anomaly Ferrous Target
3.6 CW Northeast I Linear feature Utility, drainage ditch also
2.8 CX Northeast B Localized anomaly adjacent to an unmapped utility Ferrous Target
4.8 CY Northeast B Isolated conductivity along an unmapped pipeline Conductive zone
2.6 CZ Northeast B Rectangular anomaly Conductive zone
9.2 DA Northeast Q Elevated Conductivity Conductive zone
9.7 DB Northeast B Linear feature Water Utility
7.9 DC Northeast B Linear feature Water Utility
7.0 DD Northeast I Inphase rectangular Structure
0.8 DE Northeast Q Inhomogeneous material adjacent to pipeline Conductive zone
6.0 DF Northeast I Area of inhomogeneous materia Drainage ditch with some metal

Page 3 of 5



EM
g (m) Anomaly Map Phase Comment Interpretation

Table 5-2
EM31 Anomaly Summary

Niagara Falls Storage Site

4.1 DG Northeast B Linear feature Utility
9.4 DH Northeast B Linear anomaly Fence / Unmapped Utility
7.2 DI Northeast Q Elevated near pipeline juncture, decrease away Metallic zone, non-ferrous material
9.1 DJ Northeast Q Elevated near pipeline juncture, decrease away Conductive zone
4.7 DK Northeast B Isolated anomaly Non-ferrous target
5.4 DL Northeast B Wide linear feature Water Utility
1.7 DM Northeast B Inhomogeneous material adjacent to pipeline Metallic zone, ferrous material
2.5 DN Northeast Q Isolated anomaly Conductive zone
0.2 DO Northeast Q Elevated near pipeline juncture, decrease away Conductive zone
6.5 DP Northeast B Adjacent to fence Metallic zone, ferrous material
2.8 FW Northeast B Anomalous area Ferrous Target
0.8 DQ Southeast I Broad area of elevated inphase Metallic Zone
5.6 DR Southeast B Rectangular anomaly Metallic Zone
9.9 DS Southeast Q Elevated conductivity only Fill materials
1.2 DT Southeast Q Linear feature Fence
7.3 DU Southeast B Broad conductivity anomaly, scattered inphase Metallic zone within conductive area
2.5 DV Southeast Q Broad conductivity anomaly Conductive zone adjacent to metallic area
3.9 DW Southeast Q Linear feature Drainage ditch
6.7 DX Southeast I Heterogeneous Material Metallic Zone
8.5 DY Southeast B Heterogeneous Material Metallic Zone within conductive area
7.2 DZ Southeast B Rectangular anomaly Metallic Zone
2.6 EA Southeast B Elevated inhomogeneous measurements Metallic Zone, concrete structures
5.5 EB Southeast B Rectangular anomaly Ferrous Zone, foundation
4.2 EC Southeast B Coincident with Building 401 Building 401
7.4 ED Southeast B Rectangular anomaly Ferrous Zone
9.8 EE Southeast B Heterogeneous Material, strong inphase Metallic Zone
1.6 EF Southeast B Heterogeneous Material, moderate inphase Metallic Zone
4.5 EG Southeast B Heterogeneous Material, weak inphase Metallic Zone
5.7 EH Southeast B Broad Linear, perpendicular to a mapped water utility Ferrous Zone, potential utility, fire hydrant
0.9 EI Southeast B Linear feature Consistent with mapped water utility
6.3 EJ Southeast B Linear feature Consistent with mapped water utility
1.7 EK Southeast B Rectangular anomaly Structure
4.8 EL Southeast B Rectangular anomaly Structure
5.9 EM Southeast B Rectangular anomaly Structure
0.5 EN Southeast B Elevated conductivity near pipeline Ferrous Zone
1.9 EO Southeast B Semi-linear Structure/Ferrous Zone/Utility
0.1 EP Southeast B Rectangular, coincident with mapped structure Structure
7.0 EQ Southeast B Coincident with mapped structure Structure
7.8 ER Southeast B Rectangular Anomaly Ferrous Zone
3.8 ES Southeast B Linear, trending from mapped pad or building Utility
3.3 ET Southeast Q Conductivity, adjacent to possible unmapped utility Conductive Zone
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g (m) Anomaly Map Phase Comment Interpretation

Table 5-2
EM31 Anomaly Summary

Niagara Falls Storage Site

6.6 EU Southeast B Adjacent to mapped structure Conductive Zone
2.4 EV Southeast B Rectangular, consistent with mapped structure Structure
4.3 EW Southeast Q Rectangular, adjacent to a storm utility, decreases away Conductive Zone
4.3 EX Southeast Q Rectangular, adjacent to a storm utility, decreases away Conductive Zone
5.5 EY Southeast B Rectangular anomaly Structure
6.8 EZ Southeast I Rectangular anomaly Structure
5.4 FA Southeast I Isolated Inphase Metallic Target, pedestal
4.5 FB Southeast B Linear Anomaly Utility
9.7 FC Southeast I Linear Anomaly Utility
0.5 FD Southeast B Localized anomaly; adjacent to a utility Ferrous Zone
0.2 FE Southeast B Rectangular anomaly Ferrous Zone
2.3 FF Southeast B Rectangular anomaly Ferrous Zone
2.8 FG Southeast B Linear Anomaly Utility
5.6 FH Southeast B Linear Anomaly Fence
5.3 FU Southeast I Linear anomaly Utility
7.4 FT Southeast I Linear Anomaly Utility
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m) Northing (m) Anomaly Comment Interpretation
4 356970.2 A Consistent with EM31 Anomaly Q
6 356865.5 B Same Location as Drainage Ditch Ditch
4 356933.4 C Same Location as Drainage Ditch Ditch
2 357183.6 D Same Location as Drainage Ditch Ditch
3 357261.9 E Consistent with EM31 Anomaly AI Possible former drainage ditch

Table 6-1
EM61 Anomaly Summary

Niagara Falls Storage Site
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Date Mag Files GPS Files Geophysicist Area/Zone
5/22/2001 Z2MAGB1.BIN DAY142_522.STN J.Warren Z1 & Z2 WCS
5/22/2001 Z2MAGB2.BIN DAY142_522.STN J.Warren Z1 & Z2 WCS
5/22/2001 Z2MAGD1.BIN DAY142_522.STN J.Warren Z1 & Z2 WCS
5/22/2001 Z2MAGB23.BIN DAY142_522.STN J.Warren Z1 & Z2 WCS
5/31/2001 FILE1.BIN (Static) S. Eichelberger Z1 & Z2 EXT
5/31/2001 FILE2.BIN (Data) S. Eichelberger Z1 & Z2 EXT
5/31/2001 FILE3.BIN (Static) S. Eichelberger Z1 & Z2 EXT
6/1/2001 FILE1.BIN (Static) S. Eichelberger Z1 & Z2 EXT
6/1/2001 FILE2.BIN (Data) S. Eichelberger Z1 & Z2 EXT
6/1/2001 FILE3.BIN (Static) S. Eichelberger Z1 & Z2 EXT
6/2/2001 FILE1.BIN (Static) S. Eichelberger Z1 & Z2 EXT

FILE2.BIN (Data) S. Eichelberger Z1 & Z2 EXT
FILE3.BIN (Data) S. Eichelberger Z1 & Z2 EXT
FILE4.BIN (Static) S. Eichelberger Z1 & Z2 EXT

6/6/2001 dataset1.bin W. Saunders Z3
6/6/2001 dataset2.bin W. Saunders Z3
6/6/2001 dataset3.bin W. Saunders Z3
6/7/2001 dataset1.bin W. Saunders Z3
6/7/2001 dataset2.bin W. Saunders Z3
6/7/2001 dataset3.bin W. Saunders Z3

6/29/2001 S19.BIN S19STN B. Wappman/J. Lindaw S19
6/29/2001 S35_S31_S25.BIN B. Wappman/J. Lindaw
6/29/2001 S07.BIN S07.STN B. Wappman/J. Lindaw S07
6/30/2001 S3_S4.BIN B. Wappman/J. Lindaw
6/30/2001 S2.BIN B. Wappman/J. Lindaw
6/30/2001 S1.BIN B. Wappman/J. Lindaw
6/30/2001 S15.BIN B. Wappman/J. Lindaw
7/3/2001 19A.BIN 070301.STN B. Wappman/J. Lindaw S19
7/3/2001 S13.BIN 070301.STN B. Wappman/J. Lindaw S13

7/25/2001 Dataset4.bin J. Herman/Reccelli S11
7/28/2001 S32_0728 0728BASE.STN J. Herman S32
7/28/2001 S26_0728 0728BASE.STN S26
7/28/2001 S33_0728 0728BASE.STN S33
7/28/2001 S28_0728 0728BASE.STN S28
7/28/2001 MAGS10_0728 0728BASE.STN S10
7/28/2001 ZONE2MAG_0728 0728BASE.STN Zone 2 Mag redo
7/31/2001 MAGS36_073 073101BASE.STN S36
7/31/2001 MAGS37_0731 073101BASE.STN S37
7/31/2001 MAGS34_0731 073101BASE.STN S34
7/31/2001 MAGS27_0731 073101BASE.STN S27
8/7/2001 S42A.BIN 080701.STN S42 South
8/7/2001 S42B.BIN 080701.STN S42 North
8/8/2001 S50.BIN 080801.STN S50 South
8/8/2001 S51.BIN 080801.STN S51 South

8/13/2001 S43.BIN 081301.STN S43
8/13/2001 SR_M.BIN 081301.STN South Road
8/13/2001 NR_M.BIN 081301.STN North Road
8/13/2001 WETLAND_S.BIN 081301.STN Wetland South
8/13/2001 WETLAND_N1.BIN 081301.STN Wetland North
8/13/2001 WETLAND_N2.BIN 081301.STN Wetland North
8/13/2001 S9.BIN 081301.STN S9

Table 7-1
Magnetometer Data File Summary

Niagara Falls Storage Site
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Magnetic
) Anomaly Map Comment Interpretation

A Southwest Rectangular with center wall Building 411
B Southwest High amplitude isolated dipole Reported location of buried bulldozer
C Southwest Adjacent to Bldg 411 Addition to Building 411
D Southwest Rectangular Buried Buildings
E Southwest Linear Feature Water Utility
F Southwest Linear Feature Water Utility
G Southwest Rectangular  Former Building Location
H Southwest Wide linear feature Utility along edge of roadway
J Southwest Linear Feature Water Utility
K Southwest Rectangular Facility Garage
L Southwest Rectangular Trailers
M Southwest Linear Feature Water Utility
N Southwest Isolated dipole Manhole
O Southwest Area of monopole anomalies Ferrous Target
P Southwest Isolated, asymmetric dipole Ferrous Target at terraced area
Q Southwest Isolated, asymmetric dipole Ferrous Target at terraced area
R Southwest Northeast/southwest orientation Metallic debris
S Southwest Linear Feature Drainage Pipe/Ditch
T Southwest Area of anomalies Former drainage ditch with ferrous targets
U Southwest Rectangular feature Utility
V Southwest Rectangular feature Decon Pad
W Southwest Linear Feature Coincident with corrugated metal drain pipe
X Southwest Linear Feature Coincident with corrugated metal drain pipe
Y Southwest Linear Feature Coincident with corrugated metal drain pipe
Z Southwest Linear Feature Coincident with corrugated metal drain pipe

AA Southwest Isolated, asymmetric dipole Ferrous Target
AB Southwest Isolated, asymmetric dipole Former structure -- tank
AC Southwest Isolated, asymmetric dipole Ferrous Target
AD Southwest Isolated monopole Ferrous Target
AE Southwest Isolated monopole Ferrous Target
AF Southwest Isolated dipole Manhole
AG Southwest Isolated anomaly Ferrous Target
AH Southwest Isolated dipole Manhole
AI Southwest Isolated dipole Ferrous Target
FS Southwest Visable on EM and Mag Surveys WCS Fence Line
FT Southwest Visable on EM and Mag Surveys Western Boundary Fence
FU Southwest Ferrous target Ferrous target
FV Southwest Ferrous target west of S119 Observation Wells OW-10A&B
FW Southwest Rectangular anomaly Culvert/Large Vault within drainage ditch
AJ Northwest Linear Anomaly Utility
AK Northwest Linear Anomaly Shallow Utility or former fence line
AL Northwest Anomalous area Ferrous Target
AM Northwest Rectangular anomaly Ferrous Target adjacent to building foundation

Table 7-2
Magnetometer Anomaly Summary

Niagara Falls Storage Site
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Magnetic
) Anomaly Map Comment Interpretation

Table 7-2
Magnetometer Anomaly Summary

Niagara Falls Storage Site

AN Northwest Rectangular anomaly Ferrous zone
AO Northwest Rectangular anomaly Ferrous zone
AP Northwest Linear Anomaly Drainage Culvert
AQ Northwest Rectangular anomaly Probable structure
AR Northwest Isolated dipole with weak north Ferrous Target
AS Northwest Isolated dipole Metallic zone with monitor wells nearby
AT Northwest Isolated dipole Ferrous Target
AU Northwest Isolated monopole Ferrous Target
AV Northwest Isolated monopole Ferrous Target
AW Northwest Isolated dipole Ferrous Target
AX Northwest Isolated monopole Ferrous Target
AY Northwest Isolated monopole Non-ferrous and ferrous targets
AZ Northwest Isolated dipole Culvert
BA Northwest Linear feature Utility
BB Northwest Isolated monopole Ferrous Target
BC Northwest Linear anomaly Storm utility
J Northcentral Linear Feature (continuation from southwest map) Water Utility

BC-west Northcentral Linear anomaly Storm Utility
BC-east Northcentral Linear anomaly Storm Utility

BD Northcentral Linear Anomaly-same feature as DY Fence
BE Northcentral Same rectangular feature as DZ Ferrous Target
BF Northcentral Rectangular anomaly Ferrous Target
BG Northcentral Rectangular anomaly Structure
BH Northcentral Rectangular anomaly Ferrous Target, possible culvert
BI Northcentral Area of multiple SMALL Anomalies Metallic zone with ferrous targets/rubble

BI-2 Northcentral Rectangular Anomaly Metallic zone with ferrous targets/rubble
BI-3north Northcentral Rectangular Anomaly Structure
BI-3east Northcentral Rectangular Anomaly Structure
BI-3south Northcentral Rectangular Anomaly Structure

BJ Northcentral Area of multiple LARGE/deep anomalies. Structure
BK Northcentral Rectangular anomaly Ferrous Target
BL Northcentral Rectangular anomaly Structure
BM Northcentral Rectangular anomaly Ferrous Target
BN Northcentral Rectangular anomaly Ferrous Target
BO Northcentral Rectangular Structure
BP Northcentral Rectangular anomaly Ferrous Target
BQ Northcentral Isolated monopole anomaly Ferrous Target
BR Northcentral Isolated monopole anomaly Ferrous Target
BS Northcentral Isolated monopole anomaly Ferrous Target
BT Northcentral Isolated monopole anomaly Ferrous Target
BU Northcentral Isolated monopole anomaly Ferrous Target
BV Northcentral Isolated monopole anomaly Ferrous Target
BW Northcentral Isolated monopole anomaly Ferrous Target/Manhole cover
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) Anomaly Map Comment Interpretation

Table 7-2
Magnetometer Anomaly Summary

Niagara Falls Storage Site

BX Northcentral Isolated dipole anomaly Ferrous Target/Manhole cover
BY Northcentral Isolated dipole anomaly Ferrous Target
BZ Northcentral Isolated monopole anomaly Ferrous Target
CA Northcentral Isolated monopole anomaly Ferrous Target
CB Northcentral Isolated monopole anomaly Ferrous Target
CC Northcentral Isolated monopole anomaly Ferrous Target
CD Northcentral Isolated monopole anomaly Ferrous Target
CE Northcentral Isolated dipole anomaly Ferrous Target
CF Northcentral Isolated monopole anomaly Ferrous Target
CG Northeast Linear anomaly Utility - similar to water but longer
CH Northeast Linear anomaly Deep Utility
CI Northeast Linear anomaly Water Utility
CJ Northeast Linear anomaly Utility
CK Northeast Linear anomaly Utility
CL Northeast Isolated asymmetric dipole Utility
CM Northeast Rectangular anomaly Structure
CN Northeast Rectangular anomaly Ferrous Target
CO Northeast Rectangular anomaly Ferrous Target
CP Northeast Rectangular anomaly Structure
CQ Northeast Rectangular anomaly Ferrous Target
CR Northeast Arial asymmetric dipole Ferrous Target
CS Northeast Arial dipoles Metallic zone, ferrous material
CT Northeast Rectangular anomaly Ferrous Target
CU Northeast Rectangular anomaly Metallic zone, ferrous material
CV Northeast Isolated monopole Ferrous Target
CW Northeast Isolated monopole Ferrous Target
CX Northeast Isolated monopole Ferrous Target
CY Northeast Isolated dipole Ferrous Target
CZ Northeast Isolated asymmetric dipole Ferrous Target
DA Northeast Isolated monopole Ferrous Target
DB Northeast Isolated asymmetric dipole Ferrous Target
DC Northeast Isolated monopole Ferrous Target
DD Northeast Isolated monopole Ferrous Target
DE Northeast Isolated asymmetric dipole Ferrous Target
DF Northeast Isolated asymmetric dipole Ferrous Target
DG Northeast Isolated monopole Ferrous Target
DH Northeast Isolated monopole Ferrous Target
DI Northeast Isolated monopole Ferrous Target
DJ Northeast Isolated monopole Ferrous Target
DQ Northeast Isolated anomaly Ferrous Zone, possible foundation
FX Northeast Linear feature Water Utility
DK Southeast Wide linear feature Fence
DL Southeast Area Anomaly Building 401
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) Anomaly Map Comment Interpretation

Table 7-2
Magnetometer Anomaly Summary

Niagara Falls Storage Site

DM Southeast Rectangular Anomaly Predominantly ferrous area located at ditch
DN Southeast Rectangular Anomaly Ferrous Zone, reinforced concrete pipe
DO Southeast Rectangular Ferrous Zone
DP Southeast Rectangular anomaly Structure
DQ Southeast Polygonal anomaly Ferrous Zone, possible foundation
DR Southeast Linear Anomaly Fence
DS Southeast Area Anomaly Ferrous Zone, potential utility, fire hydrant
DT Southeast Area of monopole anomaly Fence
DU Southeast Linear Anomaly Consistent with mapped water utility
DV Southeast Rectangular Dipole Ferrous Zone
DW Southeast Area of anomalies Structure
DX Southeast Rectangular area of anomalies Structure
DY Southeast Wide linear feature-Same feature as BD Fence
DZ Southeast Same rectangular feature as BE Ferrous Zone
EA Southeast Rectangular anomaly Ferrous Zone
EB Southeast Rectangular anomaly-numerous irregular forms Ferrous Zone
EC Southeast Rectangular anomaly Structure
ED Southeast Rectangular anomaly Structure
EE Southeast Rectangular anomaly adjacent to storm utility Ferrous Zone
EF Southeast Rectangular anomaly Structure
EG Southeast Rectangular anomaly Ferrous Zone
EH Southeast Rectangular anomaly Ferrous Zone
EI Southeast Rectangular anomaly Ferrous Zone
EJ Southeast Rectangular anomaly Ferrous Zone
EK Southeast Rectangular anomaly Ferrous Zone
EL Southeast Rectangular anomaly Structure
EM Southeast Rectangular anomaly Structure
EN Southeast Rectangular anomaly Ferrous Zone
EO Southeast Rectangular anomaly Ferrous Zone
EP Southeast Rectangular anomaly Ferrous Zone
EQ Southeast Rectangular anomaly Ferrous Zone
ER Southeast Rectangular anomaly Ferrous Zone
ES Southeast Rectangular anomaly Ferrous Zone
ET Southeast Rectangular anomaly Ferrous Zone
EU Southeast Isolated dipoles near mapped water utility Utility
EV Southeast Isolated dipole Utility
EW Southeast Isolated dipole Utility
EX Southeast Isolated monopole Ferrous Target
EY Southeast Isolated monopole Ferrous Target
EZ Southeast Isolated asymmetric dipole Ferrous Target
FA Southeast Isolated dipole Ferrous Zone
FB Southeast Isolated asymmetric dipole Structure
FC Southeast Isolated asymmetric dipole Ferrous Zone
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Table 7-2
Magnetometer Anomaly Summary

Niagara Falls Storage Site

FD Southeast Isolated monopole Structure
FE Southeast Isolated monopole Structure
FF Southeast Isolated dipole Metallic Zone, concrete structures
FG Southeast Isolated monopole Ferrous Target
FH Southeast Isolated asymmetric dipole Ferrous Target
FI Southeast Isolated dipole Ferrous Target
FJ Southeast Area of dipoles Ferrous Zone, foundation
FK Southeast Isolated monopole Ferrous Target
FL Southeast Isolated asymmetric dipoles Ferrous Target
FM Southeast Isolated monopole Ferrous Target
FN Southeast Isolated monopole Ferrous Target
FO Southeast Rectangular anomaly Ferrous Zone
FP Southeast Rectangular monopole of dipole Ferrous Zone
FQ Southeast Rectangular anomaly Ferrous Zone
FR Southeast Linear Anomaly Unmapped utility
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Line Station  Easting 
(meters)

 Northing 
(meters)

Longitude
(degrees)

Latitude
(degrees)

1 1-1 317277.35 357345.71 -78.98608105 43.21691761
1 1-2 317261.69 357345.65 -78.98627375 43.21691646
1 1-3 317246.59 357344.79 -78.98645958 43.21690804
1 1-4 317231.79 357344.40 -78.98664173 43.21690391
1 1-5 317215.98 357343.78 -78.98683625 43.21689765
1 1-6 317200.63 357343.70 -78.98702520 43.21689623
1 1-7 317184.14 357343.66 -78.98722809 43.21689510
1 1-8 317292.83 357345.90 -78.98589053 43.21691999
1 1-9 317308.02 357346.14 -78.98570364 43.21692285
1 1-10 317347.97 357345.07 -78.98521190 43.21691498
1 1-11 317363.56 357345.62 -78.98502000 43.21692058
1 1-12 317379.19 357346.21 -78.98482766 43.21692659
1 1-13 317394.47 357346.42 -78.98463960 43.21692910
1 1-14 317409.97 357346.60 -78.98444884 43.21693141

1A 1A-1 317481.49 357484.91 -78.98357679 43.21817946
1A 1A-2 317564.11 357462.22 -78.98255853 43.21797873
1A 1A-3 317594.10 357471.65 -78.98219000 43.21806491
1A 1A-4 317736.20 357511.05 -78.98044340 43.21842566
1A 1A-5 317891.06 357535.18 -78.97853871 43.21864953
1A 1A-6 317914.81 357535.00 -78.97824641 43.21864892
1A 1A-7 317939.13 357537.87 -78.97794731 43.21867575
1A 1A-8 317975.28 357539.92 -78.97750246 43.21869570
1A 1A-9 317424.56 357497.49 -78.98427820 43.21829024
1A 1A-10 317409.81 357495.17 -78.98445956 43.21826870
1A 1A-11 317393.64 357495.12 -78.98465862 43.21826762
1A 1A-12 317379.18 357497.67 -78.98483680 43.21828993
1A 1A-13 317363.75 357499.34 -78.98502681 43.21830431
1A 1A-14 317314.86 357514.81 -78.98562940 43.21844146
1A 1A-15 317300.37 357513.18 -78.98580769 43.21842609
1A 1A-16 317277.75 357512.20 -78.98608597 43.21841630
1A 1A-17 317261.96 357514.63 -78.98628053 43.21843749
1A 1A-18 317245.26 357514.05 -78.98648604 43.21843156
1A 1A-19 317230.74 357514.83 -78.98666474 43.21843798
1A 1A-20 317216.50 357516.69 -78.98684012 43.21845406
1A 1A-21 317171.86 357521.47 -78.98738990 43.21849513
2 2-1 317281.82 357305.66 -78.98602371 43.21655737
2 2-2 317281.62 357321.49 -78.98602701 43.21669981
2 2-3 317281.38 357336.72 -78.98603090 43.21683686
2 2-4 317281.17 357351.50 -78.98603436 43.21696991
2 2-5 317281.05 357366.59 -78.98603675 43.21710571
2 2-6 317282.61 357458.41 -78.98602302 43.21793230
2 2-7 317281.88 357469.32 -78.98603261 43.21803051
2 2-8 317285.32 357487.07 -78.98599130 43.21819044
2 2-9 317284.13 357500.84 -78.98600685 43.21831435

Table 8-1
CSAMT/MT Station Location Coordinates

Niagara Falls Storage Site
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Line Station  Easting 
(meters)

 Northing 
(meters)

Longitude
(degrees)

Latitude
(degrees)

Table 8-1
CSAMT/MT Station Location Coordinates

Niagara Falls Storage Site

2 2-10 317285.50 357520.33 -78.98599109 43.21848981
2 2-11 317284.80 357536.26 -78.98600063 43.21863319
2 2-12 317283.24 357547.05 -78.98602052 43.21873026
2 2-13 317283.27 357561.52 -78.98602096 43.21886055

2A 2A-1 317559.71 356806.67 -78.98257424 43.21207768
2A 2A-2 317560.69 356822.48 -78.98256315 43.21222003
2A 2A-3 317560.97 356837.72 -78.98256050 43.21235723
2A 2A-4 317561.18 356853.10 -78.98255883 43.21249568
2A 2A-5 317561.69 356868.56 -78.98255353 43.21263488
2A 2A-6 317562.23 356883.82 -78.98254769 43.21277225
2A 2A-7 317562.45 356898.99 -78.98254597 43.21290878
2A 2A-8 317562.62 356906.67 -78.98254423 43.21297795
2A 2A-9 317562.74 356922.05 -78.98254373 43.21311641
2B 2B-1 317670.52 356972.01 -78.98122022 43.21357073
2B 2B-2 317670.35 356987.92 -78.98122328 43.21371388
2B 2B-3 317673.18 357003.03 -78.98118931 43.21385007
2B 2B-4 317671.60 357017.03 -78.98120955 43.21397602
2B 2B-5 317673.93 357032.51 -78.98118182 43.21411549
2B 2B-6 317675.65 357047.74 -78.98116147 43.21425263
2B 2B-7 317674.92 357063.54 -78.98117138 43.21439480
2B 2B-8 317673.02 357077.81 -78.98119560 43.21452320
2B 2B-9 317671.13 357092.42 -78.98121978 43.21465464
2B 2B-10 317669.82 357110.28 -78.98123695 43.21481528
2B 2B-11 317671.62 357123.88 -78.98121556 43.21493778
2B 2B-12 317671.70 357137.16 -78.98121529 43.21505739
2B 2B-13 317671.39 357152.79 -78.98122011 43.21519806
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Table 9-1
Typical Electrical Resistivities of Earth Materials

Niagara Falls Storage Site

Material Resistivity (ohm-meter)
Clay 1-60

Sand, wet to moist 20-200
Shale 1-500

Sandstone 150-450
Porous Limestone 100-1,000
Dense Limestone 1,000-1,000,000

Metamorphic Rocks 50-1,000,000
Igneous Rocks 100-1,000,000
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Anticipated Anticipated
Resistivity Contrast Resistivity Range

Fracture Significant lateral discontinuity within 
resistivity contours or a “dip” 
(lowering) within the resistivity 
contours, usually vertical or near-
vertical.

Generally lower resistivity (than surrounding material) if 
beneath the water table and/or if weathered material exists 
within the fracture.

Fault Significant lateral discontinuity within 
the resistivity contours or a “dip” 
(lowering) within the resistivity 
contours, vertical or near vertical.

May exhibit higher or lower resistivity depending on the 
material within the fault zone.  Overall lower resistivity than
surrounding material if saturated and contains weathered, 
clayey material.

Bedrock lithology 
changes

Lateral discontinuity or deep elliptical 
resistivity changes

May exhibit lower or higher resistivity than surrounding 
material.

Competent rock Significant consistent resistivity 
contrast.

Usually competent rock exhibits high resistivity.

Voids and caverns Generally circular, elliptical shaped 
resistivity contrast.

May exhibit very high resistivity (usually greater than 2,500-
3,000 ohm-meters) if air filled.  Will exhibit low resistivity 
if water or mud-filled.

Top of bedrock Significant consistent horizontal to 
sub-horizontal resistivity contrast, 
may be irregular.

Interface between lower resistivity (overburden) overlying 
moderate-high resistivity (bedrock).

Sand and gravel Elliptical, lens-like resistivity 
contrasts.  May be irregular or 
“layered” also.

Moderate to higher resistivity than surrounding material.
Resistivity range also depends on amount of clay and silts 
within the deposit and amount of saturation.

Saturated material May be represented as a consistent 
resistivity contrast across the profile, 
as with possible water table, or may 
consist of elliptical or lens-like 

Overall lower resistivity range than the same material when 
exhibiting dry conditions.  Wet clay exhibits very low 
resistivity values, wet sand and gravel may exhibit moderate
to high resistivity.

Waste material Irregular resistivity contrasts when 
compared to the resistivity of the 
native material.

Highly variable resistivity ranges.  For example, metallic 
fill generally exhibits very low resistivity values; saturated-
clayey fill exhibits low resistivity; dry debris/rubble 
generally exhibits high resistivity.

Contaminant plumes Significant resistivity contrasts that 
may extend vertically or laterally from 
known  contamination zones.

Lower resistivity than surrounding material difficult to 
distinguish from clayey or saturated material.

Note:  Possible features and interpreted characteristics must consider the EI method limitations.

Feature

Table 9-2
Possible Resistivity Expression of Subsurface Features

Niagara Falls Storage Site
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Table 9-3
Selected Potential Resistivity Anomalies

Niagara Falls Storage Site

ne

Location (inline 
distance from 
west or south, 

meters) Depth Possible Interpretation Remarks

40 S-M
More conductive material; clayey material; increased 
moisture.

Metal chain-link fence within close 
proximity.

65-115 D
More conductive material; clayey material; increased 
moisture.

60-105 M Less conductive material; less clayey; drier.
23-48 S-M More conductive, more clayey; increased moisture. Adjacent to metal fence.
60-100 S-M More conductive, more clayey; increased moisture. Within landfill; possible fill?

95-107 S-M More conductive, more clayey; increased moisture.
Very conductive; irregular shape; some 
distortion; fill?

65-85 S-M Less conductive material; less clayey; drier.

50-115 M-D
Moderately conductive material; less clayey; less 
moisture.

105-120 S-M Less conductive material; less clayey; drier. Dry fill?
40 S-M More conductive, more clayey; increased moisture. Adjacent to metal fence.

68-82 M-D More conductive, more clayey; increased moisture. Very conductive material.
115-175 M-D More conductive Interpreted as Building 411
10-25 S-M More conductive, more clayey; increased moisture.

40 M More conductive, more clayey; increased moisture.
48 M Less conductive material; less clayey; drier.

60-130 D More conductive, more clayey; increased moisture. Possible bedrock lithology changes.

5-68 M-D More conductive, more clayey; increased moisture.
very conductive material; some 
interference.

10-60 S-D More conductive, more clayey; increased moisture.
Highly conductive material; some 
interference.

45 M Saturated material; possible fracture location.
Drainage ditch observed at same 
location.

125-215 S-M
More conductive material; more clayey material, 
possibly more moisture.
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Table 9-3
Selected Potential Resistivity Anomalies

Niagara Falls Storage Site

ne

Location (inline 
distance from 
west or south, 

meters) Depth Possible Interpretation Remarks

77-85 M-D
More conductive material; saturated or clayey material, 
possible fracture location or lithology changes. Good correlation with Traverse 3-01.

215-275 S-M
Less conductive material; less clayey material, drier 
material.

350 S-M
Less conductive material; less clayey material, drier 
material.

Greater uncertainty with interpretation 
since extreme low resistivity nearby.

355-380 S-D
More conductive material; clayey material or increased 
moisture.

Small (less than 5 ft. in diameter) 
drainage ditch nearby.

35 S-M
More conductive material; clayey material; increased 
moisture. Adjacent to former utility.

60 M
More conductive material; clayey material; increased 
moisture.

65-85 S Less conductive material; less clayey material; drier; fill. Gravel service road within this section.

109 M
Conductive material; clayey material; increased 
moisture.

95-100 S-M
More conductive material; clayey material; increased 
moisture. Irregular shaped-utility?

110 M Less conductive material; less clayey material; drier. 

Irregular shape and within close 
proximity to low resistivity likely false 
high.

265-325 M-D
More conductive material; clayey material; increased 
moisture.

ed in this table were identified from the resistivity profiles.  These anomalies must consider the inherent resistivity method

sistivity anomaly identifies the depth range as follows: S - 0-5 meters bgs, M - 5-20 meters bgs, and D - 20 meters or greater bgs.
each anomaly is an estimate and must consider the inherent method limitations.
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ting Ground Ground Gray Clay Gray Clay Alluvial Sand Alluvial Sand Red Till Red Till Queenston Queenston
ters) Elevation (feet) Elevation (meters) Elevation (feet) Elevation (meters) Elevation (feet) Elevation (meters) Elevation (feet) Elevation (meters) Elevation (feet) Elevation (meters)
97.620 319.74 97.46 306.59 93.45 291.59 88.88 284.99 86.86 276.10 84.16
27.636 320.60 97.72 305.09 92.99 288.09 87.81 285.29 86.96 280.60 85.53
86.597 318.70 97.14 298.80 91.07 283.40 86.38 280.30 85.44 272.80 83.15
14.480 320.20 97.60 307.00 93.57 289.00 88.09 285.00 86.87 279.00 85.04
77.092 318.70 97.14 306.75 93.50 284.75 86.79 280.75 85.57 276.00 84.12
61.931 319.80 97.48 308.80 94.12 ND ND 282.80 86.20 278.80 84.98
24.903 320.70 97.75 295.69 90.13 280.69 85.55 277.19 84.49 275.10 83.85
50.267 320.00 97.54 303.00 92.35 ND ND 283.00 86.26 276.00 84.12
20.557 319.50 97.38 304.50 92.81 ND ND 280.50 85.50 271.50 82.75
09.780 321.18 97.90 308.20 93.94 292.20 89.06 290.20 88.45 285.20 86.93
27.076 319.20 97.29 305.20 93.02 283.20 86.32 278.20 84.80 275.20 83.88
76.795 320.90 97.81 304.50 92.81 286.25 87.25 ND ND 284.50 86.72
72.714 320.20 97.60 309.70 94.40 ND ND 282.20 86.01 273.20 83.27
68.368 319.30 97.32 311.30 94.88 282.30 86.05 280.30 85.44 276.30 84.22
47.963 320.20 97.60 314.70 95.92 286.20 87.23 282.45 86.09 272.95 83.20
09.630 320.90 97.81 312.90 95.37 286.90 87.45 ND ND 270.90 82.57
19.411 320.30 97.63 298.30 90.92 282.30 86.05 277.30 84.52 274.30 83.61
79.173 320.37 97.65 296.40 90.34 282.40 86.08 278.40 84.86 275.40 83.94
09.570 320.13 97.58 301.15 91.79 ND ND 287.15 87.52 276.40 84.25
65.869 320.27 97.62 305.20 93.02 283.20 86.32 280.20 85.40 275.70 84.03
98.909 318.00 96.93 304.00 92.66 ND ND 284.00 86.56 276.00 84.12
57.473 319.00 97.23 302.00 92.05 ND ND 283.00 86.26 278.00 84.73
59.646 319.90 97.51 305.70 93.18 ND ND 282.90 86.23 277.90 84.70
05.284 318.90 97.20 295.90 90.19 284.90 86.84 281.90 85.92 276.90 84.40
65.869 320.49 97.69 304.65 92.86 289.65 88.29 285.50 87.02 277.50 84.58
40.055 319.80 97.48 304.80 92.90 286.80 87.42 280.80 85.59 276.80 84.37
44.402 318.10 96.96 307.10 93.60 ND ND 285.10 86.90 278.60 84.92
63.961 318.73 97.15 309.70 94.40 ND ND 283.70 86.47 279.70 85.25
57.473 318.04 96.94 309.20 94.24 287.20 87.54 ND ND 280.20 85.40
97.645 317.50 96.77 303.50 92.51 ND ND 280.50 85.50 272.50 83.06
35.741 320.70 97.75 306.69 93.48 ND ND 277.69 84.64 273.30 83.30
65.869 320.63 97.73 307.10 93.60 285.60 87.05 ND ND 277.60 84.61
18.345 319.86 97.49 309.90 94.46 283.40 86.38 276.90 84.40 273.90 83.48
40.547 319.27 97.31 308.60 94.06 291.60 88.88 284.60 86.75 282.60 86.14
78.720 318.18 96.98 305.80 93.21 ND ND 283.80 86.50 274.80 83.76
18.660 316.80 96.56 298.20 90.89 284.20 86.62 282.20 86.01 279.20 85.10
17.116 318.86 97.19 309.20 94.24 286.20 87.23 ND ND 273.20 83.27
59.436 319.31 97.33 309.80 94.43 290.30 88.48 284.30 86.65 283.30 86.35
89.890 320.76 97.77 296.90 90.50 288.90 88.06 283.90 86.53 281.90 85.92
51.341 317.35 96.73 303.40 92.48 290.40 88.51 283.40 86.38 282.40 86.08
17.027 320.70 97.75 304.30 92.75 282.55 86.12 ND ND 276.30 84.22
69.395 319.67 97.44 308.20 93.94 282.70 86.17 279.70 85.25 278.20 84.80
77.379 318.39 97.05 306.75 93.50 288.50 87.93 286.75 87.40 284.50 86.72

Table 9-4
Borings and Wells Penetrating the Queenston Formation

Niagara Falls Storage Site

Page 1 of 2



ting Ground Ground Gray Clay Gray Clay Alluvial Sand Alluvial Sand Red Till Red Till Queenston Queenston
ters) Elevation (feet) Elevation (meters) Elevation (feet) Elevation (meters) Elevation (feet) Elevation (meters) Elevation (feet) Elevation (meters) Elevation (feet) Elevation (meters)
84.446 319.89 97.50 305.40 93.09 286.90 87.45 283.65 86.46 280.90 85.62
92.226 315.91 96.29 300.50 91.59 284.50 86.72 278.50 84.89 275.50 83.97
17.123 320.83 97.79 306.30 93.36 284.55 86.73 278.30 84.83 276.30 84.22
65.549 316.30 96.41 294.70 89.82 ND ND 280.20 85.40 274.70 83.73
40.205 317.85 96.88 307.90 93.85 ND ND 279.90 85.31 274.90 83.79
50.250 317.50 96.77 303.90 92.63 ND ND ND ND 279.90 85.31
70.662 319.18 97.29 305.50 93.12 282.50 86.11 ND ND 274.00 83.52
72.835 320.36 97.65 300.40 91.56 287.40 87.60 283.40 86.38 275.90 84.09
49.954 318.56 97.10 305.50 93.12 283.50 86.41 281.50 85.80 275.50 83.97
85.673 318.98 97.23 295.80 90.16 ND ND 281.30 85.74 272.30 83.00
84.835 318.82 97.18 300.03 91.45 278.69 84.94 277.49 84.58 273.90 83.48
35.983 317.04 96.63 304.60 92.84 ND ND 279.10 85.07 277.30 84.52
53.354 316.69 96.53 303.30 92.45 281.30 85.74 281.10 85.68 274.80 83.76
84.029 318.87 97.19 307.60 93.76 295.20 89.98 288.60 87.97 276.10 84.16
11.348 316.48 96.46 308.20 93.94 ND ND 287.70 87.69 277.70 84.64
72.649 316.87 96.58 307.70 93.79 ND ND 282.20 86.01 275.70 84.03
72.488 316.38 96.43 303.70 92.57 286.20 87.23 ND ND 276.40 84.25
72.357 317.88 96.89 291.40 88.82 288.90 88.06 286.90 87.45 278.90 85.01
73.579 317.08 96.65 301.80 91.99 ND ND 289.90 88.36 281.80 85.89
72.808 318.11 96.96 306.10 93.30 289.80 88.33 285.30 86.96 282.80 86.20
12.934 319.24 97.30 307.70 93.79 290.70 88.61 285.80 87.11 279.30 85.13
37.338 318.40 97.05 309.00 94.18 281.50 85.80 277.50 84.58 274.50 83.67
36.899 318.09 96.95 307.30 93.67 ND ND 279.70 85.25 274.20 83.58
37.006 318.02 96.93 309.50 94.34 283.80 86.50 276.80 84.37 273.70 83.42
36.457 318.30 97.02 303.50 92.51 287.00 87.48 282.00 85.95 279.00 85.04
36.841 319.09 97.26 304.40 92.78 286.90 87.45 281.30 85.74 272.90 83.18
76.156 332.68 101.40 306.55 93.44 ND ND 284.85 86.82 279.70 85.25
69.094 321.93 98.12 312.90 95.37 299.90 91.41 ND ND 285.90 87.14

Borings and Wells Penetrating the Queenston Formation
Niagara Falls Storage Site

Table 9-4 continued
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Line Line Line
7 1059 .dat 15 1089 .dat 22 1007 .dat

1060 .dat 1090 .dat 1008 .dat
1061 .dat 1091 .dat 1009 .dat
1062 .dat 1092 .dat 1010 .dat
1063 .dat 1093 .dat 1011 .dat

8 1064 .dat 16 1094 .dat 23 1109 .dat
1065 .dat 1095 .dat 1110 .dat
1066 .dat 1096 .dat 1111 .dat
1067 .dat 1097 .dat 1112 .dat
1068 .dat 1098 .dat 1113 .dat

9 1054 .dat 17 1104 .dat 24 1044 .dat
1055 .dat 1105 .dat 1045 .dat
1056 .dat 1106 .dat 1046 .dat
1057 .dat 1107 .dat 1047 .dat
1058 .dat 1108 .dat 1048 .dat

10 1069 .dat 18 1099 .dat 25 1028 .dat
1070 .dat 1100 .dat 1029 .dat
1071 .dat 1101 .dat 1030 .dat
1072 .dat 1102 .dat 1031 .dat
1073 .dat 1103 .dat 1032 .dat

11 1074 .dat 19 1033 .dat 26 1012 .dat
1075 .dat 1034 .dat 1013 .dat
1076 .dat 1035 .dat 1014 .dat
1077 .dat 1036 .dat 1015 .dat
1078 .dat 1037 .dat 1016 .dat

12 1079 .dat 1038 .dat 27 1017 .dat
1080 .dat 19A 1114 .dat 1018 .dat
1081 .dat 1115 .dat 1019 .dat
1082 .dat 1116 .dat 1020 .dat
1083 .dat 1117 .dat 1021 .dat

13 1049 .dat 1118 .dat 28 1022 .dat
1050 .dat 20 1039 .dat 1023 .dat
1051 .dat 1040 .dat 1024 .dat
1052 .dat 1041 .dat 1025 .dat
1053 .dat 1042 .dat 1026 .dat

14 1084 .dat 1043 .dat 1027 .dat
1085 .dat 21 1001 .dat 29 1119 .dat
1086 .dat 1002 .dat 1120 .dat
1087 .dat 1003 .dat 1121 .dat
1088 .dat 1004 .dat 1122 .dat

1005 .dat 1123 .dat

Table 10-1

Seismic Refraction Data File Summary
Niagara Falls Storage Site

Raw File
Name

Raw File
Name

Raw File
Name
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Line V1 V2 V3 V1 V2 V3
fps fps fps mps mps mps

7 1228 4584 9702 374 1397 2957 L07R
8 1563 5166 10245 476 1575 3123 L08R
9 1555 5551 10726 474 1692 3269 L09R

10 1256 4993 10394 383 1522 3168 L10R
11 1722 5562 9563 525 1695 2915 L11R
12 1242 5224 10046 379 1592 3062 L12R
13 1529 4462 9975 466 1360 3040 L13R
14 1166 4377 10008 355 1334 3050 L14R
15 1848 4907 10102 563 1496 3079 L15R
16 1459 4801 10387 445 1463 3166 L16R
17 2127 6005 9782 648 1830 2981 L17R
18 1418 4432 10932 432 1351 3332 L18R
19 1654 4659 9122 504 1420 2780 L19R

19A 1455 5035 9910 443 1535 3020 L19AR
20 1612 4929 9823 491 1502 2994 L20R
21 962 4556 9069 293 1389 2764 L21R
22 1091 5000 9461 333 1524 2884 L22R
23 2095 4909 9853 639 1496 3003 L23
24 1688 4815 9662 514 1468 2945 L24R
25 1924 4846 10147 586 1477 3093 L25R
26 2026 5086 9899 617 1550 3017 L26R
27 917 5034 9527 279 1534 2904 L27R
28 1221 5289 8652 372 1612 2637 L28
29 1215 4856 10076 370 1480 3071 L29R

Average 1499 4962 9878 457 1512 3011
Note: fps-feet per second

mps-meters per second

Table 10-2

Seismic Re raction elocit  Summar

Niagara Falls Storage Site

Average Velocity Average Velocity
SIP File 
Name
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GPS Relative
Elevation Easting Northing Surface

ophone (ft) (m) (m) Elev (ft) Depth (ft) Elev (ft) Depth (ft) Elev (ft) Depth (m) Elev (m) Depth (m) Elev (m)
0 310.844 317275.0 357457.1 300.0 8.4 291.6 44.9 255.1 2.6 88.9 13.7 77.8
1 317275.1 357460.2 300.0 8.1 291.9 44.1 255.9 2.5 89.0 13.4 78.0
2 317275.0 357463.2 300.0 8.0 292.0 42.3 257.7 2.4 89.0 12.9 78.6
3 317274.9 357466.3 300.0 7.9 292.1 40.2 259.8 2.4 89.0 12.3 79.2
4 317274.9 357469.3 300.0 8.6 291.4 38.4 261.6 2.6 88.8 11.7 79.8
5 317274.8 357472.3 300.0 8.4 291.6 37.1 262.9 2.6 88.9 11.3 80.1
6 317274.8 357475.4 300.0 8.6 291.4 35.5 264.5 2.6 88.8 10.8 80.6
7 317274.7 357478.4 300.0 8.8 291.2 34.7 265.3 2.7 88.8 10.6 80.9
8 317274.7 357481.5 300.0 7.2 292.8 34.6 265.4 2.2 89.3 10.5 80.9
9 317274.6 357484.5 300.0 5.8 294.2 35.1 264.9 1.8 89.7 10.7 80.8

10 317274.6 357487.6 300.0 4.7 295.3 35.5 264.5 1.4 90.0 10.8 80.6
11 317274.5 357490.6 300.0 3.7 296.3 36.1 263.9 1.1 90.3 11.0 80.5
12 317274.5 357493.6 300.0 4.1 295.9 36.6 263.4 1.2 90.2 11.2 80.3

0 320.115 317275.7 357495.2 300.0 4.2 295.8 36.7 263.3 1.3 90.2 11.2 80.3
13 317275.8 357496.6 300.0 4.4 295.6 36.8 263.2 1.3 90.1 11.2 80.2
14 317275.9 357499.6 300.0 4.3 295.7 36.9 263.1 1.3 90.1 11.2 80.2
15 317276.1 357502.6 300.0 4.3 295.7 37.1 262.9 1.3 90.1 11.3 80.1
16 317276.3 357505.5 300.0 4.9 295.1 37.5 262.5 1.5 90.0 11.4 80.0
17 317276.4 357508.5 300.0 4.7 295.3 38.2 261.8 1.4 90.0 11.6 79.8
18 317276.6 357511.4 300.0 5.3 294.7 38.4 261.6 1.6 89.8 11.7 79.8
19 317276.7 357514.4 300.0 4.9 295.1 38.3 261.7 1.5 90.0 11.7 79.8
20 317276.9 357517.4 300.0 5.6 294.4 38.2 261.8 1.7 89.8 11.6 79.8
21 317277.1 357520.3 300.0 3.7 296.3 38.4 261.6 1.1 90.3 11.7 79.8
22 317277.2 357523.3 300.0 3.2 296.8 39.2 260.8 1.0 90.5 12.0 79.5
23 317277.4 357526.2 300.0 4.2 295.8 40.2 259.8 1.3 90.2 12.3 79.2
24 317277.5 357529.2 300.0 3.7 296.3 40.7 259.3 1.1 90.3 12.4 79.1

0 320.67 317277.6 357530.7 300.0 3.7 296.3 41.0 259.0 1.1 90.3 12.5 79.0
0 320.956 317589.8 357477.3 300.9 12.0 288.9 39.3 261.6 3.7 88.1 12.0 79.8
1 317589.6 357478.8 300.0 10.8 289.2 40.2 259.8 3.3 88.2 12.3 79.2
2 317589.1 357481.9 300.0 10.1 289.9 44.1 255.9 3.1 88.4 13.4 78.0
3 317588.7 357484.9 300.0 10.3 289.7 40.5 259.5 3.1 88.3 12.3 79.1
4 317588.2 357488.0 300.0 10.9 289.1 40.8 259.2 3.3 88.1 12.4 79.0
5 317587.8 357491.1 299.9 11.0 288.9 41.8 258.1 3.4 88.1 12.7 78.7
6 317587.3 357494.1 299.8 10.2 289.6 44.0 255.8 3.1 88.3 13.4 78.0
7 317586.9 357497.2 299.8 9.2 290.6 44.2 255.6 2.8 88.6 13.5 77.9
8 317586.4 357500.3 299.8 9.0 290.8 44.4 255.4 2.7 88.7 13.5 77.9
9 317586.0 357503.3 299.9 9.2 290.7 44.8 255.1 2.8 88.6 13.7 77.8

10 317585.5 357506.4 299.9 9.7 290.2 45.0 254.9 3.0 88.5 13.7 77.7
11 317585.1 357509.5 299.9 9.9 290.0 45.9 254.0 3.0 88.4 14.0 77.4

Layer 2 Layer 3

Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site

Layer 2 Layer 3
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GPS Relative
Elevation Easting Northing Surface

ophone (ft) (m) (m) Elev (ft) Depth (ft) Elev (ft) Depth (ft) Elev (ft) Depth (m) Elev (m) Depth (m) Elev (m)
Layer 2 Layer 3

Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site

Layer 2 Layer 3

12 317584.7 357512.5 300.0 9.4 290.6 47.0 253.0 2.9 88.6 14.3 77.1
0 333.527 317584.4 357514.1 300.0 9.1 290.9 47.8 252.2 2.8 88.7 14.6 76.9

13 317584.4 357515.5 299.7 8.5 291.2 48.3 251.4 2.6 88.8 14.7 76.6
14 317584.3 357518.3 299.4 7.8 291.6 49.5 249.9 2.4 88.9 15.1 76.2
15 317584.2 357521.1 299.2 7.0 292.2 50.6 248.6 2.1 89.1 15.4 75.8
16 317584.1 357523.8 299.1 6.1 293.0 48.8 250.3 1.9 89.3 14.9 76.3
17 317584.0 357526.6 299.0 6.8 292.2 47.5 251.5 2.1 89.1 14.5 76.7
18 317583.9 357529.4 298.8 6.6 292.2 47.1 251.7 2.0 89.1 14.4 76.7
19 317583.9 357532.2 298.6 6.7 291.9 47.3 251.3 2.0 89.0 14.4 76.6
20 317583.8 357535.0 298.4 6.2 292.2 47.0 251.4 1.9 89.1 14.3 76.6
21 317583.7 357537.8 298.3 6.1 292.2 46.3 252.0 1.9 89.1 14.1 76.8
22 317583.6 357540.6 298.5 6.2 292.3 45.4 253.1 1.9 89.1 13.8 77.2
23 317583.5 357543.4 298.7 6.2 292.5 44.7 254.0 1.9 89.2 13.6 77.4
24 317583.4 357546.2 298.8 6.1 292.7 44.9 253.9 1.9 89.2 13.7 77.4

0 324.168 317583.4 357547.6 299.0 6.3 292.7 45.1 253.9 1.9 89.2 13.7 77.4
0 316.944 317152.9 357466.9 300.0 13.6 286.4 36.0 264.0 4.1 87.3 11.0 80.5
1 317152.8 357468.3 300.0 13.4 286.6 36.0 264.0 4.1 87.4 11.0 80.5
2 317152.5 357471.2 300.0 13.4 286.6 36.1 263.9 4.1 87.4 11.0 80.5
3 317152.3 357474.1 300.0 12.9 287.1 37.5 262.5 3.9 87.5 11.4 80.0
4 317152.0 357477.0 300.0 12.3 287.7 37.5 262.5 3.7 87.7 11.4 80.0
5 317151.7 357480.0 300.0 11.4 288.6 36.6 263.4 3.5 88.0 11.2 80.3
6 317151.5 357482.9 300.0 10.6 289.4 35.2 264.8 3.2 88.2 10.7 80.7
7 317151.2 357485.8 300.0 11.4 288.6 35.4 264.6 3.5 88.0 10.8 80.7
8 317150.9 357488.7 300.0 11.4 288.6 36.4 263.6 3.5 88.0 11.1 80.4
9 317150.7 357491.6 300.0 10.4 289.6 38.3 261.7 3.2 88.3 11.7 79.8

10 317150.4 357494.5 300.0 9.9 290.1 40.8 259.2 3.0 88.4 12.4 79.0
11 317150.1 357497.4 300.0 9.3 290.7 41.8 258.2 2.8 88.6 12.7 78.7
12 317149.9 357500.3 300.0 9.6 290.4 42.8 257.2 2.9 88.5 13.0 78.4

0 327.923 317149.7 357501.8 300.0 10.1 289.9 41.9 258.1 3.1 88.4 12.8 78.7
13 317150.0 357503.3 300.0 10.5 289.5 41.0 259.0 3.2 88.3 12.5 79.0
14 317150.5 357506.2 300.0 11.3 288.7 40.0 260.0 3.4 88.0 12.2 79.3
15 317151.0 357509.1 300.0 12.2 287.8 39.5 260.5 3.7 87.7 12.0 79.4
16 317151.5 357512.1 300.0 11.6 288.4 39.7 260.3 3.5 87.9 12.1 79.4
17 317152.0 357515.0 300.0 11.4 288.6 39.6 260.4 3.5 88.0 12.1 79.4
18 317152.5 357517.9 300.0 11.0 289.0 39.0 261.0 3.4 88.1 11.9 79.6
19 317153.0 357520.9 300.0 10.7 289.3 37.9 262.1 3.3 88.2 11.6 79.9
20 317153.5 357523.8 300.0 9.9 290.1 37.0 263.0 3.0 88.4 11.3 80.2
21 317154.0 357526.7 300.0 8.6 291.4 36.6 263.4 2.6 88.8 11.2 80.3
22 317154.5 357529.7 300.0 7.5 292.5 36.1 263.9 2.3 89.2 11.0 80.5
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GPS Relative
Elevation Easting Northing Surface

ophone (ft) (m) (m) Elev (ft) Depth (ft) Elev (ft) Depth (ft) Elev (ft) Depth (m) Elev (m) Depth (m) Elev (m)
Layer 2 Layer 3

Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site

Layer 2 Layer 3

23 317155.0 357532.6 300.0 6.4 293.6 37.2 262.8 2.0 89.5 11.3 80.1
24 317155.5 357535.5 300.0 6.5 293.5 37.2 262.8 2.0 89.5 11.3 80.1

0 309.09 317155.7 357537.0 300.0 6.5 293.5 37.2 262.8 2.0 89.5 11.3 80.1
0 321.397 317218.7 357441.2 300.9 6.2 294.7 39.2 261.7 1.9 89.8 12.0 79.8
1 317218.7 357442.7 300.9 6.3 294.6 39.2 261.7 1.9 89.8 12.0 79.8
2 317218.5 357445.8 300.8 5.7 295.1 39.3 261.5 1.7 90.0 12.0 79.7
3 317218.4 357448.9 300.7 6.8 293.9 39.8 260.9 2.1 89.6 12.1 79.5
4 317218.3 357452.0 300.6 7.1 293.5 39.0 261.6 2.2 89.5 11.9 79.8
5 317218.1 357455.1 300.5 6.7 293.8 37.6 262.9 2.0 89.6 11.5 80.1
6 317218.0 357458.2 300.4 7.2 293.2 36.3 264.1 2.2 89.4 11.1 80.5
7 317217.9 357461.3 300.3 6.9 293.4 36.0 264.3 2.1 89.4 11.0 80.6
8 317217.7 357464.4 300.2 5.5 294.7 36.1 264.1 1.7 89.8 11.0 80.5
9 317217.6 357467.5 300.1 6.0 294.1 36.2 263.9 1.8 89.7 11.0 80.5

10 317217.5 357470.6 300.0 5.7 294.3 36.2 263.8 1.7 89.7 11.0 80.4
11 317217.3 357473.7 300.0 6.4 293.6 36.5 263.5 2.0 89.5 11.1 80.3
12 317217.2 357476.8 300.0 6.6 293.4 37.0 263.0 2.0 89.4 11.3 80.2

0 321.351 317217.1 357478.3 300.0 6.7 293.3 37.0 263.0 2.0 89.4 11.3 80.2
13 317217.1 357479.8 300.0 6.8 293.2 37.0 263.0 2.1 89.4 11.3 80.2
14 317217.1 357482.9 300.0 6.7 293.3 36.9 263.1 2.0 89.4 11.2 80.2
15 317217.1 357486.0 300.0 6.0 294.0 36.7 263.3 1.8 89.6 11.2 80.3
16 317217.0 357489.0 300.0 6.5 293.5 36.9 263.1 2.0 89.5 11.2 80.2
17 317217.0 357492.1 300.0 5.8 294.2 36.6 263.4 1.8 89.7 11.2 80.3
18 317217.0 357495.2 300.0 6.5 293.5 35.8 264.2 2.0 89.5 10.9 80.5
19 317216.9 357498.2 300.0 6.6 293.4 35.1 264.9 2.0 89.4 10.7 80.8
20 317216.9 357501.3 300.0 6.5 293.5 34.9 265.1 2.0 89.5 10.6 80.8
21 317216.9 357504.3 300.0 6.4 293.6 34.7 265.3 2.0 89.5 10.6 80.9
22 317216.9 357507.4 300.0 6.4 293.6 34.1 265.9 2.0 89.5 10.4 81.1
23 317216.8 357510.5 300.1 6.1 294.0 33.2 266.9 1.9 89.6 10.1 81.4
24 317216.8 357513.5 300.2 6.1 294.1 33.3 266.9 1.9 89.7 10.2 81.4

0 322.061 317216.8 357515.1 300.0 5.8 294.2 33.2 266.8 1.8 89.7 10.1 81.3
0 331.655 317244.6 357576.3 300.3 9.7 290.6 36.5 263.8 3.0 88.6 11.1 80.4
1 317246.1 357576.4 300.3 9.7 290.6 36.5 263.8 3.0 88.6 11.1 80.4
2 317249.3 357576.7 300.3 9.9 290.4 36.5 263.8 3.0 88.5 11.1 80.4
3 317252.4 357577.0 300.3 9.9 290.4 33.8 266.5 3.0 88.5 10.3 81.2
4 317255.6 357577.2 300.3 9.5 290.8 35.1 265.2 2.9 88.7 10.7 80.8
5 317258.7 357577.5 300.3 9.0 291.3 35.8 264.5 2.7 88.8 10.9 80.6
6 317261.9 357577.8 300.3 8.2 292.1 36.2 264.1 2.5 89.0 11.0 80.5
7 317265.0 357578.0 300.3 7.5 292.8 36.7 263.6 2.3 89.3 11.2 80.4
8 317268.2 357578.3 300.2 7.5 292.7 37.1 263.1 2.3 89.2 11.3 80.2
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GPS Relative
Elevation Easting Northing Surface
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Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site
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9 317271.3 357578.6 300.1 7.5 292.6 36.9 263.2 2.3 89.2 11.2 80.2
10 317274.4 357578.8 300.0 7.3 292.7 36.1 263.9 2.2 89.2 11.0 80.5
11 317277.6 357579.1 300.0 7.3 292.7 34.9 265.1 2.2 89.2 10.6 80.8
12 317280.7 357579.4 299.9 6.4 293.5 34.4 265.5 2.0 89.5 10.5 80.9

0 300.872 317282.3 357579.5 299.9 6.1 293.8 34.3 265.6 1.9 89.6 10.5 81.0
13 317283.7 357579.4 299.9 5.8 294.1 34.2 265.7 1.8 89.7 10.4 81.0
14 317286.6 357579.3 300.0 5.7 294.3 34.0 266.0 1.7 89.7 10.4 81.1
15 317289.5 357579.1 300.1 5.7 294.4 33.3 266.8 1.7 89.8 10.2 81.3
16 317292.3 357578.9 300.2 5.8 294.4 32.8 267.4 1.8 89.8 10.0 81.5
17 317295.2 357578.8 300.3 6.6 293.7 32.6 267.7 2.0 89.5 9.9 81.6
18 317298.1 357578.6 300.4 6.3 294.1 33.1 267.3 1.9 89.7 10.1 81.5
19 317300.9 357578.4 300.4 6.0 294.4 33.9 266.5 1.8 89.8 10.3 81.2
20 317303.8 357578.3 300.4 5.7 294.7 34.8 265.6 1.7 89.8 10.6 81.0
21 317306.7 357578.1 300.4 7.1 293.3 35.1 265.3 2.2 89.4 10.7 80.9
22 317309.6 357577.9 300.3 7.7 292.6 35.1 265.2 2.3 89.2 10.7 80.8
23 317312.4 357577.8 300.3 7.2 293.1 34.0 266.3 2.2 89.4 10.4 81.2
24 317315.3 357577.6 300.3 7.1 293.2 34.0 266.3 2.2 89.4 10.4 81.2

0 331.132 317316.7 357577.5 300.3 7.1 293.2 34.0 266.3 2.2 89.4 10.4 81.2
0 328.985 317375.6 357442.1 298.9 6.3 292.6 42.4 256.5 1.9 89.2 12.9 78.2
1 317375.5 357443.6 298.9 6.4 292.5 41.5 257.4 2.0 89.2 12.7 78.5
2 317375.3 357446.7 298.7 6.3 292.4 39.5 259.2 1.9 89.1 12.0 79.0
3 317375.1 357449.8 298.6 6.2 292.4 36.7 261.9 1.9 89.1 11.2 79.8
4 317375.0 357452.9 298.6 6.0 292.6 34.8 263.8 1.8 89.2 10.6 80.4
5 317374.8 357456.1 298.6 6.6 292.0 34.2 264.4 2.0 89.0 10.4 80.6
6 317374.6 357459.2 298.6 6.8 291.8 34.0 264.6 2.1 89.0 10.4 80.7
7 317374.4 357462.3 298.7 6.3 292.4 34.9 263.8 1.9 89.1 10.6 80.4
8 317374.2 357465.4 298.7 6.3 292.4 37.2 261.5 1.9 89.1 11.3 79.7
9 317374.1 357468.5 298.7 7.3 291.4 39.1 259.6 2.2 88.8 11.9 79.1

10 317373.9 357471.6 298.7 6.7 292.0 40.1 258.6 2.0 89.0 12.2 78.8
11 317373.7 357474.7 299.8 5.6 294.2 41.6 258.2 1.7 89.7 12.7 78.7
12 317373.5 357477.8 299.9 3.9 296.0 42.4 257.5 1.2 90.2 12.9 78.5

0 315.312 317373.4 357479.4 300.0 3.9 296.1 42.6 257.4 1.2 90.3 13.0 78.5
13 317373.4 357480.8 300.0 3.8 296.2 42.7 257.3 1.2 90.3 13.0 78.4
14 317373.4 357483.8 300.0 4.5 295.5 42.4 257.6 1.4 90.1 12.9 78.5
15 317373.5 357486.7 300.0 5.0 295.0 41.8 258.2 1.5 89.9 12.7 78.7
16 317373.5 357489.7 300.0 6.0 294.0 41.3 258.7 1.8 89.6 12.6 78.9
17 317373.5 357492.7 300.0 6.1 293.9 40.7 259.3 1.9 89.6 12.4 79.1
18 317373.5 357495.6 300.0 6.8 293.2 39.5 260.5 2.1 89.4 12.0 79.4
19 317373.5 357498.6 299.9 7.1 292.8 37.7 262.2 2.2 89.3 11.5 79.9
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20 317373.5 357501.5 299.8 7.2 292.6 36.1 263.7 2.2 89.2 11.0 80.4
21 317373.5 357504.5 299.7 8.4 291.3 35.0 264.7 2.6 88.8 10.7 80.7
22 317373.5 357507.4 299.6 8.8 290.8 34.1 265.5 2.7 88.7 10.4 80.9
23 317373.5 357510.4 299.5 9.2 290.3 31.3 268.2 2.8 88.5 9.5 81.8
24 317373.5 357513.3 299.5 9.3 290.2 31.1 268.4 2.8 88.5 9.5 81.8

0 344.381 317373.5 357514.8 299.5 9.4 290.1 31.1 268.4 2.9 88.4 9.5 81.8
0 327.14 318250.4 357510.0 300.0 6.5 293.5 34.4 265.6 2.0 89.5 10.5 81.0
1 318251.9 357510.1 300.0 6.3 293.7 35.3 264.7 1.9 89.5 10.8 80.7
2 318254.9 357510.2 300.0 6.0 294.0 37.0 263.0 1.8 89.6 11.3 80.2
3 318258.0 357510.3 300.0 5.7 294.3 35.3 264.7 1.7 89.7 10.8 80.7
4 318261.0 357510.3 300.0 6.2 293.8 35.0 265.0 1.9 89.6 10.7 80.8
5 318264.1 357510.4 300.0 6.5 293.5 34.9 265.1 2.0 89.5 10.6 80.8
6 318267.2 357510.5 300.0 6.7 293.3 34.8 265.2 2.0 89.4 10.6 80.8
7 318270.2 357510.6 300.0 5.9 294.1 34.9 265.1 1.8 89.7 10.6 80.8
8 318273.3 357510.7 300.0 5.5 294.5 35.3 264.7 1.7 89.8 10.8 80.7
9 318276.3 357510.8 300.0 4.8 295.2 36.0 264.0 1.5 90.0 11.0 80.5

10 318279.4 357510.9 300.0 4.6 295.4 36.7 263.3 1.4 90.1 11.2 80.3
11 318282.4 357511.0 300.0 2.9 297.1 37.0 263.0 0.9 90.6 11.3 80.2
12 318285.5 357511.0 300.0 3.7 296.3 36.7 263.3 1.1 90.3 11.2 80.3

0 329.332 318287.0 357511.1 300.0 4.0 296.0 36.3 263.7 1.2 90.2 11.1 80.4
13 318288.5 357511.1 300.0 4.2 295.8 35.9 264.1 1.3 90.2 10.9 80.5
14 318291.6 357511.2 300.0 4.5 295.5 35.1 264.9 1.4 90.1 10.7 80.8
15 318294.7 357511.2 300.0 4.8 295.2 34.9 265.1 1.5 90.0 10.6 80.8
16 318297.7 357511.3 300.0 5.5 294.5 35.9 264.1 1.7 89.8 10.9 80.5
17 318300.8 357511.3 300.0 6.2 293.8 36.8 263.2 1.9 89.6 11.2 80.2
18 318303.9 357511.4 300.0 6.4 293.6 37.4 262.6 2.0 89.5 11.4 80.1
19 318306.9 357511.4 300.0 5.9 294.1 37.3 262.7 1.8 89.7 11.4 80.1
20 318310.0 357511.5 300.0 5.5 294.5 37.2 262.8 1.7 89.8 11.3 80.1
21 318313.0 357511.5 300.0 5.1 294.9 36.9 263.1 1.6 89.9 11.2 80.2
22 318316.1 357511.6 300.0 4.6 295.4 36.7 263.3 1.4 90.1 11.2 80.3
23 318319.2 357511.6 300.0 4.6 295.4 36.9 263.1 1.4 90.1 11.2 80.2
24 318322.2 357511.7 300.0 4.9 295.1 36.9 263.1 1.5 90.0 11.2 80.2

0 331.257 318323.8 357511.7 300.0 5.1 294.9 36.9 263.1 1.6 89.9 11.2 80.2
0 321.052 318369.9 357472.6 298.8 3.7 295.1 38.0 260.8 1.1 90.0 11.6 79.5
1 318370.1 357474.0 298.8 3.6 295.2 38.0 260.8 1.1 90.0 11.6 79.5
2 318370.3 357477.0 298.9 3.4 295.5 38.1 260.8 1.0 90.1 11.6 79.5
3 318370.6 357480.0 299.0 4.6 294.4 34.8 264.2 1.4 89.8 10.6 80.5
4 318370.9 357483.0 299.1 5.4 293.7 34.5 264.6 1.6 89.5 10.5 80.7
5 318371.1 357486.0 299.2 5.4 293.8 34.3 264.9 1.6 89.6 10.5 80.8
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6 318371.4 357488.9 299.3 5.8 293.5 34.2 265.1 1.8 89.5 10.4 80.8
7 318371.6 357491.9 299.4 6.7 292.7 34.7 264.7 2.0 89.2 10.6 80.7
8 318371.9 357494.9 299.5 7.1 292.4 36.9 262.6 2.2 89.1 11.2 80.1
9 318372.1 357497.9 299.6 6.9 292.7 39.1 260.5 2.1 89.2 11.9 79.4

10 318372.4 357500.9 299.7 6.3 293.4 40.6 259.1 1.9 89.4 12.4 79.0
11 318372.7 357503.8 299.8 4.9 294.9 41.0 258.8 1.5 89.9 12.5 78.9
12 318372.9 357506.8 299.9 3.9 296.0 41.6 258.3 1.2 90.2 12.7 78.7

0 321.993 318373.1 357508.3 300.0 4.0 296.0 41.9 258.1 1.2 90.2 12.8 78.7
13 318373.0 357509.8 300.0 3.9 296.1 42.1 257.9 1.2 90.3 12.8 78.6
14 318373.0 357512.7 300.0 4.2 295.8 42.0 258.0 1.3 90.2 12.8 78.7
15 318372.9 357515.6 300.0 4.6 295.4 41.5 258.5 1.4 90.1 12.7 78.8
16 318372.9 357518.5 299.9 4.6 295.3 41.4 258.5 1.4 90.0 12.6 78.8
17 318372.8 357521.4 299.9 4.7 295.2 41.2 258.7 1.4 90.0 12.6 78.9
18 318372.8 357524.3 299.9 4.9 295.0 40.4 259.5 1.5 89.9 12.3 79.1
19 318372.7 357527.2 299.9 5.5 294.4 39.5 260.4 1.7 89.8 12.0 79.4
20 318372.7 357530.1 299.8 5.5 294.3 38.7 261.1 1.7 89.7 11.8 79.6
21 318372.6 357533.1 299.8 5.4 294.4 37.6 262.2 1.6 89.8 11.5 79.9
22 318372.6 357536.0 299.8 5.1 294.7 36.5 263.3 1.6 89.8 11.1 80.3
23 318372.5 357538.9 299.7 5.1 294.6 35.0 264.7 1.6 89.8 10.7 80.7
24 318372.5 357541.8 299.7 5.5 294.2 35.0 264.7 1.7 89.7 10.7 80.7

0 324.167 318372.5 357543.2 299.7 5.7 294.0 35.0 264.7 1.7 89.6 10.7 80.7
0 297.854 318004.3 357429.8 300.0 3.9 296.1 34.9 265.1 1.2 90.3 10.6 80.8
1 318005.8 357429.8 300.0 4.1 295.9 34.9 265.1 1.2 90.2 10.6 80.8
2 318008.8 357429.9 300.0 4.3 295.7 35.0 265.0 1.3 90.1 10.7 80.8
3 318011.8 357430.0 300.0 3.7 296.3 39.4 260.6 1.1 90.3 12.0 79.4
4 318014.8 357430.1 300.0 3.8 296.2 40.7 259.3 1.2 90.3 12.4 79.1
5 318017.8 357430.2 300.0 2.4 297.6 41.8 258.2 0.7 90.7 12.7 78.7
6 318020.7 357430.3 300.0 1.5 298.5 42.1 257.9 0.5 91.0 12.8 78.6
7 318023.7 357430.4 300.0 2.7 297.3 40.6 259.4 0.8 90.6 12.4 79.1
8 318026.7 357430.5 300.0 4.3 295.7 39.6 260.4 1.3 90.1 12.1 79.4
9 318029.7 357430.5 300.0 5.4 294.6 39.5 260.5 1.6 89.8 12.0 79.4

10 318032.7 357430.6 300.0 5.3 294.7 40.2 259.8 1.6 89.8 12.3 79.2
11 318035.6 357430.7 300.0 3.6 296.4 40.3 259.7 1.1 90.4 12.3 79.2
12 318038.6 357430.8 300.0 3.3 296.7 40.2 259.8 1.0 90.5 12.3 79.2

0 303.906 318040.1 357430.9 300.0 3.4 296.6 39.2 260.8 1.0 90.4 12.0 79.5
13 318041.6 357430.8 300.0 3.5 296.5 38.3 261.7 1.1 90.4 11.7 79.8
14 318044.6 357430.7 300.0 3.8 296.2 37.2 262.8 1.2 90.3 11.3 80.1
15 318047.7 357430.5 300.0 3.4 296.6 37.2 262.8 1.0 90.4 11.3 80.1
16 318050.7 357430.4 300.0 2.9 297.1 37.0 263.0 0.9 90.6 11.3 80.2
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17 318053.7 357430.2 300.0 2.6 297.4 36.3 263.7 0.8 90.7 11.1 80.4
18 318056.7 357430.1 300.0 4.0 296.0 36.1 263.9 1.2 90.2 11.0 80.5
19 318059.7 357430.0 300.0 3.1 296.9 36.2 263.8 0.9 90.5 11.0 80.4
20 318062.8 357429.8 300.0 3.9 296.1 36.6 263.4 1.2 90.3 11.2 80.3
21 318065.8 357429.7 300.0 3.0 297.0 36.5 263.5 0.9 90.5 11.1 80.3
22 318068.8 357429.6 300.0 3.0 297.0 36.2 263.8 0.9 90.5 11.0 80.4
23 318071.8 357429.4 300.0 2.7 297.3 36.2 263.8 0.8 90.6 11.0 80.4
24 318074.9 357429.3 300.0 2.4 297.6 36.2 263.8 0.7 90.7 11.0 80.4

0 308.873 318076.4 357429.2 300.0 2.2 297.8 36.2 263.8 0.7 90.8 11.0 80.4
0 320.174 318025.9 357592.5 300.0 9.8 290.2 38.4 261.6 3.0 88.5 11.7 79.8
1 318027.4 357592.6 300.0 9.6 290.4 38.4 261.6 2.9 88.5 11.7 79.8
2 318030.3 357592.8 300.0 9.4 290.6 38.4 261.6 2.9 88.6 11.7 79.8
3 318033.3 357593.0 300.0 9.5 290.6 42.2 257.8 2.9 88.6 12.9 78.6
4 318036.2 357593.2 300.0 10.0 290.0 42.8 257.2 3.0 88.4 13.0 78.4
5 318039.2 357593.4 300.0 10.3 289.7 43.1 256.9 3.1 88.3 13.1 78.3
6 318042.2 357593.6 300.0 10.3 289.7 43.0 257.0 3.1 88.3 13.1 78.3
7 318045.1 357593.8 300.0 10.4 289.6 42.9 257.1 3.2 88.3 13.1 78.4
8 318048.1 357594.0 300.0 10.0 290.0 42.5 257.5 3.0 88.4 13.0 78.5
9 318051.0 357594.2 300.0 9.5 290.5 42.5 257.5 2.9 88.6 13.0 78.5

10 318054.0 357594.4 300.0 9.0 291.0 42.4 257.6 2.7 88.7 12.9 78.5
11 318056.9 357594.6 300.0 9.5 290.5 42.3 257.7 2.9 88.6 12.9 78.6
12 318059.9 357594.8 300.0 10.0 290.0 42.3 257.7 3.0 88.4 12.9 78.6

0 314.063 318061.3 357594.9 300.0 10.2 289.8 42.0 258.0 3.1 88.3 12.8 78.7
13 318062.8 357595.0 300.0 10.4 289.6 41.7 258.3 3.2 88.3 12.7 78.7
14 318065.6 357595.0 300.0 10.4 289.6 40.6 259.4 3.2 88.3 12.4 79.1
15 318068.4 357595.1 300.0 10.5 289.5 39.8 260.2 3.2 88.3 12.1 79.3
16 318071.3 357595.1 300.0 10.7 289.3 39.1 260.9 3.3 88.2 11.9 79.5
17 318074.1 357595.2 300.0 11.0 289.0 38.6 261.4 3.4 88.1 11.8 79.7
18 318077.0 357595.2 300.0 11.2 288.8 38.2 261.8 3.4 88.0 11.6 79.8
19 318079.8 357595.3 300.0 10.7 289.3 38.0 262.0 3.3 88.2 11.6 79.9
20 318082.6 357595.3 300.0 9.7 290.3 39.5 260.5 3.0 88.5 12.0 79.4
21 318085.5 357595.4 300.0 8.4 291.6 41.5 258.5 2.6 88.9 12.7 78.8
22 318088.3 357595.4 300.0 7.6 292.4 42.7 257.3 2.3 89.1 13.0 78.4
23 318091.1 357595.5 300.0 7.9 292.1 43.2 256.8 2.4 89.0 13.2 78.3
24 318094.0 357595.5 300.0 8.2 291.8 44.3 255.7 2.5 89.0 13.5 78.0

0 308.891 318095.4 357595.6 300.0 8.1 291.9 44.8 255.2 2.5 89.0 13.7 77.8
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0 314.984 317712.1 357595.6 298.7 13.7 285.0 55.9 242.8 4.2 86.9 17.0 74.0
1 317713.5 357595.5 298.7 13.8 284.9 55.0 243.7 4.2 86.9 16.8 74.3
2 317716.4 357595.5 298.6 13.4 285.2 53.2 245.4 4.1 86.9 16.2 74.8
3 317719.2 357595.4 298.6 12.7 285.9 50.9 247.7 3.9 87.2 15.5 75.5
4 317722.1 357595.3 298.6 11.9 286.7 49.1 249.5 3.6 87.4 15.0 76.1
5 317725.0 357595.3 298.6 11.5 287.1 49.0 249.6 3.5 87.5 14.9 76.1
6 317727.9 357595.2 298.6 11.6 287.0 48.4 250.2 3.5 87.5 14.8 76.3
7 317730.8 357595.1 298.6 12.2 286.4 47.4 251.2 3.7 87.3 14.5 76.6
8 317733.6 357595.1 298.8 13.3 285.5 46.8 252.0 4.1 87.0 14.3 76.8
9 317736.5 357595.0 299.1 14.7 284.4 47.4 251.7 4.5 86.7 14.5 76.7

10 317739.4 357594.9 299.0 15.8 283.2 48.0 251.0 4.8 86.3 14.6 76.5
11 317742.3 357594.9 299.0 14.7 284.3 48.7 250.3 4.5 86.7 14.8 76.3
12 317745.1 357594.8 299.5 14.1 285.4 50.5 249.0 4.3 87.0 15.4 75.9

0 321.135 317746.6 357594.8 300.0 13.9 286.1 52.2 247.8 4.2 87.2 15.9 75.5
13 317748.1 357594.6 300.1 13.3 286.8 53.5 246.6 4.1 87.4 16.3 75.2
14 317751.0 357594.2 300.3 13.9 286.4 53.4 246.9 4.2 87.3 16.3 75.3
15 317754.0 357593.9 300.0 13.6 286.4 52.9 247.1 4.1 87.3 16.1 75.3
16 317757.0 357593.5 299.3 12.9 286.4 52.0 247.3 3.9 87.3 15.9 75.4
17 317760.0 357593.2 299.4 12.3 287.1 53.3 246.1 3.7 87.5 16.2 75.0
18 317762.9 357592.8 299.3 11.7 287.6 53.0 246.3 3.6 87.7 16.2 75.1
19 317765.9 357592.5 299.4 11.5 287.9 52.9 246.5 3.5 87.8 16.1 75.1
20 317768.9 357592.1 299.5 11.4 288.1 52.7 246.8 3.5 87.8 16.1 75.2
21 317771.9 357591.8 299.6 11.3 288.3 51.4 248.2 3.4 87.9 15.7 75.7
22 317774.8 357591.4 299.7 11.9 287.8 52.2 247.5 3.6 87.7 15.9 75.5
23 317777.8 357591.1 299.8 13.0 286.8 53.0 246.8 4.0 87.4 16.2 75.2
24 317780.8 357590.7 299.9 13.9 286.0 53.0 246.9 4.2 87.2 16.2 75.3

0 303.711 317782.3 357590.5 300.0 14.4 285.6 53.1 246.9 4.4 87.1 16.2 75.3
0 327.939 317831.5 357464.9 300.5 9.7 290.8 41.3 259.2 3.0 88.7 12.6 79.0
1 317831.4 357466.4 300.5 9.7 290.8 41.4 259.1 3.0 88.7 12.6 79.0
2 317831.3 357469.4 300.6 10.4 290.2 41.5 259.1 3.2 88.5 12.7 79.0
3 317831.3 357472.4 300.6 11.1 289.5 40.5 260.1 3.4 88.3 12.3 79.3
4 317831.2 357475.4 300.5 11.6 288.9 39.7 260.8 3.5 88.1 12.1 79.5
5 317831.1 357478.3 300.5 12.5 288.0 38.7 261.8 3.8 87.8 11.8 79.8
6 317831.0 357481.3 300.4 12.4 288.0 37.9 262.5 3.8 87.8 11.6 80.0
7 317831.0 357484.3 300.4 12.5 287.9 38.2 262.2 3.8 87.8 11.6 79.9
8 317830.9 357487.3 300.3 11.3 289.0 41.2 259.1 3.4 88.1 12.6 79.0
9 317830.8 357490.3 300.3 11.2 289.1 42.9 257.4 3.4 88.1 13.1 78.5

10 317830.7 357493.3 300.4 10.5 289.9 44.6 255.8 3.2 88.4 13.6 78.0
11 317830.7 357496.2 300.4 9.7 290.7 45.3 255.1 3.0 88.6 13.8 77.8
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GPS Relative
Elevation Easting Northing Surface

ophone (ft) (m) (m) Elev (ft) Depth (ft) Elev (ft) Depth (ft) Elev (ft) Depth (m) Elev (m) Depth (m) Elev (m)
Layer 2 Layer 3

Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site

Layer 2 Layer 3

12 317830.6 357499.2 300.5 9.0 291.5 45.0 255.5 2.7 88.9 13.7 77.9
0 320.929 317830.6 357500.7 300.5 8.6 291.9 45.2 255.3 2.6 89.0 13.8 77.8

13 317830.6 357502.2 300.5 8.2 292.3 45.4 255.1 2.5 89.1 13.8 77.8
14 317830.7 357505.1 300.7 7.8 292.9 46.1 254.6 2.4 89.3 14.1 77.6
15 317830.7 357508.1 300.8 8.3 292.5 46.0 254.8 2.5 89.2 14.0 77.7
16 317830.8 357511.0 300.9 9.2 291.7 45.7 255.2 2.8 88.9 13.9 77.8
17 317830.8 357513.9 301.0 9.8 291.2 44.5 256.5 3.0 88.8 13.6 78.2
18 317830.9 357516.9 301.1 10.5 290.6 43.0 258.1 3.2 88.6 13.1 78.7
19 317830.9 357519.8 300.8 10.3 290.5 41.5 259.3 3.1 88.6 12.7 79.1
20 317831.0 357522.7 300.5 9.3 291.2 41.3 259.2 2.8 88.8 12.6 79.0
21 317831.1 357525.7 300.2 7.4 292.8 41.1 259.1 2.3 89.3 12.5 79.0
22 317831.1 357528.6 299.8 6.2 293.6 40.1 259.7 1.9 89.5 12.2 79.2
23 317831.2 357531.6 299.9 6.6 293.3 35.5 264.4 2.0 89.4 10.8 80.6
24 317831.2 357534.5 300.0 7.5 292.5 34.4 265.6 2.3 89.2 10.5 81.0

0 324.359 317831.3 357536.0 300.4 8.3 292.1 34.8 265.6 2.5 89.0 10.6 81.0
0 309.817 317547.2 356896.5 300.0 2.7 297.3 31.7 268.3 0.8 90.6 9.7 81.8
1 317547.9 356895.4 300.0 2.9 297.1 31.8 268.2 0.9 90.6 9.7 81.8
2 317549.2 356893.2 300.0 4.2 295.8 31.9 268.1 1.3 90.2 9.7 81.7
3 317550.6 356890.9 300.0 4.4 295.6 35.5 264.5 1.3 90.1 10.8 80.6
4 317552.0 356888.7 300.0 4.1 295.9 35.9 264.1 1.2 90.2 10.9 80.5
5 317553.4 356886.4 300.0 4.5 295.5 36.2 263.8 1.4 90.1 11.0 80.4
6 317554.8 356884.2 300.0 6.4 293.6 36.5 263.5 2.0 89.5 11.1 80.3
0 318.314 317555.5 356883.1 300.0 6.5 293.5 36.4 263.6 2.0 89.5 11.1 80.4
7 317556.5 356881.6 300.0 6.6 293.4 36.3 263.7 2.0 89.4 11.1 80.4
8 317558.4 356878.6 300.0 6.7 293.3 34.7 265.3 2.0 89.4 10.6 80.9
9 317560.3 356875.7 300.0 7.5 292.5 33.2 266.8 2.3 89.2 10.1 81.3

10 317562.2 356872.7 300.0 7.5 292.5 31.9 268.1 2.3 89.2 9.7 81.7
11 317564.1 356869.7 300.0 8.0 292.0 31.5 268.5 2.4 89.0 9.6 81.9
12 317566.1 356866.8 300.0 8.6 291.4 30.7 269.3 2.6 88.8 9.4 82.1

0 320.981 317567.0 356865.3 300.0 8.9 291.1 30.3 269.7 2.7 88.7 9.2 82.2
13 317567.7 356864.0 300.0 9.1 290.9 29.9 270.1 2.8 88.7 9.1 82.3
14 317569.2 356861.3 300.0 9.6 290.4 30.0 270.0 2.9 88.5 9.1 82.3
15 317570.6 356858.7 300.0 9.9 290.1 30.8 269.2 3.0 88.4 9.4 82.1
16 317572.0 356856.1 300.0 9.4 290.6 32.1 267.9 2.9 88.6 9.8 81.7
17 317573.5 356853.5 300.0 8.6 291.4 33.9 266.1 2.6 88.8 10.3 81.1
18 317574.9 356850.8 300.0 8.4 291.6 35.8 264.2 2.6 88.9 10.9 80.5
19 317576.4 356848.2 300.0 8.4 291.6 37.7 262.3 2.6 88.9 11.5 80.0
20 317577.8 356845.6 300.0 8.2 291.8 40.0 260.0 2.5 89.0 12.2 79.3
21 317579.2 356842.9 300.0 8.3 291.7 42.5 257.5 2.5 88.9 13.0 78.5
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GPS Relative
Elevation Easting Northing Surface

ophone (ft) (m) (m) Elev (ft) Depth (ft) Elev (ft) Depth (ft) Elev (ft) Depth (m) Elev (m) Depth (m) Elev (m)
Layer 2 Layer 3

Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site

Layer 2 Layer 3

22 317580.7 356840.3 300.0 7.6 292.4 45.0 255.0 2.3 89.1 13.7 77.7
23 317582.1 356837.7 300.0 6.6 293.4 45.7 254.3 2.0 89.4 13.9 77.5
24 317583.5 356835.0 300.0 6.8 293.2 46.5 253.5 2.1 89.4 14.2 77.3

0 317.733 317584.2 356833.7 300.0 6.7 293.3 46.9 253.1 2.0 89.4 14.3 77.2
0 314.617 317597.6 356887.6 299.7 6.9 292.8 36.2 263.5 2.1 89.3 11.0 80.3
1 317596.4 356886.7 299.7 6.8 292.9 35.8 263.9 2.1 89.3 10.9 80.5
2 317593.9 356884.9 299.4 6.4 293.0 34.6 264.8 2.0 89.3 10.5 80.7
3 317591.4 356883.1 299.1 6.8 292.3 32.8 266.3 2.1 89.1 10.0 81.2
4 317588.9 356881.2 298.8 7.4 291.4 32.1 266.7 2.3 88.8 9.8 81.3
5 317586.5 356879.4 298.6 7.4 291.2 31.7 266.9 2.3 88.8 9.7 81.4
6 317584.0 356877.6 298.3 6.7 291.6 31.3 267.0 2.0 88.9 9.5 81.4
7 317581.5 356875.8 298.1 6.0 292.1 31.3 266.8 1.8 89.0 9.5 81.3
8 317579.1 356874.0 297.9 6.0 291.9 31.3 266.6 1.8 89.0 9.5 81.3
9 317576.6 356872.1 297.9 6.2 291.7 31.6 266.3 1.9 88.9 9.6 81.2

10 317574.1 356870.3 297.9 6.1 291.8 32.4 265.5 1.9 89.0 9.9 80.9
11 317571.6 356868.5 297.8 5.6 292.2 33.9 263.9 1.7 89.1 10.3 80.5
12 317569.2 356866.7 297.8 5.5 292.3 35.4 262.4 1.7 89.1 10.8 80.0

0 309.368 317567.9 356865.7 297.8 5.4 292.4 35.7 262.1 1.6 89.1 10.9 79.9
13 317566.6 356864.9 297.8 5.3 292.5 36.1 261.7 1.6 89.2 11.0 79.8
14 317564.1 356863.3 297.8 4.8 293.0 36.3 261.5 1.5 89.3 11.1 79.7
15 317561.5 356861.8 297.8 3.6 294.2 36.5 261.3 1.1 89.7 11.1 79.7
16 317558.9 356860.2 297.8 4.4 293.4 36.6 261.2 1.3 89.4 11.2 79.6
17 317556.3 356858.6 297.5 4.7 292.8 36.1 261.4 1.4 89.3 11.0 79.7
18 317553.7 356857.0 297.2 4.1 293.1 34.5 262.7 1.2 89.4 10.5 80.1
19 317551.2 356855.4 296.9 3.1 293.8 32.8 264.1 0.9 89.6 10.0 80.5
20 317548.6 356853.8 296.7 4.5 292.2 30.9 265.8 1.4 89.1 9.4 81.0
21 317546.0 356852.2 295.8 3.2 292.6 28.0 267.8 1.0 89.2 8.5 81.6
22 317543.4 356850.6 298.0 5.1 292.9 28.7 269.3 1.6 89.3 8.7 82.1
23 317540.9 356849.0 298.6 6.1 292.5 28.3 270.3 1.9 89.2 8.6 82.4
24 317538.3 356847.4 298.8 6.9 291.9 28.6 270.2 2.1 89.0 8.7 82.4

0 320.929 317537.0 356846.6 298.9 7.3 291.6 28.7 270.2 2.2 88.9 8.7 82.4
0 313.932 317477.8 356888.0 300.0 6.2 293.8 31.4 268.6 1.9 89.6 9.6 81.9
1 317477.8 356889.5 300.0 5.9 294.1 31.4 268.6 1.8 89.7 9.6 81.9
2 317477.8 356892.5 300.0 5.4 294.6 31.1 268.9 1.6 89.8 9.5 82.0
3 317477.8 356895.5 300.0 5.8 294.2 29.5 270.5 1.8 89.7 9.0 82.5
4 317477.8 356898.5 300.0 6.1 293.9 29.4 270.6 1.9 89.6 9.0 82.5
5 317477.9 356901.6 300.0 6.5 293.5 30.6 269.4 2.0 89.5 9.3 82.1
6 317477.9 356904.6 300.0 7.2 292.8 31.4 268.6 2.2 89.3 9.6 81.9
7 317477.9 356907.6 300.0 7.0 293.0 32.1 267.9 2.1 89.3 9.8 81.7
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GPS Relative
Elevation Easting Northing Surface

ophone (ft) (m) (m) Elev (ft) Depth (ft) Elev (ft) Depth (ft) Elev (ft) Depth (m) Elev (m) Depth (m) Elev (m)
Layer 2 Layer 3

Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site

Layer 2 Layer 3

8 317477.9 356910.6 300.0 5.8 294.2 32.6 267.4 1.8 89.7 9.9 81.5
9 317477.9 356913.6 300.0 6.7 293.3 32.7 267.3 2.0 89.4 10.0 81.5

10 317477.9 356916.6 300.0 7.0 293.0 32.7 267.3 2.1 89.3 10.0 81.5
11 317478.0 356919.6 300.0 6.7 293.3 32.7 267.3 2.0 89.4 10.0 81.5
12 317478.0 356922.6 300.0 6.4 293.6 32.8 267.2 2.0 89.5 10.0 81.5

0 310.711 317478.0 356924.2 300.0 6.2 293.8 33.1 266.9 1.9 89.6 10.1 81.4
13 317478.0 356925.6 300.0 6.0 294.0 33.4 266.6 1.8 89.6 10.2 81.3
14 317478.1 356928.6 300.0 5.8 294.2 33.8 266.2 1.8 89.7 10.3 81.2
15 317478.1 356931.6 300.0 5.6 294.4 34.2 265.8 1.7 89.8 10.4 81.0
16 317478.1 356934.6 300.0 4.8 295.2 35.4 264.6 1.5 90.0 10.8 80.7
17 317478.2 356937.5 300.0 5.2 294.8 37.3 262.7 1.6 89.9 11.4 80.1
18 317478.2 356940.5 300.0 6.4 293.6 39.4 260.6 2.0 89.5 12.0 79.4
19 317478.3 356943.5 299.2 6.3 292.9 37.1 262.1 1.9 89.3 11.3 79.9
20 317478.3 356946.4 294.2 1.0 293.2 30.3 263.9 0.3 89.4 9.2 80.5
21 317478.4 356949.4 294.1 1.0 293.1 27.4 266.7 0.3 89.4 8.4 81.3
22 317478.4 356952.4 295.7 2.6 293.1 27.9 267.8 0.8 89.4 8.5 81.6
23 317478.5 356955.4 301.1 7.0 294.1 33.9 267.2 2.1 89.7 10.3 81.5
24 317478.5 356958.3 302.2 8.3 293.9 35.1 267.1 2.5 89.6 10.7 81.4

0 308.155 317478.6 356959.8 302.2 8.4 293.8 35.1 267.1 2.6 89.6 10.7 81.4
0 309.575 317437.0 356884.0 300.0 1.2 298.8 27.9 272.1 0.4 91.1 8.5 83.0
1 317436.9 356887.0 300.0 1.2 298.8 27.6 272.4 0.4 91.1 8.4 83.0
2 317436.9 356889.9 300.0 1.3 298.7 27.1 272.9 0.4 91.1 8.3 83.2
3 317436.9 356892.9 300.0 1.8 298.2 26.6 273.4 0.5 90.9 8.1 83.3
4 317436.8 356895.9 300.0 2.0 298.0 25.4 274.6 0.6 90.8 7.7 83.7
5 317436.8 356898.9 300.0 2.8 297.2 26.9 273.1 0.9 90.6 8.2 83.3
6 317436.8 356901.8 300.0 2.5 297.5 28.9 271.1 0.8 90.7 8.8 82.6
7 317436.7 356904.8 300.0 3.2 296.8 31.2 268.8 1.0 90.5 9.5 81.9
8 317436.7 356907.8 300.0 3.5 296.5 33.4 266.6 1.1 90.4 10.2 81.3
9 317436.7 356910.7 300.0 2.3 297.7 35.1 264.9 0.7 90.8 10.7 80.8

10 317436.7 356913.7 300.0 0.9 299.1 36.5 263.5 0.3 91.2 11.1 80.3
11 317436.6 356916.7 300.0 0.6 299.4 37.8 262.2 0.2 91.3 11.5 79.9
12 317436.6 356919.7 300.0 0.5 299.5 38.5 261.5 0.2 91.3 11.7 79.7

0 311.041 317436.6 356919.7 300.0 0.5 299.5 38.7 261.3 0.2 91.3 11.8 79.7
13 317436.6 356921.2 300.0 0.5 299.5 38.9 261.1 0.2 91.3 11.9 79.6
14 317436.7 356924.2 300.0 0.3 299.7 39.7 260.3 0.1 91.4 12.1 79.4
15 317436.8 356927.2 300.0 0.5 299.5 40.0 260.0 0.2 91.3 12.2 79.3
16 317436.9 356930.3 300.0 0.7 299.3 39.2 260.8 0.2 91.2 12.0 79.5
17 317437.0 356933.3 300.0 1.4 298.6 38.3 261.7 0.4 91.0 11.7 79.8
18 317437.2 356936.3 300.0 1.9 298.1 35.3 264.7 0.6 90.9 10.8 80.7
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GPS Relative
Elevation Easting Northing Surface

ophone (ft) (m) (m) Elev (ft) Depth (ft) Elev (ft) Depth (ft) Elev (ft) Depth (m) Elev (m) Depth (m) Elev (m)
Layer 2 Layer 3

Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site

Layer 2 Layer 3

19 317437.3 356939.4 300.0 1.7 298.3 32.7 267.3 0.5 90.9 10.0 81.5
20 317437.4 356942.4 300.0 2.3 297.7 30.9 269.1 0.7 90.8 9.4 82.0
21 317437.5 356945.4 294.8 0.0 294.8 24.3 270.5 0.0 89.9 7.4 82.5
22 317437.6 356948.5 294.5 0.0 294.5 22.7 271.8 0.0 89.8 6.9 82.9
23 317437.7 356951.5 294.1 0.0 294.1 19.8 274.3 0.0 89.7 6.0 83.6
24 317437.8 356954.5 299.6 2.1 297.5 25.4 274.2 0.6 90.7 7.7 83.6

0 317.203 317437.8 356956.0 301.1 3.7 297.4 26.9 274.2 1.1 90.7 8.2 83.6
0 313.143 317429.4 357195.2 300.0 5.3 294.7 35.0 265.0 1.6 89.8 10.7 80.8
1 317429.5 357196.7 300.0 5.2 294.8 35.0 265.0 1.6 89.9 10.7 80.8
2 317429.7 357199.8 300.0 5.0 295.0 35.0 265.0 1.5 89.9 10.7 80.8
3 317430.0 357202.8 300.0 5.0 295.0 36.9 263.1 1.5 89.9 11.2 80.2
4 317430.2 357205.9 300.0 5.1 294.9 37.2 262.8 1.6 89.9 11.3 80.1
5 317430.4 357208.9 300.0 4.7 295.3 37.1 262.9 1.4 90.0 11.3 80.1
6 317430.6 357212.0 300.0 3.9 296.1 36.7 263.3 1.2 90.3 11.2 80.3
7 317430.9 357215.0 300.0 3.8 296.2 36.6 263.4 1.2 90.3 11.2 80.3
8 317431.1 357218.0 300.0 4.2 295.8 36.2 263.8 1.3 90.2 11.0 80.4
9 317431.3 357221.1 300.0 4.8 295.2 35.7 264.3 1.5 90.0 10.9 80.6

10 317431.5 357224.1 300.0 4.2 295.8 35.2 264.8 1.3 90.2 10.7 80.7
11 317431.8 357227.2 300.0 3.7 296.3 34.5 265.5 1.1 90.3 10.5 80.9
12 317432.0 357230.2 300.0 3.9 296.1 34.3 265.7 1.2 90.3 10.5 81.0

0 309.277 317432.1 357231.8 300.0 4.2 295.8 34.5 265.5 1.3 90.2 10.5 80.9
13 317432.1 357233.2 300.0 4.4 295.6 34.6 265.4 1.3 90.1 10.5 80.9
14 317432.2 357236.2 300.0 5.0 295.0 35.0 265.0 1.5 89.9 10.7 80.8
15 317432.3 357239.2 300.0 4.5 295.5 35.0 265.0 1.4 90.1 10.7 80.8
16 317432.3 357242.1 300.0 4.3 295.7 34.9 265.1 1.3 90.1 10.6 80.8
17 317432.4 357245.1 300.0 3.3 296.7 34.7 265.3 1.0 90.5 10.6 80.9
18 317432.4 357248.1 300.0 3.7 296.3 34.5 265.5 1.1 90.3 10.5 80.9
19 317432.5 357251.1 300.0 3.8 296.2 34.1 265.9 1.2 90.3 10.4 81.1
20 317432.6 357254.0 300.0 3.3 296.7 33.8 266.2 1.0 90.5 10.3 81.2
21 317432.6 357257.0 300.0 4.7 295.3 34.2 265.8 1.4 90.0 10.4 81.0
22 317432.7 357260.0 300.0 3.3 296.7 34.9 265.1 1.0 90.5 10.6 80.8
23 317432.8 357262.9 300.0 3.2 296.8 35.0 265.0 1.0 90.5 10.7 80.8
24 317432.8 357265.9 300.0 3.5 296.5 34.3 265.7 1.1 90.4 10.5 81.0

0 311.663 317432.8 357267.4 300.0 3.4 296.6 34.0 266.0 1.0 90.4 10.4 81.1
0 318.634 317678.9 357385.8 300.0 4.5 295.5 42.2 257.8 1.4 90.1 12.9 78.6
1 317677.4 357385.8 300.0 4.9 295.1 41.8 258.2 1.5 90.0 12.7 78.7
2 317674.3 357385.8 300.0 5.6 294.4 41.2 258.8 1.7 89.8 12.6 78.9
3 317671.2 357385.8 300.0 5.8 294.2 41.2 258.8 1.8 89.7 12.6 78.9
4 317668.1 357385.8 300.0 5.9 294.1 42.1 257.9 1.8 89.7 12.8 78.6
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Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site

Layer 2 Layer 3

5 317665.0 357385.8 300.0 5.4 294.6 42.3 257.7 1.6 89.8 12.9 78.6
6 317661.8 357385.8 300.0 5.1 294.9 42.1 257.9 1.6 89.9 12.8 78.6
7 317658.7 357385.8 300.0 5.1 294.9 42.0 258.0 1.6 89.9 12.8 78.7
8 317655.6 357385.8 300.0 5.1 294.9 42.6 257.4 1.6 89.9 13.0 78.5
9 317652.5 357385.8 300.0 4.6 295.4 43.1 256.9 1.4 90.1 13.1 78.3

10 317649.4 357385.8 300.0 5.7 294.3 42.9 257.1 1.7 89.7 13.1 78.4
11 317646.3 357385.8 300.0 6.2 293.8 42.1 257.9 1.9 89.6 12.8 78.6
12 317643.2 357385.8 300.0 5.8 294.2 41.9 258.1 1.8 89.7 12.8 78.7

0 315.012 317641.7 357385.8 300.0 6.1 293.9 42.2 257.8 1.9 89.6 12.9 78.6
13 317640.1 357385.8 300.0 6.5 293.5 42.6 257.4 2.0 89.5 13.0 78.5
14 317636.9 357385.8 300.0 7.2 292.8 42.7 257.3 2.2 89.3 13.0 78.4
15 317633.7 357385.8 300.0 7.2 292.8 42.1 257.9 2.2 89.3 12.8 78.6
16 317630.5 357385.8 300.0 6.5 293.5 41.5 258.5 2.0 89.5 12.7 78.8
17 317627.3 357385.8 300.0 5.9 294.1 41.9 258.1 1.8 89.7 12.8 78.7
18 317624.1 357385.8 300.0 5.1 294.9 42.7 257.3 1.6 89.9 13.0 78.4
19 317620.9 357385.8 300.0 5.9 294.1 42.9 257.1 1.8 89.7 13.1 78.4
20 317617.8 357385.8 300.0 6.0 294.0 42.3 257.7 1.8 89.6 12.9 78.6
21 317614.6 357385.8 300.0 5.8 294.2 41.4 258.6 1.8 89.7 12.6 78.8
22 317611.4 357385.8 300.0 5.0 295.0 40.5 259.5 1.5 89.9 12.3 79.1
23 317608.2 357385.8 300.0 5.1 294.9 39.0 261.0 1.6 89.9 11.9 79.6
24 317605.0 357385.8 300.0 5.7 294.3 39.0 261.0 1.7 89.7 11.9 79.6

0 318.386 317603.4 357385.8 300.0 6.0 294.0 39.0 261.0 1.8 89.6 11.9 79.6
0 314.873 317340.9 357355.6 301.0 12.2 288.8 42.9 258.1 3.7 88.0 13.1 78.7
1 317339.4 357355.6 297.0 7.9 289.1 38.8 258.2 2.4 88.1 11.8 78.7
2 317336.5 357355.6 291.3 2.8 288.5 32.9 258.4 0.9 88.0 10.0 78.8
3 317333.6 357355.6 291.0 2.7 288.3 32.3 258.7 0.8 87.9 9.8 78.9
4 317330.7 357355.6 293.8 5.7 288.1 34.1 259.7 1.7 87.8 10.4 79.2
5 317327.7 357355.6 299.5 10.3 289.2 39.8 259.7 3.1 88.2 12.1 79.2
6 317324.8 357355.7 301.2 9.7 291.5 42.0 259.2 3.0 88.9 12.8 79.0
7 317321.9 357355.7 301.0 6.7 294.3 42.2 258.8 2.0 89.7 12.9 78.9
8 317319.0 357355.7 300.8 5.6 295.2 42.3 258.5 1.7 90.0 12.9 78.8
9 317316.1 357355.7 300.6 5.7 294.9 41.5 259.1 1.7 89.9 12.7 79.0

10 317313.1 357355.7 300.4 4.7 295.7 41.2 259.2 1.4 90.1 12.6 79.0
11 317310.2 357355.7 300.2 4.0 296.2 41.4 258.8 1.2 90.3 12.6 78.9
12 317307.3 357355.7 300.0 4.6 295.4 42.3 257.7 1.4 90.1 12.9 78.6

0 301.577 317305.8 357355.7 300.0 5.1 294.9 42.9 257.1 1.6 89.9 13.1 78.4
13 317304.3 357355.6 300.0 5.5 294.5 43.5 256.5 1.7 89.8 13.3 78.2
14 317301.2 357355.6 300.0 5.7 294.3 42.9 257.1 1.7 89.7 13.1 78.4
15 317298.1 357355.5 300.1 6.1 294.0 41.9 258.2 1.9 89.6 12.8 78.7
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GPS Relative
Elevation Easting Northing Surface

ophone (ft) (m) (m) Elev (ft) Depth (ft) Elev (ft) Depth (ft) Elev (ft) Depth (m) Elev (m) Depth (m) Elev (m)
Layer 2 Layer 3

Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site

Layer 2 Layer 3

16 317295.1 357355.5 300.2 6.4 293.8 40.4 259.8 2.0 89.6 12.3 79.2
17 317292.0 357355.4 300.3 6.9 293.4 39.6 260.7 2.1 89.4 12.1 79.5
18 317288.9 357355.4 300.4 7.8 292.6 39.2 261.2 2.4 89.2 12.0 79.6
19 317285.8 357355.3 300.5 8.0 292.5 39.5 261.0 2.4 89.2 12.0 79.6
20 317282.8 357355.3 300.6 7.2 293.4 40.1 260.5 2.2 89.4 12.2 79.4
21 317279.7 357355.2 300.7 6.6 294.1 39.9 260.8 2.0 89.7 12.2 79.5
22 317276.6 357355.1 300.7 6.2 294.5 38.7 262.0 1.9 89.8 11.8 79.9
23 317273.5 357355.1 300.8 5.6 295.2 38.4 262.4 1.7 90.0 11.7 80.0
24 317270.5 357355.0 300.8 5.6 295.2 39.1 261.7 1.7 90.0 11.9 79.8

0 310.525 317268.9 357355.0 300.9 5.6 295.3 39.8 261.1 1.7 90.0 12.1 79.6
0 336.706 317391.5 357270.8 301.1 6.1 295.0 37.0 264.1 1.9 89.9 11.3 80.5
1 317391.6 357272.4 300.0 4.8 295.2 35.9 264.1 1.5 90.0 10.9 80.5
2 317391.9 357275.6 300.0 4.5 295.5 35.7 264.3 1.4 90.1 10.9 80.6
3 317392.1 357278.9 300.0 3.6 296.4 34.5 265.5 1.1 90.4 10.5 80.9
4 317392.4 357282.1 300.0 4.0 296.0 33.9 266.1 1.2 90.2 10.3 81.1
5 317392.6 357285.3 300.0 5.4 294.6 33.4 266.6 1.6 89.8 10.2 81.3
6 317392.9 357288.5 300.0 6.0 294.0 32.9 267.1 1.8 89.6 10.0 81.4
7 317393.1 357291.7 300.0 6.1 293.9 32.5 267.5 1.9 89.6 9.9 81.5
8 317393.4 357295.0 300.0 6.1 293.9 32.2 267.8 1.9 89.6 9.8 81.6
9 317393.7 357298.2 300.0 5.8 294.2 32.5 267.5 1.8 89.7 9.9 81.5

10 317393.9 357301.4 300.0 4.5 295.5 33.4 266.6 1.4 90.1 10.2 81.3
11 317394.2 357304.6 300.0 3.8 296.2 34.0 266.0 1.2 90.3 10.4 81.1
12 317394.4 357307.8 300.0 3.9 296.1 33.9 266.1 1.2 90.3 10.3 81.1

0 330.156 317394.5 357309.4 300.0 4.5 295.5 33.7 266.3 1.4 90.1 10.3 81.2
13 317394.7 357310.9 299.5 4.6 294.9 33.0 266.5 1.4 89.9 10.1 81.2
14 317395.1 357313.7 301.0 6.7 294.3 34.3 266.7 2.0 89.7 10.5 81.3
15 317395.5 357316.5 301.3 7.5 293.8 35.0 266.3 2.3 89.6 10.7 81.2
16 317395.9 357319.3 301.2 7.6 293.6 35.4 265.8 2.3 89.5 10.8 81.0
17 317396.2 357322.1 301.6 7.1 294.5 36.5 265.1 2.2 89.8 11.1 80.8
18 317396.6 357325.0 302.0 5.6 296.4 37.4 264.6 1.7 90.4 11.4 80.7
19 317397.0 357327.8 302.5 5.6 296.9 38.2 264.3 1.7 90.5 11.6 80.6
20 317397.4 357330.6 303.0 5.5 297.5 38.8 264.2 1.7 90.7 11.8 80.5
21 317397.8 357333.4 303.5 4.6 298.9 38.6 264.9 1.4 91.1 11.8 80.8
22 317398.2 357336.3 303.4 2.9 300.5 37.6 265.8 0.9 91.6 11.5 81.0
23 317398.5 357339.1 303.3 0.5 302.8 34.1 269.2 0.2 92.3 10.4 82.1
24 317398.9 357341.9 303.1 2.3 300.8 33.0 270.1 0.7 91.7 10.1 82.3

0 345.01 317399.1 357343.3 302.4 2.5 299.9 32.2 270.2 0.8 91.4 9.8 82.4
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GPS Relative
Elevation Easting Northing Surface

ophone (ft) (m) (m) Elev (ft) Depth (ft) Elev (ft) Depth (ft) Elev (ft) Depth (m) Elev (m) Depth (m) Elev (m)
Layer 2 Layer 3

Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site

Layer 2 Layer 3

0 312.014 317150.6 356856.9 300.0 7.4 292.6 32.8 267.2 2.3 89.2 10.0 81.5
1 317150.5 356858.5 300.0 7.1 292.9 32.8 267.2 2.2 89.3 10.0 81.5
2 317150.5 356861.6 300.0 6.4 293.6 32.9 267.1 2.0 89.5 10.0 81.4
3 317150.4 356864.7 300.0 5.9 294.1 35.5 264.5 1.8 89.7 10.8 80.6
4 317150.3 356867.8 300.0 7.6 292.4 36.6 263.4 2.3 89.1 11.2 80.3
5 317150.3 356870.9 300.0 9.0 291.0 37.2 262.8 2.7 88.7 11.3 80.1
6 317150.2 356874.0 300.0 9.9 290.1 37.4 262.6 3.0 88.4 11.4 80.1
7 317150.1 356877.1 300.0 10.0 290.0 37.7 262.3 3.0 88.4 11.5 80.0
8 317150.1 356880.2 300.0 9.4 290.6 37.6 262.4 2.9 88.6 11.5 80.0
9 317150.0 356883.3 300.0 8.6 291.4 39.3 260.7 2.6 88.8 12.0 79.5

10 317149.9 356886.4 300.0 8.1 291.9 40.4 259.6 2.5 89.0 12.3 79.1
11 317149.8 356889.6 300.0 8.1 291.9 40.7 259.3 2.5 89.0 12.4 79.1
12 317149.8 356892.7 300.0 8.6 291.4 40.2 259.8 2.6 88.8 12.3 79.2

0 319.25 317149.7 356894.2 300.0 8.8 291.2 39.4 260.6 2.7 88.8 12.0 79.4
13 317149.8 356895.7 300.0 8.9 291.1 38.7 261.3 2.7 88.7 11.8 79.7
14 317149.8 356898.8 300.0 8.6 291.4 37.8 262.2 2.6 88.8 11.5 79.9
15 317149.8 356901.8 300.0 8.5 291.5 37.2 262.8 2.6 88.9 11.3 80.1
16 317149.8 356904.8 300.0 8.8 291.2 36.5 263.5 2.7 88.8 11.1 80.3
17 317149.8 356907.9 300.0 9.1 290.9 36.0 264.0 2.8 88.7 11.0 80.5
18 317149.8 356910.9 300.0 9.2 290.8 36.0 264.0 2.8 88.7 11.0 80.5
19 317149.8 356913.9 300.0 8.7 291.3 37.5 262.5 2.7 88.8 11.4 80.0
20 317149.8 356917.0 300.0 7.7 292.3 39.0 261.0 2.3 89.1 11.9 79.6
21 317149.9 356920.0 300.0 7.5 292.5 39.3 260.7 2.3 89.2 12.0 79.5
22 317149.9 356923.0 300.0 7.7 292.3 39.0 261.0 2.3 89.1 11.9 79.6
23 317149.9 356926.1 299.9 7.1 292.8 38.2 261.7 2.2 89.3 11.6 79.8
24 317149.9 356929.1 298.4 5.1 293.3 36.7 261.7 1.6 89.4 11.2 79.8

0 311.486 317149.9 356930.6 297.2 3.7 293.5 35.5 261.7 1.1 89.5 10.8 79.8
0 325.898 317157.8 357062.6 300.0 1.5 298.5 18.1 281.9 0.5 91.0 5.5 85.9
1 317157.8 357064.1 300.0 1.5 298.5 22.2 277.8 0.5 91.0 6.8 84.7
2 317157.9 357067.2 300.0 1.6 298.4 30.4 269.6 0.5 91.0 9.3 82.2
3 317157.9 357070.2 300.0 1.3 298.7 35.8 264.2 0.4 91.1 10.9 80.5
4 317157.9 357073.3 300.0 1.3 298.7 42.3 257.7 0.4 91.1 12.9 78.6
5 317158.0 357076.4 300.0 1.2 298.8 43.0 257.0 0.4 91.1 13.1 78.3
6 317158.0 357079.4 300.0 1.1 298.9 42.0 258.0 0.3 91.1 12.8 78.7
7 317158.0 357082.5 300.0 1.2 298.8 41.8 258.2 0.4 91.1 12.7 78.7
8 317158.0 357085.5 300.0 1.3 298.7 41.2 258.8 0.4 91.1 12.6 78.9
9 317158.1 357088.6 300.0 1.8 298.2 39.0 261.0 0.5 90.9 11.9 79.6
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GPS Relative
Elevation Easting Northing Surface

ophone (ft) (m) (m) Elev (ft) Depth (ft) Elev (ft) Depth (ft) Elev (ft) Depth (m) Elev (m) Depth (m) Elev (m)
Layer 2 Layer 3

Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site

Layer 2 Layer 3

10 317158.1 357091.7 300.0 2.1 297.9 36.7 263.3 0.6 90.8 11.2 80.3
11 317158.1 357094.7 300.0 2.0 298.0 36.4 263.6 0.6 90.8 11.1 80.4
12 317158.2 357097.8 300.0 2.8 297.2 36.7 263.3 0.9 90.6 11.2 80.3

0 326.01 317158.2 357099.3 300.0 3.3 296.7 35.4 264.6 1.0 90.5 10.8 80.7
13 317158.2 357100.8 300.0 3.8 296.2 34.1 265.9 1.2 90.3 10.4 81.1
14 317158.2 357103.8 300.0 4.7 295.3 30.0 270.0 1.4 90.0 9.1 82.3
15 317158.2 357106.9 300.0 3.9 296.1 28.6 271.4 1.2 90.3 8.7 82.7
16 317158.2 357109.9 300.0 3.2 296.8 28.6 271.4 1.0 90.5 8.7 82.7
17 317158.2 357112.9 300.0 2.2 297.8 27.4 272.6 0.7 90.8 8.4 83.1
18 317158.2 357115.9 300.0 3.5 296.5 26.1 273.9 1.1 90.4 8.0 83.5
19 317158.2 357118.9 300.0 2.9 297.1 24.8 275.2 0.9 90.6 7.6 83.9
20 317158.2 357121.9 300.0 2.6 297.4 24.4 275.6 0.8 90.7 7.4 84.0
21 317158.2 357125.0 300.0 2.8 297.2 23.5 276.5 0.9 90.6 7.2 84.3
22 317158.2 357128.0 300.0 2.3 297.7 21.4 278.6 0.7 90.8 6.5 84.9
23 317158.2 357131.0 300.0 2.2 297.8 21.4 278.6 0.7 90.8 6.5 84.9
24 317158.2 357134.0 300.0 2.6 297.4 21.4 278.6 0.8 90.7 6.5 84.9

0 324.499 317158.2 357135.5 300.0 2.8 297.2 21.4 278.6 0.9 90.6 6.5 84.9
0 321.772 317216.4 357287.0 300.5 6.5 294.0 49.7 250.8 2.0 89.6 15.2 76.5
1 317214.9 357287.0 300.2 6.1 294.1 45.1 255.1 1.9 89.7 13.7 77.8
2 317211.8 357286.9 299.8 5.5 294.3 37.7 262.1 1.7 89.7 11.5 79.9
3 317208.7 357286.8 299.6 5.1 294.5 30.5 269.1 1.6 89.8 9.3 82.0
4 317205.6 357286.7 298.6 5.5 293.1 23.5 275.1 1.7 89.4 7.2 83.9
5 317202.5 357286.6 297.5 3.8 293.7 22.5 275.0 1.2 89.5 6.9 83.8
6 317199.4 357286.4 297.9 4.9 293.0 24.9 273.0 1.5 89.3 7.6 83.2
0 322.684 317197.8 357286.4 298.2 5.3 292.9 25.9 272.3 1.6 89.3 7.9 83.0
7 317196.3 357286.4 298.5 5.7 292.8 26.9 271.6 1.7 89.3 8.2 82.8
8 317193.3 357286.6 299.1 6.2 292.9 28.3 270.8 1.9 89.3 8.6 82.6
9 317190.3 357286.7 297.9 4.9 293.0 28.8 269.1 1.5 89.3 8.8 82.0

10 317187.2 357286.8 299.5 5.1 294.4 31.2 268.3 1.6 89.8 9.5 81.8
11 317184.2 357286.9 300.1 3.6 296.5 32.2 267.9 1.1 90.4 9.8 81.7
12 317181.2 357287.0 299.9 4.7 295.2 33.6 266.3 1.4 90.0 10.2 81.2

0 319.249 317179.6 357287.1 300.0 4.9 295.1 34.5 265.5 1.5 90.0 10.5 80.9
13 317178.1 357287.1 300.0 4.9 295.1 35.2 264.8 1.5 90.0 10.7 80.7
14 317175.1 357287.1 300.0 4.5 295.5 30.7 269.3 1.4 90.1 9.4 82.1
15 317172.0 357287.1 300.0 4.3 295.7 27.6 272.4 1.3 90.1 8.4 83.0
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GPS Relative
Elevation Easting Northing Surface

ophone (ft) (m) (m) Elev (ft) Depth (ft) Elev (ft) Depth (ft) Elev (ft) Depth (m) Elev (m) Depth (m) Elev (m)
Layer 2 Layer 3

Table 10-3

Seismic Re raction a ulated Results Summar

Niagara Falls Storage Site

Layer 2 Layer 3

16 317169.0 357287.1 300.0 3.8 296.2 30.1 269.9 1.2 90.3 9.2 82.3
17 317166.0 357287.2 300.0 3.9 296.1 32.6 267.4 1.2 90.3 9.9 81.5
18 317162.9 357287.2 300.0 3.4 296.6 35.1 264.9 1.0 90.4 10.7 80.8
19 317159.9 357287.2 300.0 4.3 295.7 35.8 264.2 1.3 90.1 10.9 80.5
20 317156.8 357287.2 300.0 2.8 297.2 32.7 267.3 0.9 90.6 10.0 81.5
21 317153.8 357287.2 300.0 2.3 297.7 28.3 271.7 0.7 90.8 8.6 82.8
22 317150.8 357287.2 300.0 2.7 297.3 24.3 275.7 0.8 90.6 7.4 84.0
23 317147.7 357287.2 300.0 2.5 297.5 13.6 286.4 0.8 90.7 4.1 87.3
24 317144.7 357287.3 300.0 2.8 297.2 8.4 291.6 0.9 90.6 2.6 88.9

0 324.371 317143.2 357287.3 300.0 2.8 297.2 8.4 291.6 0.9 90.6 2.6 88.9
0 313.507 317750.4 357105.5 300.0 7.2 292.8 30.5 269.5 2.2 89.3 9.3 82.2
1 317750.3 357107.0 300.0 7.0 293.0 30.5 269.5 2.1 89.3 9.3 82.2
2 317750.1 357109.9 300.0 6.6 293.4 30.5 269.5 2.0 89.4 9.3 82.2
3 317749.8 357112.9 300.0 6.6 293.4 32.8 267.2 2.0 89.4 10.0 81.5
4 317749.6 357115.9 300.0 6.5 293.5 33.8 266.2 2.0 89.5 10.3 81.2
5 317749.4 357118.8 300.0 7.3 292.7 34.4 265.6 2.2 89.2 10.5 81.0
6 317749.2 357121.8 300.0 8.0 292.0 33.2 266.8 2.4 89.0 10.1 81.3
7 317748.9 357124.8 300.0 8.9 291.1 32.2 267.8 2.7 88.7 9.8 81.6
8 317748.7 357127.7 300.0 9.2 290.8 32.1 267.9 2.8 88.7 9.8 81.7
9 317748.5 357130.7 300.0 9.0 291.0 31.9 268.1 2.7 88.7 9.7 81.7

10 317748.3 357133.7 300.0 8.2 291.8 31.7 268.3 2.5 89.0 9.7 81.8
11 317748.0 357136.6 300.0 7.5 292.5 31.4 268.6 2.3 89.2 9.6 81.9
12 317747.8 357139.6 300.0 6.9 293.1 31.5 268.5 2.1 89.4 9.6 81.9

0 313.349 317747.7 357141.1 300.0 6.6 293.4 31.8 268.2 2.0 89.4 9.7 81.8
13 317747.6 357142.6 300.0 6.2 293.8 32.1 267.9 1.9 89.6 9.8 81.7
14 317747.5 357145.7 300.0 5.6 294.4 32.7 267.3 1.7 89.8 10.0 81.5
15 317747.4 357148.8 300.0 4.9 295.1 32.8 267.2 1.5 90.0 10.0 81.5
16 317747.3 357151.9 300.0 5.8 294.2 32.9 267.1 1.8 89.7 10.0 81.4
17 317747.2 357155.0 300.0 6.3 293.7 32.8 267.2 1.9 89.5 10.0 81.5
18 317747.1 357158.1 300.0 5.4 294.6 33.2 266.8 1.6 89.8 10.1 81.3
19 317747.0 357161.2 300.0 5.7 294.3 33.9 266.1 1.7 89.7 10.3 81.1
20 317746.9 357164.3 300.0 5.7 294.3 34.2 265.8 1.7 89.7 10.4 81.0
21 317746.8 357167.4 300.0 5.0 295.0 34.3 265.7 1.5 89.9 10.5 81.0
22 317746.7 357170.5 300.0 4.0 296.0 33.8 266.2 1.2 90.2 10.3 81.2
23 317746.5 357173.5 300.0 3.5 296.5 33.0 267.0 1.1 90.4 10.1 81.4
24 317746.4 357176.6 300.0 3.5 296.5 30.9 269.1 1.1 90.4 9.4 82.0

0 313.241 317746.4 357178.2 300.0 3.4 296.6 29.9 270.1 1.0 90.4 9.1 82.3
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Off-end SPs
Type* (ft off both ends) In-Spread SPs (stations) Record length (ms)

-T, R-R, V-V 7, 28 6/7, 12/13, 18/19 512
T-T, R-R 7, 14, 28, 56, 84 6/7, 12/13, 18/19 1024

-T, R-R, V-V 7, 28 6/7, 12/13, 18/19 512
-T, R-R, V-V 7 6/7, 12/13, 18/19 1024
-T, R-R, V-V 3.5, 7, 14, 28, 56, 84 Between each station for T-T 1024

(no 3.5 for R-R) & V-V; 6/7, 12/13, 18/19 for R-R
-T, R-R, V-V 7, 14, 28, 56, 84 6/7, 12/13, 18/19 512

verse into Transverse, R-R = Radial into Radial, V-V = Vertical into Vertical
cquired twice along line 2 with an increased number of source strikes and
off-end source points for the repeat acquisition.

Table 12-1
Seismic Shear Acquisition Parameters

Niagara Falls Storage Site
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Type (ft/sec) (m/s) (ft/sec) (m/s) (ft/sec) (m/s) (ft/sec) (m/s) (ft/sec) (m/s)

ansverse source and receiver 446 136 933 284 3238 987 3 0.9 60-70 195-230
rtical source and receiver 585 178 2281 695 7424 2263 2 0.6 30-36 99-118
dial source and receiver 604 184 1982 604 4147 1264 2 0.6 30-43 99-141
ansverse source and receiver 610 186 1015 309 3496 1066 4-8 12-25 70-77 230-255
rtical source and receiver 1178 359 2395 730 7367 2245 3-5 9-16 27-34 89-112
dial source and receiver 1037 316 2232 680 4133 1260 4-6 12-19 33-37 108-122

Top Layer 2 Top Layer 3

Niagara Falls Storage Site
Seismic Shear Depth and Velocity Summary

Velocity Velocity Velocity

Table 12-2

Layer 1 Layer 2  Layer 3 Depth Depth to
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EM
rthing (m) Anomaly Map Phase Comment Interpretation
57650.0 GA Property G Q Rectangular anomaly different soil/fill material
57670.9 GB Property G Q Small area of high conductivity different soil/fill material
57633.4 GC Property G Q Broad area of high conductivity different soil/fill material
57757.6 GD Property G Q Area of moderate conductivity topographic change -- low area
57731.2 GE Property G Q Broad area of moderate conductivity different soil/fill material
57645.7 GF Property G Q Rectangular anomaly different soil/fill material
57682.3 GG Property G Q Rectangular anomaly different soil/fill material
57690.6 GH Property G Q Broad area of high conductivity different soil/fill material

Table 14-1
Property G EM31 Anomaly Summary

Niagara Falls Storage Site



Integrated Magnetic EM Inphase EM Quadrature 
Designation Anomaly Anomaly Anomaly Map Comment Interpretation

CZ134 X X Southwest Rectangular anomaly, primarily conductive zone Terraced area on WCS
CZ142 A Southwest Conductivity only with one ferrous target Conductive zone
CZ145 AD AD Southwest Isolated near mapped sanitary utility Conductive Zone adjacent to Manhole (sanitary)
CZ146 AL Southwest Area of elevated conductivity Former drainage ditch now in filled
CZ147 AE Southwest Conductive zone adjacent to fence Fill or increased moisture
CZ148 AF Southwest Large area of elevated conductivity Conductive zone
CZ149 AJ Southwest Large area of elevated conductivity Fill materials
CZ150 AH Southwest Large area of elevated conductivity Fill materials
CZ152 Z Southwest Large area of elevated conductivity Fill material near utility
CZ153 C Southwest Inphase only Conductive zone
CZ154 AC Southwest Large area of elevated conductivity Fill/former lagoon area
D110 S I Southwest Linear feature Drainage Pipe/Ditch
D111 FI FI Southwest Linear Feature in vicinity EM61 anomaly C Culvert
D112 W N N Southwest Linear feature Coincident with corrugated metal drain pipe
D113 X Y Y Southwest Linear feature Coincident with corrugated metal drain pipe
D114 Y AA Southwest Linear feature Coincident with corrugated metal drain pipe
D115 Z AG AG Southwest Linear feature Coincident with corrugated metal drain pipe
F116 FS FO FO Southwest Visible on EM and Mag surveys WCS Fence Line
F117 FT FP FP Southwest Visible on EM and Mag surveys Western Boundary Fence

FZ121 A P P Southwest Rectangular anomaly-strong ferrous response Building 411
FZ122 C Southwest Rectangular anomaly-strong ferrous response Former structure adjacent to Bldg 411
FZ127 R Southwest Ferrous Target Metallic debris
FZ128 G M M Southwest Ferrous Zone Former building location
FZ129 D K K Southwest Ferrous zone within large metallic zone Buried buildings
FZ130 AC Southwest Ferrous Target Ferrous Target
FZ132 AD Southwest Ferrous Target at edge of Metallic Zone Ferrous Target
FZ133 AE Southwest Ferrous Target Ferrous Target
FZ135 Q V Southwest Ferrous Target Ferrous Target at terraced area
FZ136 P W Southwest Ferrous Target Ferrous Target at terraced area
FZ137 B AB AB Southwest Large ferrous target Reported location of buried bulldozer
FZ139 AH Southwest Ferrous Target Manhole
FZ140 AI Southwest Ferrous Target Ferrous Target
FZ141 AG Southwest Ferrous Target within an elevated conductive zone Ferrous Target
FZ143 AA AK AK Southwest Ferrous Target Ferrous Target
FZ144 N Southwest Ferrous Target Manhole
FZ151 T FV FV Southwest Ferrous Zone coincident with Metallic Zone Former drainage ditch with ferrous targets
FZ155 AF Southwest Ferrous Target Manhole
FZ156 FU F F Southwest Ferrous Target Ferrous Target
FZ157 FV FS FS Southwest Ferrous Target west of S119 Observation Wells OW-10A&B
FZ159 O Southwest Ferrous Target area near former road Ferrous Target
MZ123 M M Southwest Visible circular target on EM inphase Former structure -- tank
MZ124 AB FJ FJ Southwest Visible circular target on EM inphase Former structure -- tank
MZ125 M M Southwest Contains former structures Buried buildings and structures

Table 15-1
Integrated Interpretation Summary

Niagara Falls Storage Site
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Integrated Magnetic EM Inphase EM Quadrature 
Designation Anomaly Anomaly Anomaly Map Comment Interpretation

Table 15-1
Integrated Interpretation Summary

Niagara Falls Storage Site

MZ126 O O Southwest Large metallic anomaly Metallic debris
MZ129 L L Southwest Large metallic anomaly Building rubble
MZ131 FW U Southwest Rectangular anomaly Culvert/Large Vault within drainage ditch
MZ138 FQ FQ Southwest EM anomaly Buried Culvert
MZ158 FR FR Southwest Metallic Target north of east-west drainage Buried Metal Target
MZ161 FN FN Southwest Isolated anomaly Metallic Target
S118 L S S Southwest Coincident with trailers Trailers
S119 K T T Southwest Coincident with garage Garage
S120 V R R Southwest Former building location Decon Pad
U100 E B B Southwest Linear feature coincident with mapped water utility Water Utility
U101 F D D Southwest Linear feature coincident with mapped water utility Water Utility
U102 U E E Southwest Coincident with roadway Utility
U103 G Southwest Linear feature Utility
U104 FL FL Southwest Linear Feature Water Utility

U105, U106 M Q Q Southwest Linear feature coincident with mapped water utility Water Utility
U107 FM FM Southwest Linear Feature Utility
U108 J H H Southwest Linear feature Water Utility
U109 J J Southwest Linear feature Culvert/Drainage pipe
U160 FK Southwest Linear conductivity anomaly Possible utility not previously mapped
U222 H AI AI Southwest Wide linear feature Utility along edge of roadway

CZ201 AN Northwest Conductive zone Fill materials
CZ206 AO,AN AS AS Northwest High conductivity with scattered ferrous objects Conductive zone with some metal
CZ208 AU Northwest Broad area of high conductivity Former Drainage that has been filled
CZ213 AX Northwest High conductivity Conductive zone
CZ215 AZ Northwest High conductivity Conductive zone
CZ217  BB, BC Northwest Broad area of high conductivity Building/structure footers/foundations
CZ223  BE, BF Northwest Broad area of high conductivity near drainage ditch Fill materials
CZ224  BG Northwest Isolated high conductivity Conductive zone/Fill material
CZ233 BJ BJ Northwest Mostly quadrature, some inphase - adj to feature in Northcentral Conductive zone with some metal
D204 AR, AP AR, AQ Northwest Linear Drainage Pipe/Ditch
D216 AZ AZ Northwest Linear ferrous feature contained within conductive zone AZ Culvert 
F117 Northwest End of survey area Fence
F301 Northwest End of survey area Fence

FZ210 AV AW AW Northwest Isolated anomaly Ferrous Target
FZ211 AU Northwest Isolated anomaly Ferrous Target
FZ212 AT Northwest Isolated anomaly Ferrous Target
FZ218 AL FW FW Northwest Metallic zone, ferrous Ferrous Target
FZ219 AM Northwest Metallic zone, no structure evident on air photo Ferrous Target adjacent to building foundation
FZ220 AW Northwest Isolated anomaly within conductive zone Ferrous Target
FZ221 AX Northwest Isolated anomaly Ferrous Target
FZ227 BB Northwest Isolated anomaly Ferrous Target
FZ229 AR Northwest Isolated anomaly Ferrous Target
MZ200 AM AM Northwest Rectangular anomaly non-ferrous Metallic Zone
MZ202 AS AO Northwest Rectangular anomaly Metallic zone with monitor wells nearby
MZ207 AT Northwest Metallic zone with scattered ferrous Metallic zone with ferrous and non-ferrous
MZ207 AY BA Northwest Metallic zone, scattered Non-ferrous and ferrous targets
MZ209 AV Northwest Isolated anomaly with surface debris adjacent Surface debris
MZ214 AY AY Northwest Isolated Metallic zone, non-ferrous
MZ228 BH Northwest Isolated anomaly at the end of storm utility Non-ferrous target
MZ230 BI Northwest Metallic zone at ditch along road Suspected metallic material or pipes at ditch
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Integrated Magnetic EM Inphase EM Quadrature 
Designation Anomaly Anomaly Anomaly Map Comment Interpretation

Table 15-1
Integrated Interpretation Summary

Niagara Falls Storage Site

S231 AQ Northwest No confirmation on air photo, but utility connects to Probable structure
U203 BA AP, AQ, AR AQ, AR Northwest Linear Utility
U222 AJ BD BD Northwest Linear Utility
U225 AK Northwest Linear Utility
U226 AP Northwest Linear Utility
U232 BC BK BK Northwest Linear feature Storm utility
U300 Northwest Linear Utility
U305 BA AP, AR AQ, AR Northwest Linear Near storm utility

CZ233 BM BM Northcentral Adjacent to feature within northwest Conductive zone
CZ309  BO Northcentral Slightly elevated conductivity wet area Conductive zone
CZ316  BV Northcentral Conductivity near utility juncture Conductive zone
CZ323  CI Northcentral Elevated conductivity rail ties in vicinity Conductive zone
CZ331  BY Northcentral Isolated conductivity anomaly centered in hummocky area Conductive zone
F301 Northcentral Linear Feature Fence
F512 BD BP BP Northcentral Linear feature Fence

FZ303 BU Northcentral Isolated anomaly Ferrous Target
FZ304 BV Northcentral Isolated anomaly Ferrous Target
FZ306 BW Northcentral Isolated anomaly Ferrous Target/Manhole cover
FZ307 BX Northcentral Conductive zone Ferrous Target/Manhole cover
FZ308 BT Northcentral Isolated anomaly Ferrous Target
FZ310 BI, BI-2 FX FX Northcentral Many targets surrounding structures, rubble Metallic zone with ferrous targets/rubble
FZ311 BI-3 BQ BQ Northcentral Rectangular anomaly Ferrous zone south of BI-3
FZ313 BY FY Northcentral Isolated anomaly Ferrous Target
FZ315 BS Northcentral Isolated anomaly Ferrous Target
FZ318 BE, BF BT BT Northcentral Broad area of elevated inphase and mag Ferrous Target
FZ319 BZ Northcentral Isolated anomaly Ferrous Target
FZ322 CA Northcentral Isolated anomaly Ferrous Target
FZ324 BH Northcentral Small, rectangular anomaly Ferrous Target, possible culvert
FZ328 BJ CF, CG, CH CF, CG, CH Northcentral Ferrous metallic zone surrounding structures, surface debris Metallic zone with ferrous debris
FZ332 BR Northcentral Isolated anomaly Ferrous Target
FZ333 BQ Northcentral Isolated anomaly Ferrous Target
FZ334 BP Northcentral Small, rectangular anomaly Ferrous Target
FZ335 CF Northcentral Isolated anomaly Ferrous Target
FZ336 CE Northcentral Isolated anomaly Ferrous Target
FZ344 CD Northcentral Isolated anomaly Ferrous Target
FZ345 BN, BM Northcentral Small, rectangular anomaly Ferrous Target
FZ349 CC Northcentral Isolated anomaly Ferrous Target
FZ350 BK Northcentral Small, rectangular anomaly Ferrous Target
MZ317 BU BU Northcentral Metallic zone Metallic zone with ferrous and non-ferrous
MZ321 CB CB Northcentral Area of inhomogeneous material Conductive zone
MZ353 CB CT CT Northcentral Rectangular anomaly adjacent to a utility Conductive zone with some ferrous material
S311 BI-3 BQ BQ Northcentral Rectangular anomaly Structure
S314 BO BS BS Northcentral Rectangular anomaly Structure
S320 BG CA CA Northcentral Rectangular anomaly Structure
S326 BJ BW BW Northcentral Rectangular anomaly Structure
S327 BJ CD CD Northcentral Appears coincident with saddles on air photo Structure
S329 BJ BZ BZ Northcentral Rectangular anomaly Structure
S330 BJ CE CE Northcentral Appears coincident with saddles on air photo Structure
S337 BJ CF CF Northcentral Rectangular anomaly Structure
S338 BJ CH CH Northcentral Rectangular anomaly, adjacent to building Structure
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Table 15-1
Integrated Interpretation Summary

Niagara Falls Storage Site

S339 BJ CK CK Northcentral Appears coincident with concrete structures Structure
S340 BJ CL CL Northcentral Appears coincident with concrete structures Structure
S341 BJ CM CM Northcentral Appears coincident with concrete structures Structure
S342 BJ CJ CJ Northcentral Appears coincident with saddles on air photo Structure
S346 BL CV CV Northcentral Faint outline on air photo Structure
S347 BJ CO, CP CO, CP Northcentral Rectangular anomaly Structure
S348 CU CU Northcentral Rectangular anomaly Structure
S355 BJ BX BX Northcentral Rectangular anomaly Former building location
U108 BN BN Northcentral Linear Feature Water Utility
U203 CC CC Northcentral Linear Water Utility
U300 BC BL Northcentral Linear Storm Utility
U305 BR BR Northcentral Linear feature-sharpest on Quad Phase Utility
U343 CN CN Northcentral Linear feature Utility - Possible water - distance away
U351 CQ CQ Northcentral Isolated Linear features adjacent to a utility Water Utility
U352 CS CS Northcentral Linear Feature Utility
U354 CR CR Northcentral Isolated features coincident with trend of CQ Utility

CZ404  DE Northeast Inhomogeneous material adjacent to pipeline Conductive zone
CZ415 CY CY Northeast Isolated conductivity along pipeline Conductive zone
CZ418  DA Northeast Elevated Conductivity Conductive zone
CZ428  DJ Northeast Elevated near pipeline juncture, decrease away Conductive zone
CZ434  DO Northeast Elevated near pipeline juncture, decrease away Conductive zone
CZ436  DN Northeast Isolated anomaly Conductive zone
D405 DF Northeast Appears coincident with drainage way on photo Drainage ditch with some metal
F400 Northeast Linear feature Fence
F401 Northeast Linear feature Fence
F423 CH DH DH Northeast Linear feature Unmapped Utility

FZ406 CL Northeast Isolated anomaly Ferrous Target
FZ407 DH Northeast Isolated anomaly Ferrous Target
FZ410 DI Northeast Isolated anomaly Ferrous Target
FZ411 CO Northeast Small, rectangular anomaly Ferrous Target
FZ412 DG Northeast Isolated anomaly Ferrous Target
FZ414 CN Northeast Small, rectangular anomaly Ferrous Target
FZ416 DF CX CX Northeast Localized anomaly adjacent to a utility Ferrous Target
FZ420 DE Northeast Isolated anomaly Ferrous Target
FZ421 DD Northeast Isolated anomaly Ferrous Target
FZ422 DC Northeast Isolated anomaly Ferrous Target
FZ425 DJ Northeast Isolated anomaly Ferrous Target
FZ427 CT Northeast Metallic zone near utility Ferrous Target
FZ430 CX Northeast Isolated anomaly Ferrous Target
FZ431 CW Northeast Isolated anomaly Ferrous Target
FZ432 CV Northeast Isolated anomaly Ferrous Target
FZ433 CU DP DP Northeast Adjacent to fence Metallic zone, ferrous material
FZ435 CS DM DM Northeast Inhomogeneous material adjacent to pipeline Metallic zone, ferrous material
FZ437 CY Northeast Isolated anomaly Ferrous Target
FZ438 CR Northeast Metallic zone Ferrous Target
FZ439 DA Northeast Isolated anomaly Ferrous Target
FZ440 CZ Northeast Isolated anomaly Ferrous Target
FZ441 CQ Northeast Small, rectangular anomaly Ferrous Target
FZ442 DB Northeast Isolated anomaly along old rail spur Ferrous Target
MZ417 CZ CZ Northeast Rectangular anomaly Conductive zone
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Table 15-1
Integrated Interpretation Summary

Niagara Falls Storage Site

MZ424 DI DI Northeast Elevated near pipeline juncture, decrease away Metallic zone, non-ferrous material
MZ429 DK DK Northeast Isolated anomaly Non-ferrous target
S409 CM DD Northeast Faint outline on air photo Structure
S419 CP Northeast Rectangular anomaly, faint feature on air photo Structure
U300 CK Northeast Linear feature Utility
U343 CJ Northeast Linear feature Utility
U343 DG DG Northeast Linear feature Utility
U351 DB DB Northeast Linear feature Water utility
U403 CG Northeast Linear feature Utility - similar to water but longer
U408 FX DC DC Northeast Linear feature Water utility
U413 CW Northeast Linear feature Utility, drainage ditch also
U426 Northeast Linear Water utility
U426 CI DL DL Northeast Wide linear feature Water utility

CZ544 EU EU Southeast Conductive zone adjacent to mapped structure Conductive zone
CZ545 EO  EW Southeast Conductive zone Conductive zone
CZ545 EE  EX Southeast Conductive zone Conductive zone
CZ546 FQ  ET Southeast Conductive zone Conductive zone
CZ562  DS Southeast Elevated conductivity only Fill materials

CZ562, MZ565 DY DY Southeast Metallic zone Metallic zone within conductive area
CZ563, MZ568 DU DU Southeast Broad conductivity anomaly, scattered inphase Metallic zone within conductive area

CZ564  DV Southeast Broad conductivity anomaly Conductive zone adjacent to metallic area
D509  DW Southeast Linear feature Drainage ditch
F510  DT Southeast Linear feature Fence
F511 DR Southeast Linear feature Fence
F512 DK, DT FH FH Southeast Linear feature Fence
F513 Southeast Linear feature Fence
F514 Southeast Linear feature Fence
F515 Southeast Linear feature Fence

FZ519 EN EN Southeast Ferrous Zone Ferrous Zone
FZ530 DZ Southeast Ferrous Zone Ferrous Zone
FZ531 EX Southeast Ferrous Target Ferrous Target
FZ532 EZ Southeast Ferrous Target Ferrous Target
FZ533 EY Southeast Ferrous Target Ferrous Target
FZ534 EA Southeast Ferrous Zone Ferrous Zone
FZ535 FF FF Southeast Ferrous Zone Ferrous Zone
FZ535 FO FE FE Southeast Ferrous Zone Ferrous Zone
FZ535 EB, EH, FA Southeast Ferrous Zone Ferrous Zone
FZ535 EO EO Southeast Metallic Zone Metallic Zone
FZ535 EG ER ER Southeast Ferrous Zone Ferrous Zone
FZ536 EJ, EK, EN Southeast Ferrous Zone Ferrous Zone
FZ536 EP, EU, EV Southeast Ferrous Zone Ferrous Zone
FZ537 ET FD FD Southeast Ferrous Zone Ferrous Zone
FZ537 ES, EQ, ER, FP Southeast Ferrous Zone Ferrous Zone
FZ538 EI Southeast Ferrous Zone Ferrous Zone
FZ539 DV Southeast Ferrous Zone Ferrous Zone
FZ540 DL ED ED Southeast Ferrous Zone Ferrous Zone
FZ541 DS EH EH Southeast Ferrous Zone Ferrous Zone, potential utility, fire hydrant
FZ542 FJ EB EB Southeast Ferrous Zone Ferrous Zone, foundation
FZ548 DO Southeast Ferrous Zone within a metallic zone Ferrous Zone
FZ552 DM Southeast Ferrous Zone within a metallic zone Predominantly ferrous area located at ditch
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Table 15-1
Integrated Interpretation Summary

Niagara Falls Storage Site

FZ553 FN Southeast Ferrous Target Ferrous Target
FZ554 FM Southeast Ferrous Target Ferrous Target
FZ555 FL Southeast Ferrous Target Ferrous Target
FZ556 FK Southeast Ferrous Target Ferrous Target
FZ557 DQ Southeast Ferrous Zone Ferrous Zone, possible foundation
FZ558 FI Southeast Ferrous Target Ferrous Target
FZ559 FH Southeast Ferrous Target Ferrous Target
FZ560 FG Southeast Ferrous Target Ferrous Target
FZ570 DN Southeast Ferrous Zone Ferrous Zone, reinforced concrete pipe
FZ571 FC Southeast Ferrous Zone Ferrous Zone
MZ543 FA Southeast Isolated Inphase Metallic Target, pedestal
MZ547 EG EG Southeast Heterogeneous Material, weak inphase Metallic Zone
MZ547 EF EF Southeast Heterogeneous Material, moderate inphase Metallic Zone
MZ547 EE EE Southeast Heterogeneous Material, strong inphase Metallic Zone
MZ549 FF EA EA Southeast Elevated conductivity and inphase Metallic Zone, concrete structures
MZ550 DZ DZ Southeast Rectangular anomaly probably related to FZ552 Metallic Zone

MZ551, 566, 567 DX Southeast Heterogeneous Material Metallic Zone
MZ561 DQ Southeast Broad area of elevated inphase Metallic Zone
MZ569 DR DR Southeast Rectangular anomaly Metallic Zone
S516 DL EC EC Southeast Coincident with Building 401 Building 401
S517 FE Southeast Ferrous target near structure Structure
S518 DP Southeast Ferrous target near structure Structure
S519 DX EM EM Southeast Rectangular anomaly Structure
S520 FD EL EL Southeast Rectangular anomaly Structure

S521, FZ521 DW EK EK Southeast Rectangular anomaly Structure
S522 DW Southeast On edge of anomaly Structure
S523 FB Southeast Single point ferrous target Structure
S524 EQ EQ Southeast Coincident with mapped structure Structure
S525 DY EP EP Southeast Rectangular, coincident with mapped structure Structure
S526 EC, ED, EF Southeast Coincident with mapped structure Structure
S527 EY EY Southeast Rectangular anomaly Structure
S528 EL, EM EV EV Southeast Rectangular, consistent with mapped structure Structure
S529 EZ Southeast Rectangular anomaly Structure
U500 EJ EJ Southeast Linear feature Consistent with mapped water utility
U501 DU EI EI Southeast Linear feature Consistent with mapped water utility
U502 FB FB Southeast Linear Anomaly Utility
U503 FG FG Southeast Linear Anomaly Utility
U504 EW FC Southeast Linear Anomaly Utility
U505 FR Southeast Linear Anomaly Utility
U506 ES ES Southeast Linear, trending from mapped pad or building Utility
U507 FU Southeast Linear Anomaly Utility
U508 FT Southeast Linear Anomaly Utility

CZ601 GA Property G Elevated Conductivity Conductive zone
CZ602 GB Property G Elevated Conductivity Conductive zone
CZ603 GC Property G Elevated Conductivity Conductive zone
CZ604 GD Property G Elevated Conductivity Conductive zone
CZ605 GE Property G Elevated Conductivity Conductive zone
CZ606 GF Property G Elevated Conductivity Conductive zone
CZ607 GG Property G Elevated Conductivity Conductive zone
CZ608 GH Property G Elevated Conductivity Conductive zone
F301 Property G Linear Feature Fence
F609 Property G Fence Fence
S610 Property G House House
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grated Magnetic EM Inphase EM Quadrature 
gnation Anomaly Anomaly Anomaly Map Comment Interpretation
Z142 A Southwest Conductivity only with one ferrous target Conductive zone
Z147 AE Southwest Conductive zone adjacent to fence Fill or increased moisture
Z148 AF Southwest Large area of elevated conductivity Conductive zone
Z149 AJ Southwest Large area of elevated conductivity Fill materials
Z150 AH Southwest Large area of elevated conductivity Fill materials
Z153 C Southwest Inphase only, suspect pond location, scrap metal reported stored here Conductive zone
Z154 AC Southwest Large area of elevated conductivity, former dewatering pond area Fill/former lagoon area
Z201 AN Northwest Conductive zone Fill materials
Z208 AU Northwest Broad area of high conductivity Former Drainage that has been filled
Z213 AX Northwest High conductivity Conductive zone
Z215 AZ Northwest High conductivity Conductive zone
Z223  BE, BF Northwest Broad area of high conductivity conductive zone near drainage ditch
Z224  BG Northwest Isolated high conductivity Conductive zone/Fill material
Z233 BJ BJ Northwest Mostly quadrature, some inphase - adj to feature in Northcentral Conductive zone with some metal
Z218 AL FW FW Northwest Metallic zone, ferrous Ferrous Target
Z200 AM AM Northwest Rectangular anomaly non-ferrous Metallic Zone
Z202 AS AO Northwest Rectangular anomaly Metallic zone with monitor wells nearby
Z207 AT Northwest Metallic zone with scattered ferrous Metallic zone with ferrous and non-ferrous
Z207 AY BA Northwest Metallic zone, scattered Non-ferrous and ferrous targets
Z230 BI Northwest Metallic zone at ditch along road Suspected metallic material or pipes at ditch
Z233 BM BM Northcentral Adjacent to feature within northwest Conductive zone
Z309  BO Northcentral Slightly elevated conductivity wet area Conductive zone
Z316  BV Northcentral Conductivity near utility juncture Conductive zone
Z323  CI Northcentral Elevated conductivity rail ties in vicinity Conductive zone
Z311 BI-3 BQ BQ Northcentral Rectangular anomaly, storm sewer possible; inlet visible nearby Ferrous zone south of BI-3
Z318 BE, BF BT BT Northcentral Broad area of elevated inphase and mag Ferrous Target
Z324 BH Northcentral Small, rectangular anomaly Ferrous Target, possible culvert
Z334 BP Northcentral Small, rectangular anomaly Ferrous Target
Z345 BN, BM Northcentral Small, rectangular anomaly Ferrous Target
Z350 BK Northcentral Small, rectangular anomaly Ferrous Target
Z317 BU BU Northcentral Metallic zone, rubble filled depression Metallic zone with ferrous and non-ferrous
Z321 CB CB Northcentral Area of inhomogeneous material Conductive zone
Z353 CB CT CT Northcentral Rectangular anomaly adjacent to a utility Conductive zone with some ferrous material
Z404  DE Northeast Inhomogeneous material adjacent to pipeline Conductive zone
Z415 CY CY Northeast Isolated conductivity along pipeline Conductive zone
Z418  DA Northeast Elevated Conductivity Conductive zone
Z428  DJ Northeast Elevated near pipeline juncture, decrease away Conductive zone
Z434  DO Northeast Elevated near pipeline juncture, decrease away Conductive zone
Z411 CO Northeast Small, rectangular anomaly Ferrous Target
Z414 CN Northeast Small, rectangular anomaly Ferrous Target
Z427 CT Northeast Metallic zone near utility Ferrous Target
Z433 CU DP DP Northeast Adjacent to fence Metallic zone, ferrous material
Z435 CS DM DM Northeast Inhomogeneous material adjacent to pipeline Metallic zone, ferrous material
Z438 CR Northeast Metallic zone Ferrous Target
Z441 CQ Northeast Small, rectangular anomaly, suspect water and steam pipes in area Ferrous Target
Z417 CZ CZ Northeast Rectangular anomaly Conductive zone
Z424 DI DI Northeast Elevated near pipeline juncture, decrease away Metallic zone, non-ferrous material

Table 15-2
Geophysical Features of Interest

Niagara Falls Storage Site
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Table 15-2
Geophysical Features of Interest

Niagara Falls Storage Site

Z544 EU EU Southeast Conductive zone adjacent to mapped structure Conductive zone
Z545 EO  EW Southeast Conductive zone, debris pile in vicinity Conductive zone
Z545 EE  EX Southeast Conductive zone Conductive zone
Z546 FQ  ET Southeast Conductive zone Conductive zone
Z562  DS Southeast Elevated conductivity only Fill materials
2, MZ565 DY DY Southeast Metallic zone Metallic zone within conductive area
3, MZ568 DU DU Southeast Broad conductivity anomaly, scattered inphase Metallic zone within conductive area
Z564  DV Southeast Broad conductivity anomaly Conductive zone adjacent to metallic area
Z519 EN EN Southeast Ferrous Zone Ferrous Zone
Z530 DZ Southeast Ferrous Zone, suspect UST north of bldg foundation Ferrous Zone
Z534 EA Southeast Ferrous Zone Ferrous Zone
Z535 FF FF Southeast Ferrous Zone Ferrous Zone
Z535 FO FE FE Southeast Ferrous Zone Ferrous Zone
Z535 EB, EH, FA Southeast Ferrous Zone, visible pipeline-suspect UST Ferrous Zone
Z535 EO EO Southeast Ferrous Zone Ferrous Zone
Z535 EG ER ER Southeast Ferrous Zone, open concrete sump and potential piping Ferrous Zone
Z536 EJ, EK, EN Southeast Ferrous Zone Ferrous Zone
Z536 EP, EU, EV Southeast Ferrous Zone Ferrous Zone
Z537 ET FD FD Southeast Ferrous Zone Ferrous Zone
Z537 ES, EQ, ER, FP Southeast Ferrous Zone Ferrous Zone
Z538 EI Southeast Ferrous Zone Ferrous Zone
Z539 DV Southeast Ferrous Zone, suspect vault and water lines NW of Bldg. Ferrous Zone
Z540 DL ED ED Southeast Ferrous Zone, suspect USTs W & N of Bldg., storm grate S of Bldg. Ferrous Zone
Z548 DO Southeast Ferrous Zone within a metallic zone Ferrous Zone
Z571 FC Southeast Ferrous Zone Ferrous Zone
Z547 EG EG Southeast Heterogeneous Material, weak inphase Metallic Zone
Z547 EF EF Southeast Heterogeneous Material, moderate inphase Metallic Zone
Z547 EE EE Southeast Heterogeneous Material, strong inphase Metallic Zone
Z550 DZ DZ Southeast Rectangular anomaly probably related to FZ552 Metallic Zone
 566, 567 DX Southeast Heterogeneous Material Metallic Zone

Z561 DQ Southeast Broad area of elevated inphase Metallic Zone
Z569 DR DR Southeast Rectangular anomaly Metallic Zone
Z601 GA Property G Elevated Conductivity Conductive zone
Z602 GB Property G Elevated Conductivity Conductive zone
Z603 GC Property G Elevated Conductivity Conductive zone
Z604 GD Property G Elevated Conductivity Conductive zone
Z605 GE Property G Elevated Conductivity Conductive zone
Z606 GF Property G Elevated Conductivity Conductive zone
Z607 GG Property G Elevated Conductivity Conductive zone
Z608 GH Property G Elevated Conductivity Conductive zone
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1.0 SCOPE AND OBJECTIVES 
1.1 Scope 

This geophysical procedure provides instructions for obtaining mapping coordinates 
using a global positioning system (GPS). 

1.2 Objectives 
The objective of this geophysical procedure is to standardize the process of obtaining and 
documenting GPS coordinates to provide a permanent and accurate record of survey area 
boundaries, cultural features of the site that might be of interest, geophysical data 
locations, and other significant points.  The focus of this geophysical procedure is for the 
use of the Trimble Pro-XR GPS units.   

2.0 DEFINITIONS 
Coordinate - Any of a set of numbers used in specifying the location of a point on a line, 
on a surface, or in space. 

Global Positioning System - A satellite-based navigation system that providers precise 
position, velocity, and time information.  A typical GPS receiver (equipment) consists of 
an antenna, signal processing electronics, and processor.  The primary function of the 
receiver is to acquire signals, recover orbital data, make range and Doppler 
measurements, and process this information to obtain the user position, velocity, and 
time. 

Rover Unit - GPS unit utilized to collect mapping data.  For the purpose of this 
geophysical procedure, the Rover Unit is the Trimble Pro-XR GPS unit.   

Base Station - Stationary GPS unit set up on a known coordinate, which calculates an 
error factor due to Selective Availability and other factors. 

Selective Availability - Errors in the data and satellite-clock dithering that are deliberately 
included by the U. S. Department of Defense for security purposes. 

Differential Correction - Processing GPS rover data with base station data in order to 
remove errors in the rover data caused by Selective Availability and other factors. 
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3.0 RESPONSIBILITIES AND QUALIFICATIONS 
3.1 SAIC Project Manager 

The SAIC Project Manager is responsible for ensuring that the SAIC GPS field 
representatives are trained and indoctrinated in the content of this procedure and related 
procedures prior to performing the activity. 

3.2 SAIC Field Supervisor 
The SAIC Field Supervisor is responsible for ensuring the completion of all applicable 
forms and for notifying the SAIC Project Manager or designee of site-specific activities 
and GPS progress, problems, and results on a minimum of a daily basis. 

3.3 SAIC Field Representative 
The SAIC Field Representative is responsible for the following: 

 1. Ensuring that the GPS equipment is in working order prior to use in the 
field. 

 2. Performing a daily GPS equipment operational check against a known 
survey station (if applicable). 

 3. Collecting and documenting of GPS coordinate data in the field. 

All SAIC field representatives must be trained in procedures relating to this project such 
as health and safety requirements for site entry and work, basic GPS operation and 
fundamentals, field form documentation, and related procedures for other on-site field 
activities prior to the performance of this activity. 

4.0 MATERIAL/EQUIPMENT AND CALIBRATION REQUIRED 

4.1 Material and Equipment 
The following equipment must be brought to the work site for this activity: 
 1. Navigational compass. 
 2. Fine-tip waterproof marker or pen. 
 3. Wristwatch or appropriate timepiece. 
 4. Measuring tape (with markings in both meters and feet) and/or surveyor's 

wheel.
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 5. Personal protective equipment as specified in the Site-Specific Health and 
Safety Plan. 

 6. Site identification tags or markers, as needed. 
 7. GPS unit and associated equipment or attachments. 

4.2 Calibration Required 
Periodic calibration of the rover unit shall be performed by the instrument manufacturer. 
 Documentation of factory calibration dates and services performed shall be submitted to 
SAIC central files for archival purposes, with a copy kept in close proximity to the 
instrument.  In addition, at least once each day, an on-site check of the GPS unit 
operational accuracy against a known survey point should be performed for GPS unit 
field use, where possible. 

5.0 METHODS 
It should be noted that the accuracy and precision of a portable GPS unit such as the 
Trimble Pro-XR may not be sufficient to acquire data, which will satisfy regulatory or 
engineering specifications for surveyed points.  Therefore, a portable GPS unit such as a 
Trimble Pro-XR should be used only as a mapping or positioning tool rather than a 
survey tool. 

5.1 Preparation 
Prior to conducting the on-site activities, the following preparatory activities must be 
completed by an SAIC field representative: 

 1. Ascertain site restrictions (i.e. security clearance, health restrictions, and 
radiological categorization) and ensure compliance capabilities.   

 2. Prepare and review a list of sites scheduled to be mapped using the GPS. 

 3. Determine if real-time coast guard beacon, on-site base station, or other 
local base stations will be utilized.  Verify the operation of these support 
features during the planned data collection times.   

 4. Selection of a coordinate system that is site-specific, and verify the survey 
will meet the client's needs.   

 5. Recharge the GPS battery pack using the battery charger when low battery 
message appears. 
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 6. Gather and load all appropriate materials and equipment as previously 
described.  Verify that the equipment is available, functioning properly 
and, if applicable, is in calibration. 

5.2 Field Methodology 
The SAIC Field Representative shall complete a Field Activity Daily Log (FADL) for 
each day of field activities.  The FADL chronicles activities from arrival through 
departure at the site and should be detailed to allow for reconstruction of the day's 
activities at a later date.  The Field Representative shall also conduct a Tailgate Safety 
Briefing once per day when shifts change, when new personnel arrive on-site, or when 
conditions change.

The Field representative shall perform a minimal coordinate determination.  If a survey 
has area dimensions of less than 3 meters by 3 meters, obtain at least 1 coordinate to 
identify the center of the site location.  One coordinate is the minimum required for a 
site.  If the area is greater than 9 square meters, measure the 4 corner points, as in a 
square or another reasonable method, to establish the site location.  The actual number of 
coordinates positioned at any one site using the GPS should be based on GPS resolution, 
data requirements, and site-specific conditions.   

If a mapping point or site marker cannot be located with the GPS due to obstructions, 
transmission disturbances, or both, the GPS field representative shall have the authority 
to reposition the marker or choose an alternative mapping point to obtain an accurate 
position reading.  The GPS field representative must note the reason for any relocation of 
the markers in the FADL. 

Field personnel are to use their field observations and best judgment in any decision-
making process such as site conditions or coordinate determination.  If necessary, or if 
authorization is required, appropriate management personnel may be called upon to assist 
in any decision-making process during field activities. 

If GPS is being used to provide position data to support geophysical data, the user shall 
confirm that the internal clocks on both instruments have been synchronized to the 
nearest second of the GPS time.  Field personnel shall also wear the GPS antenna and 
battery pack in the same position for each survey session, so the geophysical equipment 
does not produce varying background results due to the metallic properties of the GPS 
unit.

5.3 Operation of the GPS 
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It is the Field representatives’ responsibility to operate the GPS with the antenna pointed 
straight up and make sure it is not blocked by objects or people.  If a fixed, permanent, 
survey station with known coordinates is available and accessible in the work site 
vicinity, perform a GPS unit operational accuracy check at least once per day.  All 
operational checks shall be documented.  Record the station name, the known coordinate 
data, the actual data points obtained during the operational check, and the operational 
check times on the Global Positioning System Operational Check Form (Attachment B). 

At each desired mapping location, obtain site coordinate data using the GPS unit in 
accordance with the instructions provided in the operations manual.  For the Trimble 
Pro-XR, press the “on” button.  When the unit is ready, select “Data Capture” followed 
by “Create New Rover” file.  Once survey parameters have been selected, the field 
representative may select an attribute type to survey.  The minimum survey time will be 
dictated by survey objectives, the accuracy needed, and whether differential correction 
from base or real time beacon correction will be utilized.  Attachment A includes a 
summary of operational instructions specific to use of a GPS Base Station with the 
Trimble Pro-XR.   

5.4 Data Collection 
The SAIC field representative shall record the GPS data gathered during operation of the 
equipment on the Field Data Tracking Form.  All field documents shall be reviewed for 
errors and completeness prior to signing by the field representative.  The signature is an 
affirmation of both the accuracy of the document to the representative's best knowledge 
and a verification of the representative's onsite presence. 

Field information gathered with the GPS should be stored in the system's memory bank.  
The information can then be downloaded and processed at a later time.  Selection of 
coordinate system is site-specific and shall be determined prior to any field activities. 

5.5 Data Download and Differential Correction 

GPS data shall be downloaded via computer using software compatible with the GPS 
unit being used and in accordance with the manufacturer's instructions.  If a Trimble Pro-
XR is being used, see Attachments C and D for data downloading instructions. 

6.0 REQUIRED INSPECTION/ACCEPTANCE CRITERIA 
The ultimate precision and accuracy of GPS data is determined by the sum of several 
sources of error.  The contribution of each source may vary, depending on 
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ionospheric/atmospheric conditions, satellite visibility, satellite clocks, receivers, 
multipath reception, and selective availability produced by the U. S. Department of 
Defense (DOD).  Some of these errors can be reduced with real-time U. S. Coast Guard 
beacon correction or utilizing a base station for differential correction during post-
processing.  The precision for uncorrected data can typically be up to +15 meters (49.2 
feet) with selective availability off and up to +40 meters (131.2 feet) with selective 
availability on.  The accuracy of the GPS operation procedure is also a function of the 
field personnel's attention to unit operation and use.  Consult the owner's manual 
(Trimble, 1997) for additional information specific to the Trimble Pro-XR GPS unit. 

7.0 RECORDS 
SAIC field crews shall maintain the following records for each field visit 
 1. Global Positioning System Field Mapping Form. 
 2. Global Positioning System Operational Check Form 

These forms shall be submitted to central files upon completion of work. 

8.0 REFERENCES 
IDCI Asset Surveyor User Manual, 1997.  Trimble Navigation Limited, Sunnyvale, 

California. 

Trimble Pro XR/XRS Receiver Manual, 1997.  Trimble Navigation Limited, Sunnyvale, 
California. 

Pathfinder Office, Software User Guide, 1996.  Trimble Navigation Limited, Sunnyvale, 
California. 

9.0 ATTACHMENTS 
Attachment A, Summary Instructions for Obtaining Coordinates with the Pro XR GPS 
Unit.
Attachment B, Global Positioning System Operational Check Form 
Attachment C, Downloading a Trimble Pro XR GPS Unit 
Attachment D, Differential Correction 
Attachment E, Global Positioning System Data Processing Form 
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 ATTACHMENT A 

 SUMMARY INSTRUCTIONS FOR OBTAINING COORDINATES 
 WITH THE TRIMBLE PRO XR GPS UNIT

1.0 Equipment Hookup

Connect all cords before turning on the GPS unit or the Omnistar™.

 1. Connect the 9-pin data/power cable (the elongated rectangular connector 
with adaptor) to the outlet on the Pro XR receiver marked Port B.  The 9-
pin connector should be connected to the 9-pin inlet at the TDC2 data 
cable.  Attach the other end of this cord to the power jack on the TDC2 
data logger. 

 2. Hook up the Pro XR antenna using the long black cord with round 
connectors at both ends.  One end goes in the bottom of the Pro XR 
antenna; the other end plugs into the outlet on the Pro XR receiver marked 
ANT.  The Pro XR antenna must be mounted upright at least three to four 
inches above the user's head to receive a consistent signal.  The dome at 
the top should have an unobstructed view of the sky. 

 3. Hook the black-colored dual battery cable to two fully charged camcorder 
batteries.

2.0 Preparing the Pro XR GPS Unit

 1. Once the GPS antenna is in a good position to receive the satellite 
readings, the GPS unit should be turned on. 

 2. After going through its normal cycle of acquiring satellite signals, it will 
give data transmission if working.  If transmission is not working, the GPS 
unit will send one or more of the following messages: 

  a. Too few SVs. 
  b. Check antenna cable. 
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  Sometimes, the Pro XR unit requires a couple minutes to receive a signal.  
These messages should go away as soon as the receiver begins working.  If 
the message persists, the cord connections or antenna positions may need 
to be checked. 

 3. As the GPS acquires satellite data, the following screen shows the SV ratio 
for the number of usable satellite versus the number of visible satellites, 
individual satellite codes, and the strength of the number of visible 
satellites.  The PDOP value represents the configuration of satellites in the 
sky with respect to the rover's position, followed by either “R” or “#” 
whereby “R” indicates RTCM link to Coast Guard beacon signal for real 
time correction or “#” which indicates no correction signal (base station 
required for differential correction). 

  A minimum of 4 satellites (SV=4) and PDOP <4 is needed to acquire the 
most accurate data.  As you increase the SV value and decrease the PDOP 
value, the accuracy of your data improves. 

3.0 Taking/Recording Corrected Position Readings

 1. Turn off handset by pressing ON/OFF button in the upper right corner of 
the keypad.   

 2. Scroll with the arrow button on the GPS unit handset until the DATA 
CAPTURE is highlighted and press ENTER. 

 3. The top of the next screen should read at the top: 

 CREATE NEW ROVER FILE 

  Highlight and press ENTER.  At this point, the Pro XR will automatically 
assign a file name with starts with “R” for rover file followed by two digits 
representing the month; two digits representing the day; and two digits 
representing the current hour, based on a 24-hour clock, followed by a 
consecutive letter starting with “A” and increasing by one if more than one 
file is collected in a given hour. 
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  Select “Generic” for data dictionary (sufficient for most applications).  
Select ”On” for carrier mode if real time beacon signal will be utilized for 
selective availability correction or ”Off” if a correcting base station will be 
utilized during post-processing. 

 4. Pressing OK will create the new data file.  The asset surveyor will 
automatically open this data file for logging. 

 5. At this point, the start feature menu will appear.  Select the type of feature 
to be surveyed (e.g., point, line, or area) by highlighting and pressing OK.  
Press OK to confirm the height of antenna dome versus the ground 
surface.   

  The Pro XR will begin collecting GPS data.  Once you have finished 
surveying the feature, press OK.  This will return you to the Start feature 
menu, and you may select another feature to survey. 

  To exit the DATA CAPTURE, press the ESC key in the upper left corner 
of the keypad.  Confirm exit DATA CAPTURE by pressing Y for yes or N 
for no.  To turn off the Pro XR, press the FUNC key followed by the 
ON/OFF key. 



 1
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 ATTACHMENT B 
 GLOBAL POSITIONING SYSTEM OPERATIONAL CHECK FORM

SAIC Project Name     SAIC Project Number   
Site Name      Date:     
GPS Field Crew:          

OPERATIONAL CHECK:
Survey File Name:     Geophysical Data Set (if applicable)   
Weather Conditions:          
GPS Unit Model No.:    GPS Datum (Circle one):    NAD 27    NAD 83 
Data Collected (UTM, lat/long, other__________):      
Start Time:      End Time:     
Number of Points Averaged:    Sigma (ft):    
Comments (location of car and other structures):      

OPERATIONAL CHECK:
Survey File Name:     Geophysical Data Set (if applicable)   
Weather Conditions:          
GPS Unit Model No.:    GPS Datum (Circle one):    NAD 27    NAD 83 
Data Collected (UTM, lat/long, other__________):      
Start Time:      End Time:     
Number of Points Averaged:    Sigma (ft):    
Comments (location of car and other structures):      

Field Crew Signature:     Organization:    
Date:       

Note:  The acronym NA shall appear on any line where the information required does not apply. 
The acronym NF shall appear on any line where the information is not available or obtainable.
amsl:  above mean sea level; lat/long = latitude/longitude; NE = northing/easting; UTM = Universal Transverse Mercator
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 ATTACHMENT C 
 DOWNLOADING A TRIMBLE PRO XR GPS

Before starting the process of downloading, you must have the following equipment on 
hand:

 1. A Trimble Pro XR GPS unit. 
 2. A personal computer (PC) with the Pathfinder office software preloaded 

on it. 
 3. The GPS unit-to-PC download cable (DE9 connector to 9-pin). 
 4. Trimble Pathfinder office donigal key. 

Procedures:

 1. Connect data logger to PC. 
 2. On the handset, select File Transfer from the main menu.  The Asset 

Surveyor software is ready to transfer data files. 
 3. Select Utilities/Data Transfer from the Pathfinder office menu bar.  A list 

of data files will appear in the Available Files dialog.  Select one or more 
files to be transferred by highlighting the files in the Available Files field 
and pressing Add. 

 4. Press Transfer.  All the files in the Selected Files field will be transferred. 
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 ATTACHMENT D 
 DIFFERENTIAL CORRECTION
The Differential Correction Utility enables you to remove errors in GPS data caused by 
selective availability and other factors.  It improves the accuracy of GPS positions from 
approximately 100 meters to between submeter and five meters, depending on the 
receiver, data collection technique, and location of base station with respect to the rover. 

GPS base station may be downloaded via several GPS Community Base Stations via the 
Internet.  The sites can be found by performing a net search for “GPS Base Station.” 

All base fields must be in the same format.  The Trimble SSF and DAT formats and the 
RINEX format are supported.   

To achieve maximum accuracy, the base station must be within 500 kilometers (300 
miles) of the survey site and relatively at the same elevation.  It is also important to 
choose a base station that has a similar logging interval as the rover.  Trimble 
recommends a logging interval that does not exceed 30 seconds. 

 1. Using the Differential Correction Utility: 

  a. Enter the Pathfinder Office program. 
  b. Select Utilities/Differential Correction from the pop-up menu.  The 

main Differential Correction window will appear. 
  c. By default, the last used set of files is selected as rover files.  They 

appear in the Selected Files list box.  To change the list of selected 
input files: 

   1) Press Browse in the rover files area.  The Select Rover File 
dialog appears. 

   2) Replace or modify the list of input files and press OK. 

  d. To select base files: 

   1) Press Browse in the Base Files area.  The selected Base Files 
dialog appears. 

   2) Select the appropriate base files and press OK. 
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  e. To automatically select base files: 

   1) Press Auto Select.  The Auto Select Base File dialog 
appears.

   2) Select Full Search to search all base files in a given 
directory, or select Quick Search to search base files for a 
specified range of base file names. 

   When the search is complete, the Confirm Selected Base Files 
dialog appears.  The Rover file lists the rover file(s) that were 
selected.  The Selected Base files box lists the base file(s) that were 
found. 

   The Coverage column (under Rover Files) displays Full, Partial, or 
None.  This indicates how much of each rover file is covered by the 
selected base file(s). 

  f. Once you are satisfied with base station coverage, press OK in the 
Selected Base Files dialog.  Next, the Reference position dialog box 
appears.

  g. Confirm that the reference position is correct for the base station 
used and press OK.  This will start Differential Correction. 

The time required for correcting the file varies depending on the size of the rover files, 
the number of base files used, and the speed of your computer.  If differential correction 
is successful, the Differential Correction Completed dialog box will appear and provide a 
log on the positions corrected. 
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 ATTACHMENT E 
 GLOBAL POSITIONING SYSTEM DATA PROCESSING FORM

SAIC Project Name     SAIC Project Number   
Site Name      Date:     
GPS Field Crew:          

GPS Rover Name (SSF):         
Geophysical Data Type (if applicable):   Time Interval:   
Corresponding Geophysical Data Files:           

       

GPS Time Line: Date:         
   Time Span:  

Correction for Selective Availability   Coast Guard Beacon ? Base Station ? 
GPS Base Station (if used): Location:      
Internet Address (if applicable):       

Base Files Utilized for Differential Correction: 

Differentially Corrected GPS File Name (.COR):      

Export File Format (e.g., AutoCAD, ASCII):      

Export File Names (may be text supported):               

Comments:           
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1.0 SCOPE AND OBJECTIVES

1.1 Scope 
This geophysical procedure provides instructions and establishes requirements for conducting surface 
electromagnetic (EM) surveys.  This procedure is applicable to all Science Applications International 
Corporation (SAIC) personnel involved in surface EM surveys. 

1.2 Objectives
The objective of this DOP is to provide uniform methods and instructions for conducting surface EM 
surveys including: 

 1. Site preparation. 
 2. Survey field procedures. 
 3. Electromagnetic data processing. 

2.0 DEFINITIONS

Anomaly - An anomaly is a geological feature distinguished by geophysical means that is different 
from the general surroundings (i.e., departure from the expected or normal). 

Environmental Restoration (ER) Site - Any facility, location, or structure where waste is or was 
disposed or contained in an ER site.  ER sites may contain various waste types (e.g., radioactive, 
mixed, suspected hazardous, hazardous, generated, or unknown) and may include buried structures 
such as tanks, sumps, sewage lagoons, leach fields, muck piles, waste dumps, mud pits, landfills, 
injection wells, disposal trenches, hazardous waste accumulation sites, tunnel ponds, or other waste 
containment structures used for the intentional or unintentional disposal, storage, or management of 
wastes.  Designation as a site under the ER project does not imply classification accordance to any 
known regulatory framework. 

EM Surveyor - A scientist/geophysicist that operates the EM surveying instruments and records the 
results in the field. 

Geotechnical Site - Any facility or location where geological or geotechnical features are of concern.  
These sites may contain potential sinkholes, material of economic interest, or historical features such 
as mines or tunnels. 

3.0 RESPONSIBILITIES AND QUALIFICATIONS 

3.1 SAIC Project Manager
The SAIC Project Manager shall be responsible for ensuring that the surface EM survey field crew is 
trained and indoctrinated in the content of this procedure and related procedures prior to performing 
the activity and that surface EM survey activities are documented in accordance with SAIC 
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requirements.

3.2 SAIC Field Supervisor
One of the SAIC surface EM survey field crew members shall be designated as the field supervisor 
and shall be responsible for ensuring the completion of all applicable forms and for notifying the SAIC 
Project Manager or designee of site-specific activities, survey progress, problems, and results.  The 
SAIC field supervisor shall be responsible for ensuring that surface EM survey activities are 
performed in accordance with this geophysical procedure. 

3.3 SAIC Electromagnetic Survey Field Team
Each surface EM survey field team shall consist of appropriately trained and qualified personnel, as 
determined by the SAIC Project Manager.  The SAIC field team shall be responsible for ensuring that 
surface EM survey activities are performed and documented in accordance with this geophysical 
procedure.

4.0 MATERIAL/EQUIPMENT AND CALIBRATION 

4.1 Material and Equipment
Specific equipment used to conduct surface EM surveys may consist of one or more of the items 
shown in Table 1 below. 

Table 1 
Surface EM Survey Specific Equipment

Name Type 

Geonics EM-31DL (EM-31) 
Geonics EM-34XL (EM-34) 
Omni Digital Data Logger 
Geonics EM-61 (EM-61) 

Electromagnetic terrain conductivity meter 
Electromagnetic terrain conductivity meter 
Data logger 
Electromagnetic metal locator 

The following is a list of additional equipment necessary to complete a surface EM survey: 

 1. Digital data logger 
 2. Laptop computer and diskettes 
 3. Measuring tape 
 4. Non-metallic pin flags or wooden stakes/lath 
 5. Flagging 
 6. Field notebook 
 7. Extra instrument batteries 

8. Nonmetallic hard-toed safety shoes or snake proof boots 
9. Hip chain or Global Positioning System equipment. 
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4.2 Calibration Requirements
Calibration and use of the instruments shall be in accordance with the manufacturer's instructions.  
Calibration checks shall be performed prior to commencement of field activities to verify the 
equipment is functioning properly. 

5.0 METHODS
Surface EM surveys are conducted to aid in the characterization of the subsurface by locating buried 
conductive objects (e.g., buried structures, pipelines, utilities, drums, and tanks).  Instrument output 
of field strength in milli-volts is recorded electronically using a data logger. 

5.1 Surface EM Survey Preparation
Prior to performing surface EM surveys, the following activities should be performed: 

 1. Existing site information shall be reviewed. 
 2. The potential influence of cultural features (e.g., manhole covers, utilities, fences, 

buildings, well casings, and power lines) shall be evaluated. 
3. Health and safety hazards shall be defined. 
4. Survey parameters of traverse spacing and inline measurement distance should be 

verified from the work plan. 

5.2 Site Preparation
Prior to conducting a surface EM survey, a base grid will be established.  The base grid shall be 
marked with nonmetallic pin flags or wooden stakes/lath to provide spatial control for the EM 
survey team.  Subsequently, the base grid shall be filled in with geophysical survey control point at 
appropriate line spacing by the surface EM survey field team.  To the extent possible, the survey 
area should be cleared of all surface metallic debris.  The debris should be moved to a location 
where it will not affect the EM survey instrument measurements. 

For surface EM surveys using the EM-31, EM-34 or the EM-61, an EM base station shall be 
established at the site in an area unaffected by buried debris or cultural interference (e.g., fences, 
power lines, or any surface metallic object).  Base station conductivity measurements shall be 
collected at least three times daily (e.g., morning, mid-day, and evening).  These measurements shall 
be both taken manually and recorded on the appropriate field form or on the Field Activity Daily 
Log (FADL) in accordance with Geophysical Procedure GP-006 - Field Activities Documentation,
or shall be recorded electronically with a digital data logger.  If a digital data logger is used, the 
results shall be printed out and retained in the project file.  The base station data shall be used to 
verify the field instrument was operating properly during the survey. 

These data shall be compared with the earliest daily base station data set and used to monitor 
instrument drift in the measured conductivity and in-phase component during the survey.  For small 
survey sites, the initial survey traverse or first several survey locations may be re-measured in place 
of establishing a base station. 
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5.3 Surface EM Survey Field Procedures
A standard procedure for conducting EM surveys is provided below.  While conducting the EM 
survey, steel-toed boots and other metallic objects, such as jewelry, shall not be worn.  Non-metallic 
hard-toed boots, such as plastic or fiberglass-toed boots, or snake proof boots are acceptable. 

The EM surveyor shall conduct a visual survey along the proposed lines.  Any visible feature shall 
be recorded on the FADL and on a site map.  The visual survey shall accomplish the following 
tasks:

1. Review site utility plans. 
2. Check for overhead features, such as power lines and wires. 
3. Check for manhole covers and steel-cased wells. 

The location of metallic surface debris or any structure that may affect the EM survey data (i.e., 
ephemeral streams, changes in soil and vegetation, etc.) shall be located on a site map and the 
location described on the FADL. 

The EM surveyor shall check the instrument battery for sufficient charge and calibrate the 
instrument according to the manufacturer's instructions prior to the commencement of field 
activities each day.  Instrument checks (base station) performed periodically throughout the survey 
shall be documented on the FADL. 

For surveys using the EM-31, EM-34 or EM-61, the EM surveyor shall collect measurements at pre-
established intervals along survey lines.  A survey may be repeated along perpendicular lines at 
sights where linear features such as pipelines or trenches are present.  For surveys conducted with 
the EM-34, conductivity is measured.  For surveys conducted with the EM-31, conductivity and in-
phase component are measured.  EM-61 surveys measure the total field strength in both the upper 
and lower coils, in milli-volts. 

If recorded electronically, surface EM survey data shall be regularly downloaded to a laptop 
computer.  Checks to ensure correct data transfer shall be performed.  Field team comments and file 
names assigned to the data files during downloading shall be recorded on the appropriate field form 
or on the FADL.   

At the end of the field day, base station and survey data shall be backed up onto diskettes for further 
processing and archival purposes.  Any anomalies located with these instruments shall be staked or 
marked using utility marking paints and shall be plotted on a site map. 

5.4 Data Processing and Interpretation
This section presents data tracking, processing, and interpretation procedures for EM-31 data.  
Similar procedures are used for EM-34, and EM-61 data, when applicable. 
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Surface EM survey field data and corresponding base station data shall be tracked by recording the 
dates of acquisition, site-specific field data file names, and corresponding base station file names on 
Field Data File Tracking Forms (Attachment A).  Secondary base station data files, which may be 
referred to as pre-survey and post-survey files shall be printed, reviewed, and the average 
conductivity and in-phase component shall be recorded on a Data Tracking Form.   

Before processing, all EM field survey files shall be reviewed to ensure data quality.  EM data file 
names, line and station ranges, field errors, corrections made to files, and corrected file names shall 
be documented on Geophysical Data Editing Forms (Attachments B, C, and D).  Pocket calculator 
calculations or computer software shall be used to adjust background in-phase values to zero. 

Electronic data files containing line and station coordinates and conductivity and/or in-phase 
component files shall be generated for each corrected field file.  The file name corresponding to 
each field data file shall be recorded on the Geophysical Data Editing Form. 

Contour maps of EM data shall be generated using the SURFER Mapping System or equivalent 
geophysical mapping systems.  The data shall be gridded, optionally filtered, contoured, and plotted. 
 The names of the files generated and the processing parameters shall be recorded on SURFER Data 
Processing Forms (Attachment E) or equivalent.  Contour maps shall be color-enhanced to facilitate 
recognition and interpretation of subtle anomalies. 

6.0 REQUIRED INSPECTION/ACCEPTANCE CRITERIA
EM (secondary) base station data will be used to validate field survey data.  All anomalies should be 
revisited to verify their existence and location.   

7.0 RECORDS
The following records generated as a result of implementation of this procedure shall be maintained 
in a safe manner and submitted to the project central files for storage: 

 1. Field Activity Daily Log 
 2. Site maps 
 3. Field Data File Tracking Form 
 4. Geophysical Data Editing Form 
 5. SURFER Data Processing Form 

8.0 REFERENCES 

8.1 Requirements and Specifications
McNeill, J.D., 1980.  Electromagnetic Terrain Conductivity Measurement at Low Induction 

Numbers, Technical Note TN-6.  Canada.  Geonics, Ltd. 

U.S. Environmental Protection Agency, 1987.  A Compendium of Superfund Field Operations 
Methods.  EPA/540/P-87/001. 
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U.S. Environmental Protection Agency, 1988.  Guidance for Conducting Remedial Investigations 
and Feasibility Studies Under CERCLA. EPA, Interim Final. 

U.S. Environmental Protection Agency, 1989.  RCRA Facility Investigation Guidance, EPA, 
Interim Final. 

8.2 Related Procedures
GP-001 Geophysical Project Management 
GP-004 Field Activities Documentation Procedures 

8.3 Other Documents
Manufacturer's Manual for Geonics EM-61 
Manufacturer's Manual for Geonics EM-31 
Manufacturer's Manual for Geonics EM-34 
Manufacturer's Manual for Omni Digital Data Logger 

9.0 ATTACHMENTS
Attachment A, Field Data File Tracing Form 
Attachment B, Geophysical EM-31 Data Editing Form 
Attachment C, Geophysical EM-34 Data Editing Form 
Attachment D, Geonics EM-61 Data Editing Form 
Attachment E, SURFER Data Processing Form



H:\Users\HOOVERR\GEOPHY\DOP'S\GP002EM.DOC   Date:1/29/2002   Page 8 of 13

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778

Attachment A 
DATA FILE TRACKING FORM 

(Page 1 of 1) 

Project Name:     Project Number:     Sheet ___ of ___ 
Site Name:      Processed by:       

Date Equipment Field Data 
File 

Pre-Survey File Post-Survey 
File 

Comments 
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Attachment B
GEONICS EM-31 DATA EDITING FORM

(Page 1 of 1) 

Project Name:     Project Number:     Sheet ___ of ___ 
Site Name:      Processed by:     
Data Type:      Date:     

Field 
Data File 

Line 
Number

Station
Range 

Corrected 
Field Data 

Files 

Summary of 
Changes 

Editor
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Attachment C
GEONICS EM-34 DATA EDITING FORM

(Page 1 of 1) 

Project Name:     Project Number:     Sheet ___ of ___ 
Site Name:      Processed by:     
Data Type:      Date:     

Field 
Data File 

Line 
Number

Station
Range 

Corrected 
Field Data 

Files 

Summary of 
Changes 

Editor
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Attachment D
GEONICS EM-61 DATA EDITING FORM

(Page 1 of 1) 

Project Name:     Project Number:     Sheet ___ of ___ 
Site Name:      Processed by:     
Data Type:      Date:     

Field Data 
File 

Line 
Number

Station
Range 

Corrected Field 
Data Files 

Summary of 
Changes 

Editor
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Attachment E 
SURFER DATA PROCESSING FORM

(Page 1 of 1) 

Project Name:     Project Number:    Sheet ___ of ___ 
Site Name:      Processed by:     
Data Type:      Date:     

    Comments: 

INPUT FILE: .dat File name:   

     Z data Column ----- Column:    

DATA SUMMARY Min. Max.   

X:      

Y:      

Z:      

GRIDDING -----  Grid Method:    

 ----- X Spacing:   

 ----- Y Spacing:   

 .grd Output File name:   

     

BLANKING  .bln File name:   

Blanked Grid File .grd File name:   

     

BASEMAP FILE  File name:   

     

POSTED DATA FILE: .dat File name:   

     

COLOR LEVEL FILE: .lvl File name:   

     

MAP SCALE 1.0 = Length=   

X:   inches -----  

Y:   inches -----  

MAP LIMITS Min: Max   

X:    -----  

Y:    -----  

CONTOURED FILE: .srf File name:   
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1.0 SCOPE AND OBJECTIVES

1.1 Scope 

This geophysical procedure describes procedures for conducting surface magnetic surveys. Surface 
magnetic surveys are conducted to aid in the characterization of the subsurface.  The purpose of 
surface magnetic surveys is to locate and determine site boundaries of buried metallic objects and 
installations (e.g., metallic pipelines, utilities, drums, and tanks). 

This procedure shall be utilized at known or new sites identified by Science Applications 
International Corporation (SAIC) for surface magnetic survey investigations.  Magnetic surveys 
will be conducted by the SAIC magnetic survey field crew and shall be performed in accordance 
with this geophysical procedure. 

1.2 Objectives

The objectives of this geophysical procedure are to provide instructions for: 

 1. Site preparation. 
 2. Magnetic survey field procedures. 
 3. Magnetic data processing. 

2.0 DEFINITIONS

Anomaly - A geologic feature distinguished by geophysical means, which is different from the 
general, surroundings.  A departure from the expected or normal. 

ER Site - Any facility, location, or structure where waste is or was disposed or contained.  ER sites 
may contain various waste types (e.g., radioactive, mixed, suspected hazardous, hazardous, 
generated, or unknown) and may include tanks, sumps, sewage lagoons, leach fields, muck piles, 
waste dumps, mud pits, landfills, injection wells, disposal trenches, hazardous waste accumulation 
sites, tunnel ponds, or other waste containment structures used for the intentional or unintentional 
disposal, storage, or management of wastes.  Designation as an ER site does not imply 
classification accordance to any certain regulatory framework. 

Ferromagnetic Material - A substance containing iron and possessing a high magnetic 
susceptibility. 

Geotechnical Site - Any facility or location where geological or geotechnical features are of 
concern.  These sites may contain potential sinkholes, material of economic interest, or historical 
features such as mines or tunnels. 

Magnetic Storm - A worldwide disturbance of the earth's magnetic field.  It generally lasts several 
days and is thought to be caused by charged particles ejected by solar flares. 
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3.0 RESPONSIBILITIES AND QUALIFICATIONS

3.1 SAIC Project Manager

The SAIC Project Manager is responsible for ensuring the magnetic survey field crew is trained and 
indoctrinated in the content of this procedure and related procedures prior to performing the 
activity.  The SAIC Project Manager is responsible for ensuring that the magnetic survey activities 
are performed in accordance with this geophysical procedure. 

3.2 Geophysical Manager

The SAIC Geophysical Manager shall be responsible for ensuring that the magnetic survey 
is properly designed and implemented according to the objective of the investigation.  The 
manager is also responsible for reviewing all of the magnetic data, data processing, and 
reporting activities and verifying that the data effectively achieve the objective of the 
investigation. The geophysical manager will be responsible for determining the traverse 
spacing, sampling frequency, sensor type and configuration and the method of data 
reduction and interpretation to meet the survey objectives.  The Geophysical manager shall 
be responsible for the interpretation and geophysical reporting.   

3.3 SAIC Geophysical Field Supervisor
One of the SAIC magnetic survey field crew members shall be designated as the field 
supervisor and shall be responsible for ensuring the completion of all applicable forms 
and for notifying the SAIC Project Manager or designee of site-specific activities and 
magnetic survey progress, problems, and results on a minimum of a weekly basis.  The 
SAIC field supervisor is responsible for ensuring that magnetic survey activities are 
performed in accordance with this geophysical procedure.   

3.4 SAIC Magnetic Survey Field Team

Each magnetic survey field team shall consist of appropriately trained and qualified 
personnel, as determined by the SAIC Project Manager.  The SAIC field team is 
responsible for ensuring that magnetic survey activities are performed in accordance with 
this geophysical procedure. 

4.0 MATERIAL/EQUIPMENT AND CALIBRATION

4.1 Material and Equipment

Specific equipment used during magnetic surveys may consist of one or more of the items shown in 
Table 1 below. 
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Table 1 
Magnetic Survey - Specific Equipment 

Name Type 
EDA Omni Plus 
EDA Omni IV 

EG&G G856AG 
GEM Systems GSM-19 

Scintrex ENVIMAG 
Scintrex MP-4 
EG&G G-822L 
Scintrex MF-2 

Schonstedt Model GA-72CV/52B 

Proton processing magnetometer 
Proton processing magnetometer 

Cesium magnetometer 
Overhauser effect magnetometer 
Proton processing magnetometer 
Proton processing magnetometer 
Optimally pumped magnetometer 

Fluxgate magnetometer 
Magnetic/ordinance locator 

The following is a list of equipment that is not magnetic survey-specific but is necessary to 
complete a surface magnetic survey: 

  1. Digital data logger and/or analog strip recorder (when applicable) 
  2. Laptop computer and diskettes 
  3. Measuring tape 
  4. Wooden stakes or lath boards 
  5. Surveyor's paint/chalk 
  6. Flagging 
  7. Field notebook 
  8. Extra instrument batteries 

4.2 Calibration Requirements

Calibration and use of the instruments shall be in accordance with the manufacturer's instructions. 

5.0 METHODS

A magnetic survey measures variations in the earth's magnetic field.  Anomalies in the earth's 
magnetic field are caused by induced or remnant magnetism resulting from ferromagnetic material 
such iron found in metallic pipelines, drums, and tanks. Thus, a magnetic survey is an effective 
investigative tool for delineating waste burial sites and underground metallic pipelines, tanks, and 
other metallic objects.  Magnetometers are used to measure the earth's total magnetic field and/or 
the vertical magnetic gradient.  

5.1 Magnetic Survey Preparation

The magnetic survey design and the use of survey techniques are discussed in the work plan.  In 
addition, the purpose of the geophysical survey investigation and expected results are discussed in 
the work plan.  The following issues and concerns have been evaluated: 
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 1. Review existing site surface and subsurface information. 

 2. Evaluate the potential influence of cultural features (i.e., utilities, fences, buildings, 
power lines, etc.) 

 3. Define any health and safety hazards. 

A standard field procedure for conducting a magnetic survey is described below. 

5.2 Site Preparation

Prior to conducting a magnetic survey, a base grid will be established.  The base grid shall be 
marked with wooden stakes to provide spatial control for the magnetometer survey.  Subsequently, 
the base grid shall be filled in with the appropriate line spacing by the magnetic survey field team.  
To the extent possible, the survey area should be cleared of all surface metallic debris.  The debris 
should be moved to an area well outside the area of interest.  In the event a Global Position Survey 
(GPS) is to be used for the site, a visual reference grid may be established by the magnetic survey 
field crew.

A magnetic base station shall be established at the site in an area unaffected by buried debris or 
cultural interference (e.g., fences, power lines, or any surface metallic object).  A base station 
magnetometer shall be programmed to measure and digitally record the total magnetic field at 
regular intervals throughout the course of the day.  The base station data will allow field data to be 
corrected for diurnal variation (magnetic drift) of the earth's magnetic field.  The base station data 
will also provide a record of unusual magnetic activity such as magnetic storms of a passing 
vehicle.

In the event the planned survey is vertical gradient only, the use of a base station will be to monitor 
instrument drift.  The base station will be occupied at least three times daily (e.g., morning, mid-
day, and evening).  At least 20 measurements shall be recorded either manually or digitally and 
noted on the appropriate field form or Field Activity Daily Log (FADL).  Optionally, the data may 
be recorded digitally with a digital data logger.  If a digital data logger is used, the results shall be 
printed out and retained in the project files. 
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5.3 Field Procedures

 1. Conduct a visual survey along the proposed lines.  The visual survey shall include: 

   a. Review site utility plans. 
   b. Check for overhead features such as power lines and wires. 
   c. Check for manhole covers and steel-cased wells. 
   d. Record any features in the Field Activity Daily Log (FADL) and on 

a site map. 

 2. Accurately record the location of metallic surface debris on a site map and document 
in the FADL. 

3. Check instrument battery for sufficient charge and test instrument according to 
manufacturer's instructions.  This shall be performed prior to the commencement of 
field activities each day and a minimum of once more each day.  Instrument checks shall 
be documented in the FADL. 

4. Ensure that metallic materials are removed from data collection personnel to the greatest 
reasonable degree.  This includes keys, coins, medallions, watches and other metallic 
personal items.  Under no circumstances shall data be collected while personnel wear 
steel-toed safety boots.  Composite-toe boots are available.   

5. Collect measurements of the earth's total magnetic field and/or vertical magnetic 
gradient at pre-established intervals along survey lines.  Instrument operation shall be in 
accordance with manufacturers operating instructions.  Measurements shall be repeated 
at several stations throughout the course of a survey or an entire survey line shall be 
repeated to monitor instrument performance.  The location and frequency of repeated 
stations or lines must be identified in the FADL 

6. Magnetic data shall be stored in a data logger or the internal memory of the 
magnetometers along with corresponding line and station numbers and time of 
acquisition.

7. Magnetic data shall be regularly downloaded to a laptop computer.  The base station 
magnetometer may be connected to the field magnetometer during downloading where 
drift corrections are made automatically.  The field and base station magnetometers may 
alternatively be downloaded independently so in-house software can later be used to de-
drift the data.  At the end of the field day, base station and survey data shall be backed 
up onto diskettes for further processing and archival purposes. 

8. A data logger is not used when a site is surveyed with the Schonstedt 
magnetic/ordinance locator.  Any anomalies located with this instrument shall be staked 
or marked using surveyor's chalk/paint.  Anomalies shall be accurately plotted on a site 
map and documented in the FADL. 
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5.4 Data Processing and Interpretation

Magnetic field data and corresponding base station data shall be tracked by recording the dates of 
acquisition, site-specific data file names, and corresponding base station file names on Data File 
Tracking Forms (Attachment A). 

Before processing, all magnetic field survey files shall be printed and reviewed to ensure data 
quality.  Magnetic data file names, line and station ranges, field errors, corrections made to files, 
and corrected file names shall be documented on Magnetic Data Editing Forms (Attachment B).  
Base station data shall be plotted and reviewed for magnetic storms or other anomalous readings.  
Any editing of the base station files and new file names shall be recorded on a Magnetic Base 
Station Processing Form (Attachment C).  Commercially available computer software 
MAGMAPPER2000™ will be used to review, correct the field data for diurnal variation (magnetic 
drift) of the earth's magnetic field, and other necessary presentation and processing of the data.   

Data files containing line and station coordinates and total magnetic field and/or vertical magnetic 
gradient readings shall be generated for each corrected field file.  The file name corresponding to 
each file data file shall be recorded on the magnetic data editing form. 

Contour maps of magnetic data shall be generated using a geophysical mapping system such as 
SURFER™.  The data shall be gridded, optionally filtered, contoured, and plotted.  The names of 
the files generated and the processing parameters used shall be recorded on SURFER Data 
Processing Forms (Attachment D).  Contour maps shall be color enhanced to facilitate recognition 
and interpretation of subtle anomalies. 

6.0 REQUIRED INSPECTION/ACCEPTANCE CRITERIA

If a magnetic storm occurs during acquisition of field data, the affected data shall be reacquired.  
Anomalies occurring only in the base station files and caused by a vehicle passing the 
magnetometer or by an instrument malfunction or other similar event shall be deleted from the data 
file before de-drifting the field data.  All anomalies shall be revisited to verify their existence and 
location.

7.0 RECORDS
All project records generated in the field by the performance of this geophysical procedure shall be 
temporarily filed in a designated folder and kept with the field crew while in the field.  Following 
the conclusion of field activities, all project records shall be maintained in accordance with 
appropriate Archive Methods for Project Documentation.  The following is a list of the forms 
generated by this procedure. 
  1. Field Activity Daily Log 
  2. Site maps 
  3. Data File Tracking Form (Attachment A) 
  4. Magnetic Data Editing Form (Attachment B) 
  5. Magnetic Base Station Processing Form (Attachment C) 
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  6. SURFER Data Processing Form (Attachment D) 

8.0 REFERENCES
8.1 Requirements and Specifications

A Compendium of Superfund Field Operations Methods, EPA/540-P-87/001, December 
1987.

Guidance for Conducting Remedial Investigations and Feasibility Studies under CERCLA, EPA, 
Interim Final, October 1988. 

RCRA Facility Investigation Guidance, EPA, Interim Final, May 1989. 

8.2 Related Procedures
GP-001 Geophysical Project Management 
GP-004 Field Activities Documentation Procedures 

8.3 Other Documents
Manufacturer's Manual for EDA Omni Plus 
Manufacturer's Manual for EDA Omni IV 
Manufacturer's Manual for EG&G G856AG 
Manufacturer's Manual for GEM Systems GSM-19 
Manufacturer's Manual for Scintrex ENVIMAG 
Manufacturer's Manual for EG&G G-822L 
Manufacturer's Manual for Scintrex MF-2 
Manufacturer's Manual for Schondstedt Model GA-72CV 

9.0 ATTACHMENTS

Attachment A, Data File Tracing Form 
Attachment B, Magnetic Data Editing Form 
Attachment C, Magnetic Base Station Processing Form 
Attachment D, SURFER Data Processing Form 
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 Attachment A 
 DATA FILE TRACKING FORM 

(Page 1 of 1) 

Project Name:     Project Number:     Sheet ___ of ___ 
Site Name:      Processed by:     

Date Equipment Field Data 
File

Pre-Survey 
File

Post-Survey 
File

Comments 
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Attachment B 
MAGNETIC DATA EDITING FORM

(Page 1 of 1) 

Project Name:     Project Number:     Sheet ___ of ___ 
Site Name:      Processed by:     
Data Type:      Date:    

Field 
Data File 

(.bin)

Line 
Number

Station
Range 

Corrected Field 
Data Files  

(.stn)

Summary of 
Changes 

Editor
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Attachment C 
MAGNETIC BASE STATION PROCESSING FORM

(Page 1 of 1) 

Project Name:     Project Number:     Sheet ___ of ___ 
Site Name:      Processed by:     
Data Type:      Date:    

Field Data 
File  

(.bin)

Corrected Field 
Data Files  

(.stn)

GPS Base 
Station File 

Differential
Corrected Data 

File  

Comments Editor 
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Attachment D 
SURFER DATA PROCESSING FORM

(Page 1 of 1) 

Project Name:     Project Number:    Sheet ___ of ___ 
Site Name:      Processed by:     
Data Type:      Date:    

    Comments: 
INPUT FILE: .dat File name:   
     Z data Column ----- Column:    
DATA SUMMARY Min. Max.   

X:      
Y:      
Z:      

    
GRIDDING -----  Grid Method:    
 ----- X Spacing:   
 ----- Y Spacing:   
 .grd Output File 

name:
    
BLANKING  .bln File name:   

Blanked Grid File .grd File name:   
    
BASEMAP FILE  File name:   
    
POSTED DATA FILE: .dat File name:   
    
COLOR LEVEL FILE: .lvl File name:   
     
MAP SCALE 1.0�= Length=   

X:   inches -----  
Y:   inches -----  

     
MAP LIMITS Min: Max   

X:    -----  
Y:    -----  

     
CONTOURED FILE: .srf File name:   
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1.0 SCOPE AND OBJECTIVES 
1.1 Scope 

This Detailed Operating Procedure (DOP) provides instructions and establishes requirements 
for conducting surface Electrical Imaging (EI) surveys.  This procedure is applicable to all 
Science Applications International Corporation (SAIC) personnel involved in surface EI 
surveys.

1.2 Objectives
The objective of this DOP is to provide uniform methods and instructions for conducting 
surface EI surveys including: 

 1. Site preparation. 
 2. Survey field procedures. 
 3. EI data processing. 

2.0 DEFINITIONS
Anomaly - An anomaly is a feature distinguished by geophysical means that is different from 
the general surroundings (i.e., departure from the expected or normal). 

Environmental Restoration (ER) Site - Any facility, location, or structure where waste is or 
was disposed or contained in an ER site.  ER sites may contain various waste types (e.g., 
radioactive, mixed, suspected hazardous, hazardous, generated, or unknown) and may 
include buried structures such as tanks, sumps, sewage lagoons, leach fields, muck piles, 
waste dumps, mud pits, landfills, injection wells, disposal trenches, hazardous waste 
accumulation sites, tunnel ponds, or other waste containment structures used for the 
intentional or unintentional disposal, storage, or management of wastes.  Designation as a 
site under the ER project does not imply classification accordance to any known regulatory 
framework.

EI Operator – An individual or geophysicist who operates the EI surveying instruments and 
records the results in the field. 

3.0 RESPONSIBILITIES AND QUALIFICATIONS
3.1 SAIC Project Manager

The SAIC Project Manager shall be responsible for ensuring that the surface EI survey field 
crew is trained and indoctrinated in the content of this procedure and related procedures 
prior to performing the activity and that surface EI survey activities are documented in 
accordance with SAIC requirements.

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 
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3.2 SAIC Field Supervisor
One of the SAIC surface EI survey field crew members shall be designated as the field 
supervisor and shall be responsible for ensuring the completion of all applicable forms and 
for notifying the SAIC Project Manager or designee of site-specific activities, survey 
progress, problems, and results.  The SAIC field supervisor shall be a geophysicist, 
responsible for ensuring that surface EI survey activities are performed in accordance with 
this DOQ. 

3.3 SAIC Electrical Imaging Survey Field Personnel 
Each surface EI survey field team shall consist of appropriately trained and qualified 
personnel, as determined by the SAIC Project Manager.  The SAIC field team shall be 
responsible for ensuring that surface EI survey activities are performed and documented in 
accordance with this DOQ. 

4.0 MATERIAL/EQUIPMENT AND CALIBRATION
4.1 Material and Equipment

Specific equipment used to conduct surface EI surveys may consist of one or more of the 
items shown in Table 1 below. 

Table 1 
Surface EI Survey Specific Equipment 

AGI Sting Resistivity Meter 
AGI Swift Switch Terminal 

AGI Multi-electrode Cable  (56 electrodes) 
Stainless Steel Electrodes (84) 

12 Volt Marine Battery 

The following is a list of additional equipment necessary to complete a surface EI survey: 

1.  Two heavy hammers 
2.  Salt (sodium Chloride) 
3.  Water 
4.  Extra Rubber Bands 
5.  Laptop computer and diskettes 
6.  Metric Measuring tape(s) 
7.  Pin flags or wooden stakes/lath 
8.  Marking paint 
9.  Flagging 
10. Field notebook 

Science Applications International Corporation 
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11. Battery Charger 

4.2 Calibration Requirements
Calibration and use of the instruments shall be in accordance with the manufacturer's 
instructions.  Calibration checks shall be performed daily to verify the equipment is 
functioning properly. 

5.0 METHODS
Surface EI surveys are conducted to aid in the characterization of the subsurface by locating 
buried features (e.g., buried structures, fractures, voids, waste pit/ trenches, bedrock/soil 
stratigraphy, plume delineation, top of bedrock).  Instrument output of apparent ground 
resistivity is recorded electronically using a data logger built into the Sting resistivity meter. 

5.1 Surface EI Survey Preparation
Prior to performing surface EI surveys, the following activities should be performed: 

 1. Existing site information shall be reviewed such as ground surface cover 
(grass or asphalt) and topography changes. 

 2. The potential influence of cultural features (e.g., manhole covers, utilities, 
fences, buildings, well casings, and power lines) shall be evaluated. 

 3. Health and safety hazards shall be defined. 

The required depth of investigation, lateral and vertical resolution shall be established.  This 
information will be used to determine the electrode separation and configuration, number of 
current and potential electrodes to be planed for the survey, and the kind of survey (set 
traverse or roll-along).

It is the responsibility of the user of this DOP to follow and precautions within the 
equipment manufacturer’s recommendations, establish appropriate health and safety 
practices, and consider the safety and regulatory implications. 
If the method is applied at sites with hazardous materials. operations or equipment, it is the 
responsibility of the user of this DOP to establish appropriate safety and health practices and 
determine the applicability of any regulations prior to use. 

This DOP does not purport to address all of the safety concerns, if any associated with its 
use.   It is the responsibility of the user of this DOP to establish appropriate safety and health 
practices and determine the the application of regulatory limitations prior to use. 

5.2 Site Preparation
Prior to conducting a surface EI survey, the survey traverse will be established.  The traverse 
must be as straight as possible for the entire length of the EI traverse.  The traverse should 
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not be set up running parallel to subsurface utilities or subsurface other conductors.   If a 
subsurface conductor is present parallel to the survey traverse, the EI traverse should be 
moved as far away from the conductor as possible.  If a subsurface utility or conductor 
transects the EI traverse the location of that conductor will be noted in the field notes. 

The survey traverse end location, and individual electrode locations shall be marked with pin 
flags or wooden stakes/lath to provide spatial control for the EI survey team.  Ideally, the 
traverse shall be accessible by vehicle, however field personnel should be able to transport 
equipment for short distances across open terrain.  If necessary, the proposed traverse should 
have passages cut through bramble patches, thickets, or other obstructions to the placement 
of the electrodes.

5.3 Surface EI Survey Field Procedures
A standard procedure for conducting EI surveys is provided below.  The EI Field Supervisor 
shall conduct a visual survey along the proposed lines.  The visual survey shall accomplish 
the following tasks: 

 1. Review site utility plans. 
 2. Check for overhead features, such as power lines and wires. 
 3. Check for manhole covers and steel-cased wells. 

The location of any structure that may affect the EI survey data (i.e., subsurface utilities, 
ephemeral streams, changes in soil and vegetation, etc.) shall be located on a site map and 
the location described on the Field Activity Daily Log (FADL). 

During preparation for data collection the operator chooses the number of current pairs 
(in electrode spacing measurements) to be used for energizing, and the maximum 
separation (in electrode spacing measurements) to be used for measuring the potentials. 
These two numbers determine the total number of measurement to be collected along the 
electrode spread, and the total depth of investigation. 

The EI surveyor shall check the instrument battery for sufficient charge and calibrate the 
instrument according to the manufacturer's instructions prior to the commencement of field 
activities, and at the end of each day.  The time of starting and ending a survey shall be 
documented on the FADL. Surface EI measured data, corresponding line and station 
numbers, and time of acquisition and various quality control values are stored in a data 
logger.  The Survey type, traverse orientation, electrode spacing, recording addresses, and 
line configuration information is recorded on the STING Field Data Sheet (Attachments A 
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and B).  Weather conditions should be noted on either toe field data sheet, FADL or log 
book.

A series of stainless steel stakes (typically 28 to 56) are driven six- to twelve-inches into 
the ground at a fixed interval to establish earth contact.  Electrodes were attached to the 
stakes using a rubber band to complete the electrical circuits between the electrical 
switching box and the stakes.  A contact resistance check is run on all electrodes to 
ensure a resistance of less than 2,000 ohms with the earth.   In the event an abnormally 
high contact resistance is measured, the earth is soaked with a salt/water solution to 
reduce the resistance.  When elevated contact resistances are encountered at a site, pre-
watering the electrode locations and allowing time for the solution to soak into the 
ground is recommended.  Whenever possible electrode locations should be pre-watered.

When performing an EI survey, SAIC typically collects the data with a dipole-dipole 
electrode arrangement.  Other electrode configurations (such as the Schlumberger, 
Wenner Pole-dipole or Pole-pole) are appropriate to match site conditions and survey 
objectives.  With the dipole-dipole survey method, two electrodes are used to provide 
current to the subsurface in one location, while two other electrodes some distance away 
are used to measure the voltage.

The Sting/Swift system, a multi-electrode switching system passes an electrical current 
automatically along multiple paths at various depths and measures the resulting 
associated voltages.  This system utilizes two arrays of multicore cables, which extend 
outward in opposite directions from the centrally located switching unit and resistivity 
meter.  Apparent resistivity measurements are automatically recorded from all possible 
combinations between electrode pairs.  As the spacing increase, the resistivity meter 
measures at greater depths and increasing volumes of ground.   At the completion of data 
collection the EI system automatically powers down.

Subsequent to recording the survey data, an adequate number of markers shall be left in the 
ground, at an appropriate spacing, for land surveying of horizontal and vertical positions.  

Surface EI survey data shall be downloaded to a laptop computer after each traverse of data 
is collected.  Checks to ensure correct data transfer shall be performed.  Field team 
comments and file names assigned to the data files during downloading shall be recorded on 
the appropriate field form or on the FADL.  At the end of the field day (or more often) 
survey data shall be backed up onto diskettes for further processing and archival purposes.  
Following download, the SAIC field supervisor should perform a preliminary inversion of 
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the data to ensure the collected data is reasonable.  At a minimum, this preliminary inversion 
should be performed daily.   Since there is so much work involved collecting data, the 
sooner you know an error the better off you will be. 

5.4 Data Processing and Interpretation
Surface EI survey field data and corresponding base station data shall be tracked by 
recording the dates of acquisition, site-specific field data file names, and corresponding base 
station file names on field Data File Tracking Form (Attachment C).

Before processing, all EI field survey files shall be reviewed by the SAIC field supervisor to 
ensure data quality. Data quality parameters include reasonable root-mean-squared (RMS) 
errors from redundant field measurements, and minimal variation between adjacent 
measurement locations.  EI data file names, line and station numbers, field errors, 
corrections made to files, and corrected file names shall be documented on EI Data 
Processing Form (Attachment D).

Electronic data files containing line and station coordinates and apparent resistivity files 
shall be generated for each corrected field file.  The file name corresponding to each field 
data file shall be recorded on the Geophysical Data Editing Form. 

Interpretation of the raw imaging (apparent resistivity) data without reduction would provide a product very similar 
to electromagnetic (EM) methods (i.e., the interpretation would only be qualitative.).  Inversion of the data to true 
resistivities provided a more unique or quantitative interpretation of the data. SAIC will use the resistivity inversion 
program RES2DINV to produce a two-dimensional resistivity model based on the apparent resistivity data.   Using 
a three-step process, this program begins with the observed apparent resistivity.  The apparent resistivities are 
calculated using finite-difference forward modeling.  A resistivity pseudosection is developed with a non-linear 
least-squares optimization technique (deGroot-Hedlin and Constable 1990, Loke and Barker 1996) that is the best 
fit to the resistivity pseudosection.

6.0 REQUIRED INSPECTION/ACCEPTANCE CRITERIA
The surface locations of all significant anomalies identified  shall be revisited to verify their 
existence and location on the color cross-sections.  In revisiting each location, the SAIC field 
supervisor will examine the ground surface for any indications of surface features that could 
create the anomaly.

7.0 RECORDS
The following records generated as a result of implementation of this procedure shall be 
maintained in a safe manner and submitted to the project central files for storage: 

1.   Sting Field Data Sheet 
2.   Field Activity Daily Log 

Science Applications International Corporation 
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 4.  Field Data File Tracking Form 
 5. EI Data Processing Form 
 6. SURFER Data Processing Form 

8.0 REFERENCES
8.1 Requirements and Specifications

U.S. Environmental Protection Agency, 1987.  A Compendium of Superfund Field 
Operations Methods.  EPA/540/P-87/001. 

U.S. Environmental Protection Agency, 1988.  Guidance for Conducting Remedial 
Investigations and Feasibility Studies Under CERCLA. EPA, Interim Final. 

U.S. Environmental Protection Agency, 1989.  RCRA Facility Investigation Guidance, EPA, 
Interim Final. 

8.2 Related Procedures
GP-001 Geophysical Project Management 
GP-004 Field Activities Documentation Procedures

8.3 Others
Manufacturer's Manual for AGI Sting/Swift EI System 
Users Manual for RES2DINV inversion software 

9.0 ATTACHMENTS

Attachment A, Sting Field Data Sheet 
Attachment B, Sting Field Roll Data Sheet 
Attachment B, Field Data File Tracking Form 
Attachment C, EI Data Processing Form 
Attachment D, SURFER Data Processing Form 
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Attachment A 
STING Field Data Sheet

(Page 1 of 1) 

Survey Date: __________       By: _____________________________________ Line # ______ 

Electrodes 1 to ____     Bearing: _________File Name: _____________    Records: __________ 
Cont.Res.  Electrode  Electrode Elevation Dipole Dipole = ______h
1  ------  1    Battery = ______v
2  2    Start Adr = ___1___
3  3    End Adr = _______
4  4    Max Repeat: ___4___
5  5    Line Start:  0.00  m 
6  6    Elect. Sep = _____m
7  7    Max Dipole (a)= __8__
8  8    Nxt Dipole = ___1___
9  9    Max Sep (n)= ___6__
10  10    Next Sep = ___1___
11  11    Direction = Foreward
12  12    Next B-Loc = 0.000  
13  13    
14  14  
15 15  Cont.Res. Electrode

16  16 36 36 
17  17 37 37 
18  18 38 38 
19  19 39 39 
20  20  40 40 
21  21  41 41 
22  22  42 42 
23  23  43 43 
24  24  44 44 
25  25  45 45 
26  26  46 46 
27  27  47 47 
28  28  48 48 
29  29 49 49 
30  30 50 50 
31  31 51 51 
32  32 52 52 
33  33 53 53 
34  34  54 54 
35  35  55 55 
    56 56 
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Attachment B 
STING Field Roll Data Sheet

(Page 1 of 2) 

Survey Date: __________       By: _____________________________________ Line # ______ 

Electrodes 1 to ____     Bearing: _________File Name: _____________    Records: __________ 
Cont.Res.  Electrode  Electrode Elevation Dipole Dipole = ______h
1  ------  1    Battery = ______v
2  2    Start Adr = ___1___
3  3    End Adr = _______
4  4    Max Repeat: ___4___
5  5    Line Start:  0.00  m 
6  6    Elect. Sep = _____m
7  7    Max Dipole (a)= __8__
8  8    Nxt Dipole = ___1___
9  9    Max Sep (n)= ___6__
10  10    Next Sep = ___1___
11  11    Direction = Foreward
12  12    Next B-Loc = 0.000  
13  13    
14  14  
15 15 Start Roll 1 Cont.Res. Electrode

16  16 X=____ 36 36 
17  17 Start Res:_____ 37 37 
18  18 Start D.P._____ 38 38 
19  19 Start Data: ____ 39 39 
20  20  40 40 
21  21  41 41 
22  22  42 42 
23  23  43 43 Start Roll 3 

24  24  44 44 X=_____

25  25  45 45 Start Res:_____ 

26  26  46 46 Start D.P._____ 

27  27  47 47 Start Data: ____ 

28  28  48 48 
29  29 Start Roll 2 49 49 
30  30 X=_____ 50 50 
31  31 Start Res:_____ 51 51 
32  32 Start D.P._____ 52 52 
33  33 Start Data: ____ 53 53 
34  34  54 54 
35  35  55 55 
    56 56 
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Attachment B 
STING Field Roll Data Sheet

(Page 2 of 2) 

Survey Date: __________       By: _____________________________________ Line # ______ 
Cont.Res.  Elect/Station  Cont.Res. Electrode

1  ------  1/57 Start Roll 4 36 36/92 
2  2/58 X=_____ 37 37/93 
3  3/59 Start Res:_____ 38 38/94 
4  4/60 Start D.P._____ 39 39/95 
5  5/61 Start Data: ____ 40 40/96 
6  6/62  41 41/97 
7  7/63  42 42/98 End roll 3 

8  8/64  43 43/99 Start Roll 7=3 

9  9/65  44 44/100 X=_____

10  10/66  45 45/101 Start Res:_____ 

11  11/67  46 46/102 Start D.P._____ 

12  12/68  47 47/103 Start Data: ____ 

13  13/69  48 48/104 
14  14/70 End roll 1 49 49/105  
15 15/71 Start Roll 5=1 50 50/106 
16  16/72 X=_____ 51 51/107 
17  17/73 Start Res:_____ 52 52/108 
18  18/74 Start D.P._____ 53 53/109 
19  19/75 Start Data: ____ 54 54/110 
20  20/76  55 55/111 
21  21/77  56 56/112 End roll 4 

22  22/78  1  ------ 1/113 Start Roll 8=4 

23  23/79  2 2/114 X=_____

24  24/80  3 3/115 Start Res:_____ 

25  25/81  4 4/116 Start D.P._____ 

26  26/82  5 5/117 Start Data: ____ 

27  27/83  6 6/118 
28  28/84 End roll 2 7 7/119 
29  29/85 Start Roll 6=2 8 8/120 
30  30/86 X=_____ 9 9/121 
31  31/87 Start Res:_____ 10 10/122 
32  32/88 Start D.P._____ 11 11/123 
33  33/89 Start Data: ____ 12 12/124 
34  34/90 13 13/125 
35  35/91  14 14/126 
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Attachment C 
DATA FILE TRACKING FORM

(Page 1 of 1) 

Project Name:     Project Number:     Sheet ___ of ___ 
Site Name:      Processed by:     

Date Equipment Field Data 
File

Pre-Survey File Post-Survey 
File

Comments 
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 Attachment D 
EI DATA PROCESSING FORM 

(Page 1 of 1) 

Traverse:    
Project Name:     Project Number:     Sheet ___ of ___ 
Site Name:      Processed by:     Date:   
SWIFTCNV
Input File Name (.stg):             _______                      Output File Name (.dat):                             ____ 

Output File Type:  2D Dipole-Dipole   Other: Format:  2DINV   Other:

Keep Negative Values? Y N Remove Errors >   X 1/10% Output Records: _____

ELEVATIONS
Added?  Y N  File Name with Elevations (.dat) _________________ 

RES2DINV
Editing Data 

Pseudo Section Reversed?  Y N 
 Points Exterminated: 

 Output file name(.dat): 
Topography None     Least Squares Straight Line 
 Average Elevation    End to End Straight Line 
Settings

Initial Damping Factor: 0.15  Minimum Damping Factor: 0.03
 Line Search: Always   Percentage Change For Line Search: 0.04%
 Convergence Limit:  5.00%  Number of Iterations:  5 
 Finite Mesh Grid Size:  4    Model Resistivity Values Check: Yes
 Contour Intervals: Logarithmic  Increase Damping with Depth:  1.20  
 Vertical/Horizontal Flatness Filter Ratio: 1.00
 Thickness of Model Layers Increase: 10%
 Include Smoothing of Model Resistivity:  No

Inversion
Method: Least Squares Inversion  Jacobian Matrix Chosen:

  Finite   -Difference   -Element  a) Quasi-Newton Approx. for all iterations 
       b) Recalculate Jacobian for ALL iterations 
       c) Recalculate Jacobian for  2     iterations 

Iteration RMS Error 
1
2
3
4
5

Output Data: Inversion File (.inv):                                            
  XYZ File (.xyz):  ___________________________ 
  Edited XYZ file for Surfer (.dat):    
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Attachment E 
SURFER DATA PROCESSING FORM 

(Page 1 of 1) 

Traverse:     
Project Name:     Project Number:    Sheet ___ of ___ 
Site Name:      Processed by:     
Data Type:      Date:    

    Comments: 
INPUT FILE: .dat File name:   
     Z data Column ----- Column:    
DATA SUMMARY Min. Max.   

X:      
Y:      
Z:      

    
GRIDDING -----  Grid Method:   
 ----- X Spacing:   
 ----- Y Spacing:   
 .grd Output File name:   
    
BLANKING  .bln File name:   

Blanked Grid File .grd File name:   
    
BASEMAP FILE  File name:   
    
POSTED DATA FILE: .dat File name:   
    
COLOR LEVEL FILE: .lvl File name:   
     
MAP SCALE 1.0”= Length=   

X:   inches -----  
Y:   inches -----  

     
MAP LIMITS Min: Max   

X:    -----  
Y:    -----  

CONTOURED FILE: .srf File name:   
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SEISMIC REFRACTION SURVEYS 

June 2000 
(Revised January 2002) 

Reviewed by: Prepared by: 

________________________   _______________________ 
George R.A. Fields, P.G.   Richard A. Hoover, P.G. 

Senior Geophysicist/Geophysical Unit Mgr. Senior Geophysicist/Geophysical Program Mgr.
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1.0 SCOPE AND OBJECTIVES 
1.1 Scope 

This geophysical procedure provides instructions and establishes requirements for conducting 
seismic refraction surveys.  This procedure is applicable to all Science Applications International 
Corporation (SAIC) personnel involved in seismic refraction surveys. 

1.2 Objectives
The objective of this geophysical procedure is to provide uniform methods and instructions for 
conducting seismic refraction investigations including: 

 1. Site preparation. 
 2. Survey field procedures. 
 3. Data processing. 

2.0 DEFINITIONS  
Arrival time – The time from seismic energy release until detected by a given geophone. 

End shot – Shotpoints that are located near the ends of a geophone spread.  They can be located a 
few feet in-line off the end of the spread. 

Geophone – An instrument used to transform seismic energy into electrical voltage.  Geophones are 
used to measure the time it takes for seismic energy to travel from a given shotpoint to a geophone. 

Geophone Spread- An alignment of twelve, twenty-four, or forty-eight or more geophones in a 
straight line connected with a takeout cable to a seismograph. 

Interspread shot – Shotpoint located within a geophone spread (not necessarily the mid-shot) 

Mid-shot – Shotpoint located in the middle of a geophone spread. 

Offset shot – Shotpoints that are in-line but several feet away from the end of a geophone spread.  
Offset shots are used to better characterize the deeper or deepest seismic layer. 

Seismograph – An instrument used to record seismic data (seismic record). 

Shotpoint (shot) – A shotpoint is a point of generation of seismic energy along a geophone spread. 

Spread – A linear array of geophones used to obtain seismic refraction data.  Several spreads may be 
oriented end to end (possibly with some overlap) to form a seismic refraction profile. 
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Spread length – The total length of a given geophone spread from the first to the last geophone, or 
from end shotpoint to end shotpoint. 

Seismic velocity – The velocity that seismic energy travels through a given earth material.  The 
seismic velocity can be either compressional wave (P-wave) or shear wave (S-wave) velocities.  

Seismic layer – Strata or material that is characterized by a single or narrow range in seismic 
velocity.  Several seismic layers are included in a seismic profile. 

3.0 RESPONSIBILITIES AND QUALIFICATIONS  
3.1 Geophysical Manager 

The SAIC Geophysical Manager shall be responsible for ensuring that the seismic refraction survey 
is properly designed and implemented according to the objective of the investigation.  They are also 
responsible for reviewing all of the seismic refraction data, data processing, and reporting activities 
and that the data effectively achieve the objective of the investigation. The geophysical manager will 
be responsible for determining the number and location of sources for each geophone spread, and 
the method of data reduction and interpretation to meet the survey objectives.  The Geophysical 
manager shall be responsible for the interpretation and geophysical reporting.   

3.2 Project Manager  
The SAIC Project Manager shall be responsible for ensuring that the seismic refraction field crew is 
trained and indoctrinated in the content of this procedure prior to performing the activity, and, that 
the survey activities are documented in accordance with SAIC requirements and are performed in 
accordance with this geophysical procedure They shall communicate to the Geophysical Manager 
survey objectives, budget, anticipated problems, and geophysical survey reporting requirements 
prior to fieldwork initiating. 

3.3 Geophysical Field Supervisor  
On large surveys, one of the SAIC seismic refraction survey field-crew members shall be designated 
as the geophysical field supervisor and shall be responsible for ensuring the completion of all 
applicable forms and for notifying the Geophysical Manager of survey progress.  The geophysical 
field supervisor is responsible for quality data collection, field quality assurance, field quality 
control, data backups, and offsite data transmission on a regular basis.   
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3.4 Seismic Refraction Survey Field Personnel 
Each seismic refraction survey field team shall consist of appropriately trained and qualified 
personnel, as determined by the SAIC Project Manager.  The SAIC field team shall be responsible 
for ensuring that seismic refraction survey activities are performed and documented in accordance 
with this geophysical procedure. 

4.0 MATERIAL/EQUIPMENT AND CALIBRATION  
4.1 Material and Equipment  

Specific equipment used to conduct seismic refraction surveys may consist of one or more of the 
items shown in Table 1 below. 

Table 1 
Seismic Refraction Survey Main Equipment 

Multi-channel Seismograph (12 channels or more) 
Seismic Takeout Cables 

Geophones Constructed for the Specific Application 
Seismic Energy Source(s) with Ancillary Equipment 

12 Volt Marine Battery 

The following is a list of additional equipment that may be necessary to complete a seismic 
refraction survey: 

1.  Water 
2.  Laptop Computer and Diskettes 
3.  Measuring Tape(s) 
4.  Pin Flags or Wooden Lath 
5.  Marking Paint 
6.  Flagging 
7.  Field Notebook  
8.  Battery Charger 
9.  GPS System 
10. Site Base map 
11. Digging Bar 
12. Compass 



H:\Users\HOOVERR\GEOPHY\DOP'S\GP009Refract.rtf Date: 1/30/2002 Page 5 of 11

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778

4.2 Calibration Requirements 
Calibration and use of the instruments shall be in accordance with the manufacturer's instructions. 
Most seismographs are calibrated prior to use.   Calibration checks shall be performed prior to 
commencement of field activities to verify the equipment is functioning properly. 

During the course of the survey, one source will occur adjacent to (as close as possible to) a 
geophone.  This will be used to verify trigger calibration for the survey.  When performing the 
trigger calibration, the interconnect cable from the seismograph to the source shall be the same one 
used during the survey.   

5.0 METHODS  
Seismic refraction surveys are conducted to assess the subsurface geologic and hydrogeologic 
conditions (e.g., bedrock depth and configuration/topography, buried channels, fractures, 
bedrock/soil stratigraphy, water table characteristics, faulting, etc.).  Instrument output of seismic 
energy amplitude and time are recorded electronically, for multiple channels, using a seismograph 
and computer.  Each channel corresponds to a specific geophone along a given seismic spread. 

5.1 Seismic Refraction Survey Preparation  
Prior to performing seismic refraction surveys, the following activities should be performed: 

 1. Existing site information shall be reviewed such as general geology, local borehole or 
well log information and expected local geologic conditions. 

 2. Target of interest shall be evaluated. 
 3. The potential influence of subsurface utilities and other interferences (sources of 

vibration or seismic noise) shall be evaluated. 
 4. Health and safety hazards shall be defined. 

The required depth of investigation, lateral and vertical resolution shall be established.  This 
information will be used to determine the geophone spread length, geophone interval, type of 
shotpoints (i.e. hammer and plate, betsy-seisgun, elastic wave generator etc.), number of shotpoints 
and their locations (end shots; mid shot, offset shots, interspread shots).  Assessments regarding 
possible velocity inversions shall be made.  The Geophysical Manager will determine these criteria.  
The Geophysical Manager will also determine the type of data processing technique.  The data 
processing technique is dependent upon the objective of the investigation. 

The final design for each seismic spread (geophone intervals, shotpoint locations, spread lengths, 
etc.) shall be noted for each geophone spread on the Seismic Refraction Geophone Spread 
Description form (Attachment A).  In addition, record length and sampling interval (seismograph 
parameters) shall be noted on the form.   

It is the responsibility of the user of this geophysical procedure to follow and precautions within the 
equipment manufacturer’s recommendations, establish appropriate health and safety practices, and 
consider the safety and regulatory implications. 
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If the method is applied at sites with hazardous materials, operations or equipment, it is the 
responsibility of the user of this geophysical procedure to establish appropriate safety and health 
practices and determine the applicability of any regulations prior to use. 

This geophysical procedure does not purport to address all of the safety concerns, if any associated 
with its use.   It is the responsibility of the user of this geophysical procedure to establish appropriate 
safety and health practices and determine the application of regulatory limitations prior to use. 

5.2 Site Preparation  
Prior to conducting a seismic refraction survey, the survey traverse or profile trace will be 
established.  Each geophone spread must be as linear as possible for the entire length of the spread; 
however, there may be slight bends in the profile between spreads.  The spreads or profiles should 
not be oriented parallel to nearby subsurface utilities or other subsurface linear structures.   If a 
subsurface structure is present parallel to the survey profile, the profile or spread should be moved as 
far away from the structure or utility as possible.  If a subsurface utility or structure transects the 
profile or spread, it must transect it at as close to an acute angle as possible, and the location of that 
structure will be noted in the field notes. 

During the survey, the individual shotpoint locations shall be marked in the field with pin flags or 
wooden stakes/lath.  Each shotpoint should be named according to its location along a given spread 
within a given profile (example: end shot/south/spread 1/profile A).  The markers should have these 
labels.  If necessary, the proposed traverse should have passages cut through bramble patches, 
thickets, or other obstructions to the placement of the geophones and shotpoints. 

5.3 Seismic Refraction Survey Field Procedures  
A standard procedure for conducting seismic refraction surveys is provided below.  The Field 
Supervisor shall conduct a visual survey along the proposed profiles.  The visual survey shall 
accomplish the following tasks: 

 1. Review site utility plans (in cultural areas if necessary) 
 2. Check plans for subsurface structures (in cultural areas if necessary) 
 3. Check local topography and exposed geology for optimal location of profile and 

geophone spreads. 

The location of any structure or geologic feature that may affect the seismic refraction survey data 
(i.e., subsurface utilities, ephemeral streams, changes in soil and vegetation, etc.) shall be located on 
a site map and a Field Activity Daily Log (FADL).  The locations of the features will also be 
described on and the Seismic Refraction Geophone Spread Description (Attachment A). 

During preparation for data collection the operator should indicate the location of each spread on 
the site base map.  A profile and geophone spread labeling system should be chosen and the name 
of each spread, shotpoint and profile should be indicated on the site base map. 
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The seismograph operator shall check the instrument battery for sufficient charge prior to the 
commencement of field activities each day.  The time of starting and ending a survey shall be 
documented on the FADL.   

The geophones should be inserted into the ground according to the spread design designated by 
the SAIC Senior Geophysicist.  The geophones should have good coupling with the soil.  Each 
geophone should be checked to insure that it cannot be easily turned or is not loose prior to the 
next step.  The geophones should be connected to each takeout on the seismic cables.  The seismic 
takeout cables should be connected to the seismograph and the seismograph should turned on.  
The seismograph operator will check the background noise level.  The noise level will be checked 
for each channel.  The noise level must be considered appropriate by the senior geophysicist to 
obtain data.  After the noise level is considered appropriate to collect data, the gains will then be 
set on the seismograph for each channel and checked.   

Each shotpoint will then be executed.  The type of shotpoint used will be designed by the senior 
geophysicist and after execution will be reviewed for quality by a senior geophysicist.  The 
records for each shot point will be saved to computer disk.  After completion of all of the 
shotpoints along the first spread, a senior geophysicist will review the data in the field to assure 
data quality and that the objective of the survey is met.  If there are any doubts regarding those 
issues the senior geophysicist will process the complete first spread data prior to the collection of 
data along the remaining spreads.  Data will then be obtained along the remaining spreads. 

Seismic refraction survey data shall be downloaded to a laptop computer at the end of each field 
day. Checks to ensure correct data transfer shall be performed.  Field team comments and file names 
assigned to the data files during downloading shall be recorded on the Data File Tracking Form 
(DFTF – Attachment B).  At the end of the field day survey data shall be backed up onto diskettes 
for further processing and archival purposes.   

5.4 Data Processing and Interpretation  
Seismic refraction survey data shall be tracked by recording the dates of acquisition, and site-
specific field/data processing file names on the field Data File Tracking Form (DFTF).  A senior 
geophysicist will conduct data processing.  The type of data processing procedure and the 
manufacturer of the software will be discussed in a summary report for the seismic refraction 
investigation.

Interpretation of the data will be made by a senior geophysicist and will be discussed in detail in 
the summary report.  The report will include, at minimum, all pertinent maps and cross-sections of 
the seismic refraction profiles. 

6.0 RECORDS  
The following records generated as a result of implementation of this procedure shall be maintained 
in a safe manner and submitted to the project central files for storage: 
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  1.  Seismic Refraction Geophone Spread Description Sheets 
  2.  Field Activity Daily Log 
  3.  Site Base maps 
  4.  Data File Tracking Forms 
  5.  Data Files and Cross-sections of Profile Data 
  6.  Summary Report 

7.0 REFERENCES  
7.1 Requirements and Specifications  

U.S. Environmental Protection Agency, 1987.  A Compendium of Superfund Field Operations 
Methods.  EPA/540/P-87/001. 

U.S. Environmental Protection Agency, 1988.  Guidance for Conducting Remedial Investigations 
and Feasibility Studies Under CERCLA. EPA, Interim Final. 

U.S. Environmental Protection Agency, 1989.  RCRA Facility Investigation Guidance, EPA, Interim 
Final.

7.2 Related Procedures  
GP-001 Geophysical Project Management 
GP-004 Field Activities Documentation Procedures

7.3 Others
Manufacturer's Manual for Seismograph 
Users Manual for Inversion software 

8.0 ATTACHMENTS  
Attachment A, Seismic Refraction Field Data Sheet (24-Channel) 
Attachment B, Data File Tracking Form 
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Attachment A 
SEISMIC REFRACTION GEOPHONE SPREAD DESCRIPTION (24 Channel) 

Project Number:     Date: 
Field Supervisor:     Crew Members: 

Record Length:    Sample Interval:  

Profile Number:    Spread Number: 

Features of Interest (draw) 
X=shotpoint          North is:  
0=geophone 
7=geophone channel number 

A B   1                       6 C 7                      12 D 13                   18 E 19                    24  F G 
X X   0   0   0   0   0   0 X 0   0   0   0   0   0 X 0   0   0   0   0   0 X 0   0   0   0   0   0   X  X 

Reference Source Inline Distances SSS  
Numonic Number Source Geoph.# low Geoph# high Record# Elevation Remarks 

 A       
 B       
 C       
 D       
 E       
 F       
 G       

Geophone Elevation Remarks Geophone Elevation Remarks 
1   13   
2   14   
3   15   
4   16   
5   17   
6   18   
7   19   
8   20   
9   21   

10   22   
11   23   
12   24   
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Attachment B 

DATA FILE TRACKING FORM  
(Page 1 of 1) 

Project Name:     Project Number:     Sheet ___ of ___ 
Site Name:      Processed by:     

Date Equipment Field Data 
File 

Processing File Post-
Processing 

File 

Comments 
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1.0 SCOPE AND OBJECTIVES  
1.1 Scope

This geophysical procedure provides instructions and establishes requirements for conducting 
seismic reflection surveys.  This procedure is applicable to all Science Applications International 
Corporation (SAIC) personnel involved in seismic reflection surveys. 

1.2 Objectives
The objective of this geophysical procedure is to provide uniform methods and instructions for 
conducting seismic reflection investigations including: 

 1. Site preparation. 
 2. Survey field procedures. 
 3. Data processing. 

2.0    DEFINITIONS 
Arrival time – The time from seismic energy release until detected by a given geophone. 

CDP – Common depth point sometimes referred to as common mid point.   

Fold – Number of common depth points or common mid points that represent the same subsurface 
location.  Used to enhance subsurface geologic signal and minimize random noise.   

Geophone – An instrument used to transform seismic energy into electrical voltage.  Geophones are 
used to measure the time it takes for seismic energy to travel from a given shotpoint to a geophone. 

Geophone Spread- An alignment of twenty-four, forty-eight, ninety-six or more geophones in a 
straight line connected with a takeout cable to a seismograph. 

Seismograph – An instrument used to record seismic data (seismic record). 

Shotpoint (shot) – A shotpoint is a point of generation of seismic energy along a geophone spread. 

Spread – A linear array of geophones used to obtain seismic reflection data.  Several spreads may be 
oriented end to end to form a seismic reflection line. 

Spread length – The total length of a given geophone spread from the first to the last geophone, or 
from end shotpoint to end shotpoint. 

Seismic velocity – The velocity that seismic energy travels through a given earth material.  The 
seismic velocity can be either compressional wave (P-wave) or shear wave (S-wave) velocities.  
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Seismic layer – Strata or material that is characterized by a single or narrow range in seismic 
velocity.  Several seismic layers are included in a seismic profile. 

Station – A numbering system for a seismic reflection line.  Typically stations are the same as inline 
distances, with station 0 being the first source location or the first receiver location.   

3.0 RESPONSIBILITIES AND QUALIFICATIONS  
3.1 Geophysical Manager 

The SAIC Geophysical Manager shall be responsible for ensuring that the seismic reflection survey 
is properly designed and implemented according to the objective of the investigation.  They are also 
responsible for reviewing all of the seismic reflection data, data processing, and reporting activities 
and that the data effectively achieve the objective of the investigation. The geophysical manager will 
be responsible for determining the number and location of sources for each geophone spread, and 
the method of data reduction and interpretation to meet the survey objectives.  The Geophysical 
manager shall be responsible for the interpretation and geophysical reporting.   

3.2 Project Manager  
The SAIC Project Manager shall be responsible for ensuring that the seismic reflection field crew is 
trained and indoctrinated in the content of this procedure prior to performing the activity, and, that 
the survey activities are documented in accordance with SAIC requirements and are performed in 
accordance with this geophysical procedure.  They shall communicate to the Geophysical Manager 
survey objectives, budget, anticipated problems, and geophysical survey reporting requirements 
prior to fieldwork initiating. 

3.3 Geophysical Field Supervisor  
On large surveys, one of the SAIC seismic reflection survey field-crew members shall be designated 
as the geophysical field supervisor and shall be responsible for ensuring the completion of all 
applicable forms and for notifying the Geophysical Manager of survey progress.  The geophysical 
field supervisor is responsible for quality data collection, field quality assurance, field quality 
control, data backups, and offsite data transmission on a regular basis.   

3.4 Seismic Reflection Survey Field Personnel 
Each seismic reflection survey field team shall consist of appropriately trained and qualified 
personnel, as determined by the SAIC Project Manager.  The SAIC field team shall be responsible 
for ensuring that seismic reflection survey activities are performed and documented in accordance 
with this geophysical procedure. 

4.0 MATERIAL/EQUIPMENT AND CALIBRATION  
4.1 Material and Equipment  

Specific equipment used to conduct seismic reflection surveys may consist of one or more of the 
items shown in Table 1 below. 
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Table 1 
Seismic Reflection Survey Main Equipment 

Multi-channel Seismograph (24 channels or more) 
Seismic Takeout Cables 

Source Trigger 
Trigger Extension Cable(s) 

Geophones Constructed for the Specific Application 
Seismic Energy Source(s) with Ancillary Equipment 

12 Volt Marine Battery 

The following is a list of additional equipment that may be necessary to complete a seismic 
reflection survey: 

1.  Laptop Computer and Diskettes 
2.  Measuring Tape(s) 
3.  Pin Flags or Wooden Lath 
4.  Marking Paint 
5.  Flagging 
6.  Field Notebook  
7.  Battery Charger 
8.  GPS System 
9.  Site Base map 
10. Compass 

4.2 Calibration Requirements  
Calibration and use of the instruments shall be in accordance with the manufacturer's instructions. 
Most seismographs are calibrated prior to use.   Calibration checks shall be performed prior to 
commencement of field activities to verify the equipment is functioning properly. 

During the course of the survey, one source will occur adjacent to (as close as possible to) a 
geophone.  This will be used to verify trigger calibration for the survey.  When performing the 
trigger calibration, the interconnect cable from the seismograph to the source shall be the same one 
used during the survey.   

5.0 METHODS  
Seismic reflection surveys are conducted to assess the subsurface geologic and hydrogeologic 
conditions (e.g., bedrock depth and configuration/topography, buried channels, fractures, 
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bedrock/soil stratigraphy, water table characteristics, faulting, etc.).  Instrument output of seismic 
energy amplitude and time are recorded electronically, for multiple channels, using a seismograph 
and computer.  Each channel corresponds to a specific geophone along a given seismic spread. 

5.1 Seismic Reflection Survey Preparation  
Prior to performing seismic reflection surveys, the following activities should be performed: 

 1. Existing site information shall be reviewed such as general geology, local borehole or 
well log information and expected local geologic conditions. 

 2. Target of interest shall be evaluated. 
 3. The potential influence of subsurface utilities and other interferences (sources of 

vibration or seismic noise) shall be evaluated. 
 4. Health and safety hazards shall be defined. 

The required depth of investigation, lateral and vertical resolution shall be established.  This 
information will be used to determine the geophone separation, CDP spacing, required fold, type of 
source (i.e. hammer and plate, betsy-seisgun, elastic wave generator etc.) and the source spacing 
relative to the geophones.  The Geophysical Manager will determine acquisition parameters and 
processing techniques.  The data acquisition and processing parameters will be dependent upon the 
objective of the investigation. 

The final design for each seismic spread (geophone intervals, shotpoint locations, spread lengths, 
etc.) shall be noted for each geophone spread on the Seismic Reflection Observers Log (Attachment 
A).  In addition, record length and sampling interval (seismograph parameters) shall be noted on the 
form.   

It is the responsibility of the user of this geophysical procedure to follow and precautions within the 
equipment manufacturer’s recommendations, establish appropriate health and safety practices, and 
consider the safety and regulatory implications. 

If the method is applied at sites with hazardous materials, operations or equipment, it is the 
responsibility of the user of this geophysical procedure to establish appropriate safety and health 
practices and determine the applicability of any regulations prior to use. 

This geophysical procedure does not purport to address all of the safety concerns, if any associated 
with its use.   It is the responsibility of the user of this geophysical procedure to establish appropriate 
safety and health practices and determine the application of regulatory limitations prior to use.  Trip 
hazards are common with the cabling used over great distances.  Pinch and impact hazards are a 
significant consideration with use of the seismic sources.  Appropriate care should be taken by all 
personnel conducting a seismic survey to reduce these hazards.   
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5.2 Site Preparation  
Prior to conducting a seismic reflection survey, the survey traverse or profile trace will be 
established.  Each reflection line must be as linear as possible for the entire length of the spread. The 
reflection line should not be oriented parallel to nearby subsurface utilities or other subsurface linear 
structures.   If a subsurface structure is present parallel to the survey profile, the profile or spread 
should be moved as far away from the structure or utility as possible.  If a subsurface utility or 
structure transects the profile or spread, it must transect it at as close to an acute angle as possible, 
and the location of that structure will be noted in the field notes. 

During the survey, the individual shotpoint locations shall be marked in the field with pin flags or 
wooden stakes/lath.  Each shotpoint should be named according to its location within the seismic 
line.  The markers should have these labels.  If necessary, the proposed traverse should have 
passages cut through bramble patches, thickets, or other obstructions to the placement of the 
geophones and shotpoints. 

5.3 Seismic Reflection Survey Field Procedures  
A standard procedure for conducting seismic reflection surveys is provided below.  The Field 
Supervisor shall conduct a visual survey along the proposed profiles.  The visual survey shall 
accomplish the following tasks: 

 1. Review site utility plans (in cultural areas if necessary) 
 2. Check plans for subsurface structures (in cultural areas if necessary) 
 3. Check local topography and exposed geology for optimal location of profile and 

geophone spreads. 

The location of any structure or geologic feature that may affect the seismic reflection survey data 
(i.e., subsurface utilities, streams, changes in soil and vegetation, changes in ground cover etc.) shall 
be located on a site map and a Field Activity Daily Log (FADL).   

During preparation for data collection the operator should indicate the location of the line on the 
site base map.  If possible an annotation of geophone number and/or station numbers coincident 
with these features should be identified.  The name of each reflection line should be indicated on 
the site base map. 

The seismograph operator shall check the instrument battery for sufficient charge prior to the 
commencement of field activities each day.  The time of starting and ending a survey shall be 
documented on the FADL.   

The geophones should be inserted into the ground according to the spacing designated by the 
SAIC Senior Geophysicist.  The geophones should have good coupling with the soil.  Each 
geophone should be checked to insure that it cannot be easily turned or is not loose prior to the 
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next step.  The geophones should be connected to each takeout on the seismic cables.  The seismic 
takeout cables should be connected to the seismograph and the seismograph should turned-on.  
The seismograph operator, who is normally the senior geophysicist onsite, will check the 
background noise level for the spread.  The noise level will be checked for each channel.  The 
noise level must be considered appropriate by the senior geophysicist to obtain data.  A person in 
the field crew should tap the first and second geophones while the seismograph operator monitors 
the noise level to verify the proper cable connections have been made.  After the noise level is 
considered appropriate to collect data, the gains will then be set on the seismograph for each 
channel and checked.

Prior to initiating production survey several parameters shall be evaluated.  The number of source 
records (stack) necessary to establish an acceptable record will be determined by the Senior 
Geophysicist.  The source to nearest geophone offset distance will be verified in order to 
maximize energy at the far geophone, without saturating the near geophone signal.  The record 
length and sample interval will be determined based upon the results several sources at the 
beginning of the survey.  An evaluation of the noise and need for high frequency, low frequency 
and 50/60 hertz notch filters will be examined in the field.  Whenever possible (depending on the 
dynamic range of the seismograph) the data should be recorded with minimal filtering in the field.  

Each shotpoint will then be executed.  The type of shotpoint used will be designed by the senior 
geophysicist and after execution will be reviewed for quality by a senior geophysicist.  The 
records for each shot point will be saved to computer disk.  After completion of stacking the first 
shotpoints, a senior geophysicist will review the data in the field to assure data quality and that the 
objective of the survey is met.  If there are any doubts regarding those issues the senior 
geophysicist will adjust the recording parameters as necessary to ensure the survey objectives can 
be met.   

Seismic reflection data shall be downloaded to a laptop computer at the end of each field day. 
Checks to ensure correct data transfer shall be performed.  Field team comments and file names 
assigned to the data files during downloading shall be recorded on the Operators log (Attachment A) 
or in the field logbook.  At the end of the field day survey data shall be backed up onto diskettes, zip 
disks or CDs for further processing and archival purposes.   

5.4 Data Processing and Interpretation  
Seismic reflection survey data shall be tracked by recording the dates of acquisition, and site-
specific field/data processing file names.  Due to the complex and variable nature of data processing, 
a senior geophysicist will conduct all data processing.  The senior geophysicist will verify the 
acquisition parameters and field notes for consistency and thoroughness.  First breaks will be picked 
to establish refraction information for velocity verification and static removal as necessary.  The 
records will be CDP sorted and filter panels and velocity panels examined. Appropriate velocities 
and filters will be applied to the data. The type of data processing procedure and the manufacturer of 
the software will be discussed in a summary report for the seismic reflection investigation. 
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Interpretation of the data will be made by a senior geophysicist and will be discussed in detail in 
the summary report.  The report will include, at minimum, all pertinent maps and time-sections of 
the seismic reflection lines. 

6.0 RECORDS  
The following records generated as a result of implementation of this procedure shall be maintained 
in a safe manner and submitted to the project central files for storage: 

  1.  Seismic Reflection Observers Log 
  2.  Field Activity Daily Log 
  3.  Site Basemaps 
  4.  Data File Tracking Forms 
  5.  Data Files and Cross-sections of Profile Data 
  6.  Summary Report 

7.0 REFERENCES  
7.1 Requirements and Specifications  

U.S. Environmental Protection Agency, 1987.  A Compendium of Superfund Field Operations 
Methods.  EPA/540/P-87/001. 

U.S. Environmental Protection Agency, 1988.  Guidance for Conducting Remedial Investigations 
and Feasibility Studies Under CERCLA. EPA, Interim Final. 

U.S. Environmental Protection Agency, 1989.  RCRA Facility Investigation Guidance, EPA, Interim 
Final.

7.2 Related Procedures  
GP-001 Geophysical Project Management 
GP-004 Field Activities Documentation Procedures

7.3 Others
Manufacturer's Manual for Seismograph 
Users Manual for processing software 

8.0 ATTACHMENTS  
Attachment A, Seismic Reflection Observers Log 
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Attachment A 

OBSERVERS LOG 

Depth CDP Ch. ___ Ch. ___ Ch. ____ Ch. ____ Comments 
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      

Line
Line Date:          

Page ____ of ______
Instrument: Source(s) 
Data Format:  Geophones: 
Sample Int./Rec.Len.: Geophone Interval: 
Filters: Line Direction: 
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1.0 SCOPE AND OBJECTIVES
1.1 Scope 

This geophysical procedure provides instructions and establishes requirements for conducting 
ground-penetrating radar (GPR) surveys.  This procedure is applicable to all Science Applications 
International Corporation (SAIC) personnel involved in GPR surveys. 

1.2 Objectives

The objective of this procedure is to provide a uniform method for conducting GPR surveys and 
processing GPR survey data. 

2.0 DEFINITIONS

Anomaly - A geological feature distinguished by geophysical means that differs from the general 
surroundings (i.e., departure from the expected or normal). 

ER Site - Any facility, location, or structure where waste is or was disposed or contained.  Sites may 
contain various waste types (e.g., radioactive, mixed, suspected hazardous, hazardous, generated, or 
unknown) and may include tanks, sumps, sewage lagoons, leach fields, muck piles, waste dumps, 
mud pits, landfills, injection wells, disposal trenches, hazardous waste accumulation sites, tunnel 
ponds, or other waste containment structures used for the intentional or unintentional disposal, 
storage, or management of wastes.  

Geotechnical Site - Any facility or location where geological or geotechnical features are of 
concern.  These sites may contain potential sinkholes, material of economic interest, or historical 
features such as mines or tunnels. 

3.0 RESPONSIBILITIES AND QUALIFICATIONS

3.1 SAIC Project Manager

The SAIC Project Manager is responsible for ensuring that the GPR survey field crew is trained and 
indoctrinated in the content of this procedure and related procedures prior to performing the activity 
and that GPR survey activities are documented in accordance with this geophysical procedure. 

3.2 SAIC Field Supervisor

One of the SAIC GPR survey field crew members shall be designated as the field supervisor and 
shall be responsible for ensuring the completion of all applicable forms and for notifying the SAIC 
Project Manager or designee of site-specific activities and progress, problems, and results.  The 
SAIC field supervisor shall be responsible for ensuring that GPR survey activities are performed in 
accordance with this geophysical procedure. 
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3.3 SAIC GPR Survey Field Team

Each GPR survey field team shall consist of appropriately trained and qualified personnel, as 
determined by the SAIC Project Manager.  The SAIC field team shall be responsible for ensuring 
that GPR survey activities are performed and documented in accordance with this geophysical 
procedure.

4.0 MATERIAL/EQUIPMENT AND CALIBRATION

4.1 Material and Equipment

Equipment used during GPR surveys may consist of Geophysical Survey Systems, Inc. (GSSI) SIR 
System 2 (SIR 2) or SIR System 10 (SIR 10) or equivalent, with an antenna having a center 
frequency ranging from 80 to 900 megahertz (MHz).   

The following is a list of equipment necessary to complete a GPR survey: 

 1. Digital data logger and/or analog strip recorder (when applicable) 
 2. Laptop computer and diskettes 
 3. Measuring tape 
 4. Wooden stakes or lath 
 5. Surveyor's paint/chalk  
 6. Flagging 
 7. Field Activity Daily Log 
 8. Extra instrument batteries 

4.2 Calibration Requirements

Calibration and use of the instruments shall be in accordance with the manufacturer's instructions.  
Calibration checks shall be performed prior to commencement of activities to verify the equipment 
is functioning properly. 

5.0 METHODS

GPR surveys are conducted to aid in the characterization of the subsurface by locating buried 
metallic objects (e.g., pipelines, utilities, drums, and tanks).  Depth penetration is highly site-
specific and depends on the near-surface soil conductivity.  Highly conductive soils, such as clays, 
can reduce penetration to less than 0.9 meters (m) (3 feet [ft]).  Less conductive materials, such as 
limestone, will allow depth penetration of about 9 to 15 m (30 to 50 ft.).
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5.1 GPR Survey Preparation

Prior to implementing a GPR survey: 

 1. Existing information shall be reviewed. 
 2. Potential influence of cultural features (e.g., utilities, manhole covers, fences, 

buildings, or power lines) shall be evaluated. 
 3. Health and safety hazards shall be defined. 

5.2 Site Preparation

Prior to conducting a GPR survey, a base grid should be established.  The base grid shall be marked 
with wooden stakes to provide spatial control for the GPR survey.  Subsequently, the base grid shall 
be filled in with the appropriate line spacing and labeled by the GPR survey field team.  To the 
extent possible, the survey area should be clear and free of obstacles that would lift the antenna off 
the ground surface. 

5.3 GPR Field Procedures

Conduct a visual survey along the proposed lines.  The visual surveyor shall: 

 1. Review site utility plans. 
 2. Check for overhead features such as power lines and wires. 
 3. Check for manhole covers and steel-cased wells. 

Record any visible features on the Field Activity Daily Log (FADL) in accordance with Field 
Activities Documentation Procedures and on a site map.  Also, record the location of metallic 
surface debris on a site map and on the FADL. 

Check the instrument battery for sufficient charge and test the instrument according to the 
manufacturer's instructions prior to the commencement of field activities each day and at a 
minimum of once more daily.  Instrument checks shall be documented on the FADL. 

Conduct a test line survey using manufacturer's procedures.  When possible, the test line survey 
should be performed over a known buried feature in the survey area to help optimize instrument 
settings and help calibrate penetration depths.  Depth calibration may also be performed by direct 
measurements of the dielectric constant of the site soils or by obtaining an estimate of the dielectric 
constant from published values based on soil type.  The test line survey shall evaluate the 
following: 

 1. The optimum recording parameters by varying instrument settings. 
 2. The position of ground surface on the GPR record. 
 3. An approximate velocity of the electromagnetic wave propagation. 
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Instrument settings shall be optimized.  Specific recording parameters that shall be optimized 
include, but are not limited to: 

 1. Time range for recording. 
 2. Radar scan rate. 
 3. Instrument gains. 
 4. Transmitter pulse rate. 
 5. Recording printer speed. 
 6. Antenna towing speed and method. 
 7. Filter settings, if applicable. 

Initiate the site survey.  Beginning at the GPR line endpoint, tow the antenna along line and 
subsequent grid lines.  The antenna shall be towed by hand or vehicle along the survey lines.  The 
GPR data shall be acquired at the programmed scan rate.  A marker switch shall be used to put 
marks on the GPR record as each control point is crossed. 

Immediately after acquiring the line, all pertinent spatial and acquisition parameters (e.g., line 
number, direction, start station, tick mark spacing, antenna range, and scan rate) shall be 
documented.  When using the SIR 2, this documentation shall be on the FADL.  When using the 
SIR 10, this documentation shall be on digital tape and on the FADL. 

5.4 Data Processing and Interpretation
Digital GPR data acquired using the SIR systems shall be processed using the computer program 
"GRADIX," written by Interpex Limited.  Acquired digital data shall be downloaded to a laptop 
computer.  The data will always be horizontally scaled in a process known as spatial resampling, to 
remove lateral distortions caused by variations in data collection speeds.  In some cases, the data 
shall be horizontally stacked to increase the signal-to-noise ratio and to reduce the record length.  
Selected horizontal and/or vertical filters may be applied to the data to enhance features of interest.  
Color-enhanced GPR records shall be printed on a color printer. 

6.0 REQUIRED INSPECTION/ACCEPTANCE CRITERIA
All anomalies shall be revisited to verify their existence and location. 

7.0 RECORDS
All project records generated in the field by the performance of this geophysical procedure shall be 
temporarily filed in a designated folder and kept with the field team while in the field.  The 
following records generated as a result of implementation of this procedure shall be maintained in a 
safe manner and submitted to the project central files for storage: 

 1. Field Activity Daily Log 
 2. Site maps 
 3. Project Summary Form 
 4. Data Collection Form 
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8.0 REFERENCES

8.1 Requirements and Specifications

A Compendium of Superfund Field Operations Methods.  EPA/540/P-87/001, December 1987. 

Guidance for Conducting Remedial Investigations and Feasibility Studies Under CERCLA. EPA, 
Interim Final, October 1988. 

RCRA Facility Investigation Guidance, EPA, Interim Final, May 1989. 

8.2 Related Procedures

GP-001 Geophysical Project Management 
GP-004 Field Activities Documentation Procedures 

8.3 Others

Manufacturer's Manual for GSSI SIR System 2 
Manufacturer's Manual for GSSI SIR System 10 

9.0 ATTACHMENTS

Attachment A, Ground-Penetrating Radar Project Summary Form 

Attachment B, Ground-Penetrating Radar Data Collection Form 

Attachment C, Ground-Penetrating Data Processing Form 
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GROUND PENETRATING RADAR 
PROJECT SUMMARY FORM

Project Name:      Project Number:     Sheet ___ of ___ 
Site Name:       Operator:       

Antenna Used:  1000 900 500 300 200 120 100 80 mHz 

Preloaded Parameter File Used in Recording Data:      

Maximum Time Scale:        nSec. 

Minimum Time Scale:        nSec. 

Average Time Scale:        nSec. 

Number of lines:       Total Lineal Feet:      

Data Storage:  Paper  Video  Digital 

Site Access Description:            

Number of Field Days:      Man Hours:    

Number of Office Days:      Man Hours:    

Site Setting Description:

Rock Formation:            

Soil Type:              

Dielectric Constant:           

Overall Survey Results:            
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GROUND PENETRATING RADAR 
DATA COLLECTION FORM

Project Name:      Project Number:          Sheet ___ of ___ 
Site Name:       Operator:        

File 
No: 

Range 
Setting 

Dielectric Fudicial
Spacing 

Starting 
X

Location 
Y

Direction Comments 
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GRADIX DATA PROCESSING FORM

Project File Name:         Processing by:      

IMPORTED DATA FILES
(.DZT)

         

APPLIED FUNCTION          

Geometry (Print and Attach)          

Assigned Line Name          

Window Traces 
        Start time           ns 
        End time            ns 
        First trace         .
        Last trace         .
        Reverse             .

        

Spatial Resample
(Print and attach) 

         

Declip          

Spectral Balance
Low Frequency             . 
High Frequency            .
Function: Inverse Envelope  or 
  AGC - Window Length -        .

         

Depth Convert
Velocity:           .     

         

          
          
          
DISPLAY PARAMETERS          
Vertical Scale inches/us:           .
                       Start .
                       End             .

         

Horizontal Scale: Traces/in.       .
                    Trace inc.         .

         

Vert. Annotation: Time or Depth 
    Major Increment:                .
    Minor Increment:                .

         

Horiz. Annotation: Type:          .
    Major Increment:                .
    Minor Increment:               .

         

Plot file Name (.eps)          

Print Processing History          
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1.0 SCOPE AND OBJECTIVES  

1.1 Scope
This geophysical procedure provides instructions and establishes requirements for managing and 
implementing geophysical surveys.  This procedure is applicable to all Science Applications 
International Corporation (SAIC) personnel involved in geophysical proposals and investigations. 

Geophysical investigations are used to investigate a variety of problems.  Geophysics represents a 
technical specialty requiring the integration of physics, geology, mathematics, hydrogeology, 
chemistry, engineering, computer science, electronics and common sense.  In order to maintain 
technical consistency across a diverse organization, and assure data integrity and streamline 
communications, this geophysical procedure has been developed.  

1.2 Objectives
The objective of this geophysical procedure is to provide uniform methods and instructions for 
preparing and reviewing geophysical work scopes (and budgets) selection of appropriate geophysical 
methods and techniques, management of digital data, and review and quality assurance/quality 
control of geophysical data and reports 

2.0 DEFINITIONS  

Anomaly - An anomaly is a deviation from uniformity in the physical property being measured or 
which is different in appearance from the survey in general, frequently caused by geological, 
hydrological, chemical or man-made feature.  

3.0 RESPONSIBILITIES

Small geophysical projects may require a field crew of only one-person.  In this instance, the field 
person shall be responsible for performing many of the activities described below under the 
supervision of a Geophysicist or Senior Geophysicist.  For larger projects that encompass many 
geophysical personnel, or cover an extended period of time it is appropriate to identify and define the 
additional roles, responsibilities and qualifications of the geophysical manager and field geophysical 
supervisor.

3.1 Geophysical Manager  
The SAIC Geophysical Manager, in concert with the SAIC Project or Program Manager shall be 
responsible for ensuring that proposed geophysical services, data collection, data processing, data 
interpretation and reporting are performed by personnel trained and indoctrinated in the content of 
this procedure and related procedures prior to performing the activity.  The geophysical manager will 
ensure that data collection, processing and interpretation parameters and methods are appropriate to 
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meet the survey objectives as communicated by the SAIC Project or Program Manager.  The 
Geophysical manager shall be responsible for final geophysical data interpretation and geophysical 
reporting.  Furthermore, the Geophysical Manager shall ensure that all geophysical survey activities 
are documented in accordance with SAIC requirements.  The Geophysical Manager will commonly 
be a Senior Geophysicist on larger, multi-disciplined projects, but may be a Project Geophysicist on 
smaller, single task projects.   

3.2 Field Geophysical Supervisor  
For a multi-person survey crew, one of the SAIC geophysical personnel shall be designated as the 
field supervisor and shall be responsible for ensuring the completion of all applicable forms and for 
notifying the SAIC Project Manager or designee of site-specific activities, survey progress, problems, 
and results.  The SAIC Field Supervisor shall be responsible for assuring quality geophysical data is 
collected.  The SAIC Field Supervisor shall be a qualified Project Geophysicist, but may be a Staff 
Geophysicist for smaller, single task projects.  The Field Geophysical Supervisor will be responsible 
for ensuring that geophysical field survey activities are performed in accordance with this geophysical 
procedure, and the appropriate geophysical method geophysical procedure and the project specific 
scope of work.

3.3 Geophysical Survey Crew 
A geophysical survey field crew shall consist of appropriately trained and qualified personnel.  The 
SAIC Geophysical survey crew shall be responsible for collecting quality geophysical data and 
documenting all activities in accordance with this geophysical procedure and the appropriate 
technique specific geophysical procedure.    

4.0 QUALIFICATIONS  

4.1 Senior Geophysicist   
A person with 14 or more years of geophysical work at a level of responsibility that has permitted the 
development of a broad experience in data collection, data processing, data interpretation and 
reporting with a variety of instruments.  Senior geophysicists will have a working knowledge of the 
theoretical and practical aspects of multiple geophysical techniques.  A Senior Geophysicist will be 
responsible for all levels of a geophysical project including defining the technical approach to a 
project, budgeting,   

4.2 Project Geophysicist  
A person with 6 or more years of geophysical experience in data collection and processing with a 
variety of instruments and software packages, and has gained experience in data interpretation and 
reporting.  A Project Geophysicist will have a working knowledge of the practical aspects of 
geophysical techniques and become aware of theoretical aspects of techniques applied.  A Project 
Geophysicist will be responsible for geophysical data collection, processing and presentation.  A 
Project Geophysicist may interpret and report data under the supervision of a Senior Geophysicist.   
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4.3 Staff Geophysicist  
A person with 3 or more years of geophysical experience in data collection and processing with a 
variety of instruments and software packages, and is gaining experience in data interpretation and 
reporting.  A person with a B.S or M.S degree in geophysics geology, physics with adequate 
geophysical emphasis shall qualify.  A Staff Geophysicist will become familiar with the practical 
aspects of geophysical techniques.  A Staff Geophysicist will be responsible for geophysical data 
collection, data processing.  A Staff Geophysicist may process, interpret and report data under the 
supervision of an experienced Project or Senior Geophysicist.   

4.4 Geophysical Technician 
A person who is trained and capable of collecting and/or processing geophysical data, using at least 
one geophysical instrument.   

5.0 MATERIAL/EQUIPMENT AND CALIBRATION  

5.1 Material and Equipment  
Specific equipment used to conduct geophysical surveys is described in individual geophysical 
procedures.  A copy of individual geophysical procedures applicable to the project must be available 
in the field when the geophysical survey occurs.  Since geophysical data are digitally recorded, the 
following shall be available for data downloading, transfer and processing:  

1. Field Computer 
2. Diskettes
3. Field notebook as appropriate 
4. Portable Printer as appropriate 

5.2 Calibration Requirements  
Most geophysical equipment requires periodic calibration.  Calibration and use of the instruments 
shall be in accordance with the manufacturer's instructions.  Calibration checks shall be performed on 
a periodic basis by the manufacturer, or by personnel certified by the manufacturer.  Documentation 
of calibration forms are included within method specific geophysical procedures.   

6.0 PROTOCOLS

6.1 Geophysical Work Scope Preparation  
All offers to perform a geophysical survey will be in written form with a stated scope of work, survey 
objective, and level of reporting.  A senior geophysicist will review all geophysical proposals.  
Proposal review will include the technical method, level of effort, staffing levels, equipment and 
caveats, related to the proposed scope of work.
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1. The technical method shall be reviewed by a Senior Geophysicist to verify that the 
proposed method will meet the objectives identified by the Client as reiterated in the 
proposal.  In the event the proposed method is technically incorrect, or may not meet the 
Client's objectives; the Senior Geophysicist will identify alternative methods, or ensure 
appropriate caveat language is present in the proposal.   

2. The level of effort shall include an evaluation of the proposed data collection density and 
the amount of data processing necessary to meet the Client's objectives.  This will include 
an evaluation of the assumptions regarding the rate of data collection.   

3. Review of the staffing levels will assure that the appropriate level of technical expertise is 
planned for the project.

4. An evaluation of potential health and safety issues shall be addressed.   
5. Determine equipment availability. 

As a way to demonstrate review, a Senior Geophysicist should countersign all letter proposals for 
Commercial Client's, or cover letters for Public Client's.   

6.2 Geophysical Data Collection  
The Geophysical Field Supervisor shall assure that all field data is collected following the appropriate 
geophysical procedure.  The Geophysical Manager shall be responsible to assure all data collection 
forms are complete and are placed into project files during the coarse of the fieldwork.   

6.3 Digital Data Management  
Most geophysical procedures note that geophysical data are digitally recorded and downloaded 
periodically to a field computer for review in the field.  In addition to the copy of data placed on the 
field computer hard disk, a copy of the data shall be placed on floppy disk(s), zip disk(s) or compact 
disk (CD) for backup before erasing the data on the equipment.   

As an additional means of assuring data availability, all data will be transferred to the SAIC 
geophysical data processing center in Harrisburg on a daily basis.  This offsite storage of data will 
further reduce the likelihood of lost data.  Transfer may be accomplished by eMail attachment, FTP 
or overnight delivery of floppy, zip or CD disks.  If possible, field data collection forms and 
appropriate field logbooks should be faxed. 

A Senior Geophysicist will review all geophysical field data to verify that the data represents 
information instead of instrument noise.  This will serve to double-check the field data review for 
quality control and quality assurance.  

All digital data stored at the geophysical data processing center in Harrisburg is backed-up daily and 
weekly.  In order to organize geophysical data, it will be placed onto drive h.  The storage location 
shall be organized as h:\Jobs\Client\Site\DataSet.  All reports, memorandums, spreadsheets, budgets 
etc. should be maintained under the Client\Site subdirectory. 
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6.4 Geophysical Daily Reporting  
A Daily Geophysical Operations Log (Attached) shall be completed for each field day.  This log will 
be used to identify equipment usage to compare against rental invoices, and to note equipment 
problems.  In the event of a problem with SAIC owned equipment, the Geophysical Manager is 
responsible for forwarding a copy of the log to the SAIC Equipment and Supply Manager so 
appropriate equipment repairs can be made.

6.5 Geophysical Data Reporting  
A written report or technical memorandum describing the objectives of the survey shall accompany 
all geophysical data conveyed to a client, in addition to the geophysical method utilized method of 
data collection and processing, interpretation and recommendations.  The Geophysical Field 
Supervisor should review the report to ensure identified geophysical anomalies are not related to 
known surface or subsurface interference.  Furthermore the review should include an evaluation of 
geology and base line shifts that may result in miss-interpretation.  A Senior Geophysicist shall 
review all geophysical reports and technical memoranda.  The review should include the following 
points:

1. Verify the proposed work was implemented,  
2. Verify that the reported work is internally consistent,  
3. Work activities are consistent with SAIC protocols, 
4. Report is technically sound,  
5. Report contains appropriate caveats,  
6. Review closely the conclusions and recommendations for logic and technical 

soundness,
7. Check the consistency of table, appendix and figure numbers, font, and styles,  
8. Spot check any manually constructed tables against the raw data 
9. Verify that the person who collected the data has looked at the figures and is 

comfortable that identified anomalies are real and not missed cultural features.   

A senior geophysicist shall include an independent data review to assure no anomalous features were 
overlooked, and shall verify the interpreted anomalies.  The Senior Geophysicist shall verify the 
following caveat language is included in the report: 
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Survey Limitations
This geophysical investigation was completed using standard and routinely accepted 
practices of the geophysical industry.  This survey was conducted with routinely used 
or state-of-the-art instrumentation operated by experienced geophysicists, the data 
were processed with commercial or proprietary software packages utilized on 
projects with similar objectives, and the results were interpreted by an experienced 
and as necessary licensed individual.  It is necessary to recognize that site-specific 
conditions may obscure some features of interest.  The approach utilized was designed 
to reduce the likelihood of unidentified features.  SAIC does not accept responsibility 
for survey limitations or unforeseen site-specific conditions, or inherent limitations of 
the method.  The user of the information should acknowledge that the geophysical 
techniques used evaluate the subsurface conditions near the measurement locations.  
Extrapolation of this information beyond the immediate area of the measurement may 
result in misleading or an incorrect estimation of subsurface conditions due to natural 
subsurface variations.

7.0 REQUIRED INSPECTION/ACCEPTANCE CRITERIA  

None are defined within this geophysical procedure.  Method Specific quality assurance and quality 
control criteria are presented in the method specific geophysical procedures.   

8.0 RECORDS  

The following records generated as a result of implementation of this procedure shall be 
maintained in a safe manner and submitted to the project central files for storage: 

1. Proposal for Geophysical Services,  
2. Daily Geophysical Operations Log, 
3. Digital Records of Geophysical Data, 
4. Calibration Records, 
5. Data Processing Records, 
6. Geophysical Report. 

9.0 REFERENCES  

9.1 Requirements and Specifications  

Projects undertaken for commercial clients, or those with no specific standards shall be undertaken 
following publicly available, peer-reviewed standards.  At a minimum, the following apply: 
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American Society of Testing and Materials, 1999 Standard Guide for Selecting Surface Geophysical 
Methods, ASTM Designation D6429-99. 

American Society of Testing and Materials, 1999 Standard Guide for Using the Seismic Refraction 
Method for Subsurface Investigation, ASTM Designation D5777-95. 

American Society of Testing and Materials, 1999 Standard Guide for Using the Direct Current 
Resistivity Method for Subsurface Investigation, ASTM Designation D6431-99. 

American Society of Testing and Materials, 1999 Standard Guide for Using the Gravity Method for 
Subsurface Investigation, ASTM Designation D5753-95. 

American Society of Testing and Materials, 1999 Standard Guide for Using the Electromagnetic 
Frequency Domain Method for Subsurface Investigations, ASTM Designation DRAFT. 

American Society of Testing and Materials, 1995 Standard Guide for Planning and Conducting 
Borehole Geophysical Logging, ASTM Designation D5753-95. 

American Society of Testing and Materials, 1999 Standard Test Methods for Crosshole Seismic 
Testing, ASTM Designation D4428-95. 

American Society of Testing and Materials, 1995 Standard Guide for Conducting Borehole 
Geophysical Logging - Gamma, ASTM Designation D5753-95. 

Geophysical services may be undertaken for Public agencies, which publish requirements and 
specifications.  When projects are undertaken for theses clients, their standards shall be incorporated 
into the appropriate scope of work whenever a deficiency is discovered.  Among the standards 
available are:

US Army Corps of Engineers, 1995 Geophysical Exploration for Engineering and Environmental 
Investigations, EM 1110-1-1802 
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9.2 Related SAIC Geophysical Procedures  
Topic Comments 

Surface Electrical Imaging Surveys FTP-110 

Electromagnetic Surveys GP-002 

Ground Penetrating Radar Surveys GP-003 

Surface Magnetic Survey GP-004 

Borehole Geophysical Survey GP-005 

Field Activities Documentation (FADL) GP-006 

Mapping with Global Positioning Systems GP-007 

Subsurface Feature Locating GP-008 

Seismic Refraction Surveys GP-009 

Seismic Reflection Surveys GP-010 

9.3 Others
None

10.0 ATTACHMENTS  

Attachment A, Daily Geophysical Operations Log 
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DAILY GEOPHYSICAL OPERATIONS LOG

DATE:  TEAM LEADER:                                     
FIELD CREW:                                                                                                              
PROJECT NO. PROJECT NAME:
SITE LOCATION:

SURVEY TYPE:   Seismic Refraction   Seismic Reflection  
   EM-31     EM-61  EM-34  EM-47  SP 
   Utility  Metal Detector  Gravity   Magnetometer   
   Electrical Imaging   Resistivity 
   Borehole Geophysics Borehole Camera (Color or Black & White) 
   Other:     
Positioning Used:  Tape  Hip Chain  GPS  Ultra  
DATA RECORDED: 

PROBLEMS:

Copies: Field File 
 Geophysical Project Manager



Appendix A  
Geophysical Procedures 

A-9:  Field Activity Daily Log
Geophysical Procedure GP-002
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Geophysical Procedure 
GP006

FIELD ACTIVITIES DOCUMENTATION 

April 1998 
(Revised January 2002) 

Reviewed by: Prepared by: 

________________________   _______________________ 
George R.A. Fields, P.G.   Richard A. Hoover, P.G. 
Senior Geophysicist/Geophysical Unit Mgr. Senior Geophysicist/Geophysical Program Mgr
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1. SCOPE AND OBJECTIVE 
1.1. Scope 

This geophysical procedure provides requirements for documents generated during field 
investigations on projects when traditional logbooks are not in use. This procedure also provides for 
fundamental field activity documentation.  This procedure is applicable to all personnel involved in 
the documentation of geophysical field activities on behalf of Science Applications International 
Corporation (SAIC). 

1.2. Objectives 
The objective of this procedure is to establish a uniform method of documenting field activities so 
that the resultant documentation is sufficient to withstand scientific and legal scrutiny. 

2. DEFINITIONS 
None

3. RESPONSIBILITIES AND QUALIFICATIONS 
3.1. Geophysical Project and Site Managers 

Project and site managers are responsible for the proper documentation of all field activities through 
the development and review of the site-specific documentation requirements, by training field and 
subcontractor personnel in the documentation requirements, by maintaining appropriate quality 
control (QC) of documentation, and through records maintenance.  At a minimum, managers will: 

 1. Develop and review the project site-specific work plans, which address the specific 
documentation requirements for the project and project-specific documentation 
forms.

 2. Verify that personnel have reviewed, and are familiar with, site-specific work plans, 
which address documentation requirements, this procedure, and any other associated 
procedures.

 3. Provide training for personnel in the requirements and use of forms required for the 
tasks being performed. 

 4. Review field-generated documentation on a regular basis to verify compliance with 
project requirements and, if needed, implement corrective action. 

3.2. Field Personnel 
Field personnel are responsible for legible, complete, and proper documented field activities. 

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 
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4. EQUIPMENT AND MATERIALS 
Field personnel are responsible to ensure the appropriate forms and/or logbooks are available for 
use, a notebook when forms are used, and an indelible pen is present. 

5. METHOD 
Documentation shall contain sufficient detail to allow future reconstruction of the recorded event.  
Records outlined in this procedure include: 

 1. Pre-field activity documentation 
 2. Tailgate Safety Briefing Forms 
 3. Field Activity Daily Logs 
 4. Sample Collection Forms 
 5. Photographic Logs 

Record entries shall be concise, legible, and made in dark, indelible ink.  All forms must be 
completed in such a manner as to accurately and thoroughly document the activity.  When using a 
preprinted form, each blank or space shall be completed.  Mark "NA" or equivalent in the space if it 
is not applicable to the activity. 

Any correction or deletions shall be accomplished by drawing a single line through the entry without 
the use of erasers or correction fluid.  The correction shall then be initialed and dated by the person 
performing the activity. 

5.1. Pre-field Activity Documentation 
The documentation of pre-field activities shall be performed prior to initiation of a major phase of 
work to ensure that personnel are adequately equipped and knowledgeable in the activities to be 
performed.  Pre-field activities shall be performed and documented according to SAIC Readiness 
Review Standards. 

5.2. Field Activity Daily logs (FADL) 
The FADL (Attachment A) shall be produced to provide a chronological recording of each day's on-
site activities.  Each FADL must be completed with sufficient detail to allow future reconstruction of 
the events covered.  Any activities performed that are not accounted for in activity-specific forms 
must be described in detail in the FADL. 

Sequentially numbered bound logbooks may be used in place of a FADL.  The Quality Assurance 
Officer (QAO) must approve the specific use of a bound logbook, which does not have preprinted 
data entry requirements.  All information required in the FADL must be included in a logbook, and 
pages shall not be removed for any reason. 

Science Applications International Corporation 
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All entries in the FADL or logbook shall be legible and concise.  At a minimum, the following shall 
be recorded: 

 1. Project identification (name and number) 
 2. The dates of activities 
 3. General description of field activity 
 4. General work activities 
 5. Sufficient information to allow trace ability to associated forms or records (e.g., 

Sample Collection Logs, Telephone Conferences) 
 6. Changes to plans, specifications, and/or procedures 
 7. Problems encountered 
 8. Visitors on-site (include organization and purpose of visit) 
 9. Weather conditions 
 10. SAIC and subcontractor personnel on-site 
 11. Pertinent phone calls 
 12. Meetings 
 13.  Detailed Operating Procedure Data Forms prepared in the field during the day.   

If a portion of the page of a FADL or logbook is intentionally left blank, then the preparer shall place 
a notation such as "Intentionally Left Blank" or a line through the blank portion.  Any 
knowledgeable personnel may complete the FADL or logbook on-site; however, the field supervisor 
or lead shall enter critical field documentation and sign the log.  If the field preparer of the FADL or 
logbook changes during its completion, then a notation shall be made indicating said change.  In the 
event of multiple shifts, one FADL shall be completed for each shift.  All preparer(s) shall sign and 
date the FADL. 

The FADL shall include sufficient information to allow trace ability to more detailed information 
such as may be found in associated forms or records. 

Discrete work groups performing different activities at one project event may complete a separate 
FADL.  The site supervisor may prepare a “master” FADL. 

5.3. Tailgate Safety Briefing Forms 
Prior to each workday or shift, a safety briefing shall be conducted and documented on a Tailgate 
Safety Briefing Form (Attachment B).  A separate meeting shall be held when a change in location 
or activity creates a change in potential working hazards (new or different potential hazards to 
personnel that could result in the need for personnel protective equipment).  As a minimum, the 
following information will be discussed and recorded on the Tailgate Safety Briefing Forms: 

 1. Project name and number 
 2. Date and time of the briefing 
 3. Job location 

Science Applications International Corporation 
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 4. A description of the work to be performed 
 5. Chemical/radiation hazards 
 6. Personal protection equipment required 
 7. General site and activity hazards 
 8. Decontamination/special procedures 
 9. Emergency information 
 10. Signature of all attendees 
 11. Name of the individual conducting the orientation. 

5.4. Equipment Calibration Forms 
Any test or measuring equipment, such as field analytical or health and safety instruments requiring 
on-site calibrations, shall be documented.  The documentation must be completed/updated for each 
calibration.  At a minimum, the following information shall be recorded: 

 1. Make and model number of the instrument 
 2. Serial number of the instrument 
 3. Calibration standard solution preparation or manufacturer, including lot number and 

expiration date, if applicable 
 4. The date and time of calibration 
 5. All calibration measurements 
 6. Any problems encountered during calibration 
 7. The names and signature of the person conducting the calibration 
 8. The name and signature of the person reviewing the calibration documentation 

5.5. Photographic Logs 
Photographs taken to support project documentation shall be logged on a standard Photographic Log 
(Attachment D), or equivalent.  Photographic records shall be compiled in accordance with 
appropriate operating procedures, Photo documentation and Photo monitoring, for each activity that 
is photographed. 

5.6. Records Maintenance 
Records maintained on-site shall be managed in accordance with the SAIC Quality Management 
Plan.  As a minimum, this will include: 

 1. Field documents shall be maintained in a protected on-site file. 

 2. The originals of all field documents shall ultimately reside in the office Central Files. 
 Transfer to Central Files shall be as appropriate for the project based upon the length 
of the project and risks to the records in the field. 

Science Applications International Corporation 
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 3. A list of material safety data sheets (MSDSs) for products used on-site shall be 
provided to the Environmental Compliance Manager, who shall maintain the records. 

5.7. Electronic Forms Usage 
Electronically produced forms may be used for documentation of project activities.  
Electronic form files may be used to print a hard copy for manual completion or may be 
completed in electronic format for applications approved by the QAO.  As with any project 
documentation, generators of electronic forms are responsible for all information 
included on the form. 

Standard SAIC forms used in electronic format shall be equivalent in content and similar in 
design to the original form.  New forms produced that are not standard SAIC forms shall 
include header information sufficient to identify the project and shall contain information 
sufficient to thoroughly document the activity.  Header information shall include, but not be 
limited to, project name, project number, date, and a title describing the information the form 
shall contain. 

Forms completed in electronic format shall be printed in hard copy for inclusion in project 
files.  Original handwritten signatures and dates shall be included as required by this 
procedure.  A form that is printed a second time for use as a copy shall also be signed with 
original signatures and shall clearly be marked as a "duplicate copy" or equivalent. 

6. REQUIRED INSPECTION/ACCEPTANCE CRITERIA 

None

7. RECORDS 
The following records generated as a result of implementation of this procedure shall be 
maintained in a safe manner and submitted to Project Central Files for storage and 
disposition:

 1. Field Activity Daily Logs 
 2. Tailgate Safety Briefings 
 3. Photographic Logs 
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8. REFERENCES 
8.1. Requirements and Specifications  

SAIC Quality Management Plan, Rev. 1 
Related Procedures
SAIC Readiness Review 
Equipment Specific Procedures as necessary 

9. ATTACHMENTS 
Attachment A, Field Activity Daily Log 
Attachment B, Tailgate Safety Briefing 
Attachment C, Photographic Log 
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 TAILGATE SAFETY MEETING

Date       
Time        Job No.                                            
Job Location             
Type of Work             

 CHEMICAL/RADIATION HAZARDS 
 Contaminant  Symptoms of Exposure  Exp. Limit 

    

  TLV O  PEL 

    

  TLV   PEL 

    

  TLV   PEL 

    

  TLV   PEL 

    

  TLV   PEL 

    

  TLV   PEL 
 PERSONAL PROTECTIVE EQUIPMENT 
Garment:
O Tyvek, White  O Chemrel   O Cotton                  O Viton  O Teflon 
O Tyvek, Poly  O Barricade   O Butyl   O Cloropel O Other: 
O Saranex  O PVC    O Neoprene  O Nomex  O Other: 
Respirator:
O None  O Dust Mask   O HEPA       O Ammonia  O Other:   
O APR, Full Face O Airline   O Organic  O Formaldehyde                  O Other:   
O APR, Half Face O SCBA   O Acid Gas  O Pre-filter  O Other:   
Gloves:
O None   O Latex     O Rubber  O Silver Shield  O Polyethylene 
O Leather              O PVC   O Nitrile       O Neoprene  O Safety 4H 
O Cotton              O PVA   O Viton       O Butyl   O Other:   

Eyes:
O Safety Glasses     O Welding Goggles  O Other:   
O Splash Goggles    O FF Respirator   O Other:   

 Gas-tight Goggles    O Splash Shield   O Other:   

. . . . . . . . . . . . . . .
O Hard Hat    O Hearing Protection   O Other:   
O PVC Boots    O Boot Covers 

 Leather Boots (All footwear and eyewear ANSI approved)



O Slip and Trip: O Noise: 

 Radiation:  Heat: 

O Fire: O Cut: 

O Vermin: O Machinery: 

O Other 

 DECON/SPECIAL PROCEDURES 

 EMERGENCY INFORMATION 
FOR INJURY CALL:  (     )         

FOR FIRE CALL:  (     )           

FOR SPILL CALL:  (     )           

FOR EXPLOSION CALL: (     )           

DIRECTIONS TO HOSPITAL/CLINIC 

 ATTENDEES 
 Print Name  Signature 

Meeting Conducted by:            
Project Title:             

 REVIEWS 
Supervisor:          Date:   
Project Manager:          Date:   



 PHOTOGRAPHIC LOG
Page ___ of ___ 

PROJECT NAME        CAMERA MODEL   

PROJECT NUMBER        SERIAL NUMBER   

PHOTOGRAPHER       FILM FORMAT Slides   Prints  
          Size  Speed

SITE               

COMMENTS              

ROLL NUMBER        

Frame1 Neg.2 Direction3 Date4 Time5 Description (Location, Features, Personnel)
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      

1 Frame is the exposure number displayed on the camera. 
2 Neg. is the number identification on the negative (as applicable). 
3 One of eight compass directions (e.g., northeast) should be used to describe the direction the camera is pointed.  Alternatively on 

_______ or relative orientation to a known datum may be used. 
4 The date is expressed for month/day/year. 
5 Time is using the 24-hour clock. 



Appendix B 

 Electrical Imaging Profiles and Anomaly 
Summary Table 

            Electrical Imaging Profiles 

Zone II EI Traverse 1 
Zone II EI Traverse 2 
Zone II EI Traverse 3 
Zone II EI Traverse 4 
Zone II EI Traverse 5 
Zone II EI Traverse 6 
Zone II EI Traverse 7 
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Table B-1.
Anomaly Summary Table

Niagara Falls Storage Site

Anomaly ID Traverse Zone

Location (inline 
distance from 
west or south, 

meters) Depth Possible Interpretation Remarks

Z2-1A 1 II 10-35 S
More conductive material; clayey materal; 
increased moisture.

Z2-1B 1 II 75-135 M-D
More conductive material; clayey 
material; increased moisture.

Z2-1C 1 II 100-120 M
Less conductive material; less clayey 
material; drier. Depth near expected landfill bottom.

Z2-1D 1 II 180 M-D
More conductive material; clayey 
material; increased moisture. Caution-edge effect.

Z2-2A 2 II 5-50 S-M
More conductive material; clayey 
material; increased moisture.

Z2-2B 2 II 65-90 M-D
More conductive material; clayey 
material; increased moisture.

Z2-2C 2 II 118, 140 M-D
Less conductive material; less clayey 
material; drier. Caution-edge effect.

Z2-3A 3 II 30 M
Less conductive material; less clayey 
material; drier. Caution-edge effect.

Z2-3B 3 II 5-50 S-M
More conductive material; clayey 
material; increased moisture.

Z2-3C 3 II 145 M
Less conductive material; less clayey 
material; drier.

Z2-4A 4 II 40 M
More conductive material; clayey; 
increased moisture. Adjacent to metal fence.

Z2-4B 4 II 60-86 M
Less conductive material; less clayey; 
drier.

Z2-4C 4 II 83 M-D
More conductive material; more clayey; 
increased moisture.

Z2-4D 4 II 100-165 M
Moderate to less conductive material; 
less clayey material; drier.

Z2-5A 5 II 40 S-M
More conductive material; clayey 
material; increased moisture. Metal chain-link fence within close proximity.

Z2-5B 5 II 65-115 D
More conductive material; clayey 
material; increased moisture.

Z2-5C 5 II 60-105 M
Less conductive material; less clayey; 
drier.

Z2-5D 5 II 130 M-D
Less conductive material; less clayey 
material; drier.

Z2-5E 5 II 160 S
More conductive material; clayey 
material; increased moisture.

Z2-6A 6 II 40 M
More conductive material; more clayey; 
increased moisture. Adjacent to metal fence.

Z2-6B 6 II 75-90 M
Less conductive material; less clayey; 
drier.

Z2-6C 6 II 110-140 M
Less conductive material; less clayey; 
drier.

Z2-6D 6 II 160 S
More conductive material; more clayey; 
increased moisture.

Z2-7A 7 II 40 S-M
More conductive material; more clayey; 
increased moisture. Adjacent to metal fence.

Z2-7B 7 II 50 M
Moderate to less conductive material; 
less clayey; drier. Fill?  due to roadway.

Z2-7C 7 II 110-125 M-D
More conductive material; more clayey; 
increased moisture.

Z2-7D 7 II 105-140 S
Less conductive material; less clayey; 
drier.

Z2-8A 8 II 40 S-M
More conductive material; more clayey; 
increased moisture.

Z2-8B 8 II 80-95 M-D
Moderately conductive material; less 
clayey; somewhat drier.

Z2-8C 8 II 135 M
Moderately conductive material; less 
clayey; somewhat drier.

Z2-9A 9 II 40 S-M
More conductive material; more clayey; 
increased moisture. Adjacent to metal fence.

Z2-9B 9 II 60 M-D
Less conductive material; less clayey; 
drier.
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Table B-1.
Anomaly Summary Table

Niagara Falls Storage Site

Anomaly ID Traverse Zone

Location (inline 
distance from 
west or south, 

meters) Depth Possible Interpretation Remarks

Z2-10A 10 II 40 M
More conductive material; more clayey; 
increased moisture. Adjacent to metal fence.

Z2-10B 10 II 60 M
Moderately conductive; less clayey 
material; drier.

Z2-10C 10 II 130-150 S
Moderately conductive; less clayey 
material; drier.

Z2-10D 10 II 160-170 M
Moderately conductive; less clayey 
material; drier.

Z2-11A 11 II 45 S-M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-11B 11 II 75-122 S
More conductive, more clayey; increased 
moisture.

Z2-11C 11 II 145 M
More conductive, more clayey; increased 
moisture.

Z2-12A 12 II 12-50 S-M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-12B 12 II 70 S
More conductive, more clayey; increased 
moisture.

Z2-12C 12 II 100 M
Moderately conductive; less clayey 
material; drier.

Z2-12D 12 II 130-150 M
Moderately conductive; less clayey 
material; drier. Within landfill, possible fill?

Z2-13A 13 II 45 S-M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-13B 13 II 85-90 D
Moderately conductive; less clayey 
material; drier.

Z2-13C 13 II 155 D
Moderately conductive; less clayey 
material; drier. Caution-edge effect.

Z2-14A 14 II 65-90 D
Moderately conductive; less clayey 
material; drier.

Z2-14B 14 II 23-48 S-M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-14C 14 II 60-100 S-M
More conductive, more clayey; increased 
moisture. Within landfill; possible fill?

Z2-14D 14 II 170 M
More conductive, more clayey; increased 
moisture. Within landfill; possible fill?

Z2-15A 15 II 40-56 S
Less conductive material; less clayey; 
drier. Possible fill?

Z2-15B 15 II 55-95 M-D
Less conductive material; less clayey; 
drier.

Z2-15C 15 II 102 M
More conductive, more clayey; increased 
moisture. Fill?  

Z2-16A 16 II 45 S-M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-16B 16 II 60-73 M
More conductive, more clayey; increased 
moisture.

Z2-16C 16 II 102 S-M
More conductive, more clayey; increased 
moisture. very conductive material

Z2-16D 16 II 55-110 M-D
Less conductive material; less clayey; 
drier.

Z2-17A 17 II 45 S-M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence and wells.

Z2-17B 17 II 60-83 M
More conductive, more clayey; increased 
moisture.

Z2-17C 17 II 95-107 S-M
More conductive, more clayey; increased 
moisture.

Very conductive; irregular shape; some 
distortion; fill? Metal?

Z2-17D 17 II 95-110 M-D
Less conductive material; less clayey; 
drier.

Adjacent to very low resistivitiy.  Possible 
distortion?

Z2-18A 18 II 95-105 S-M
More conductive, more clayey; increased 
moisture.

Very conductive; irregular shape; some 
distortion; fill? Metal?

Z2-18B 18 II 35-45 S-M
More conductive, more clayey; increased 
moisture. Very conductive; irregular shape; fill?

Z2-18C 18 II 60-80 M
More conductive, more clayey; increased 
moisture.
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Table B-1.
Anomaly Summary Table

Niagara Falls Storage Site

Anomaly ID Traverse Zone

Location (inline 
distance from 
west or south, 

meters) Depth Possible Interpretation Remarks

Z2-18D 18 II 90-110 M
Less conductive material; less clayey; 
drier.

Adjacent to very low resistivitiy.  Some 
distortion?

Z2-18E 18 II 150 M
More conductive, more clayey; increased 
moisture.

Z2-19A 19 II 95-105 S-M
More conductive, more clayey; increased 
moisture.

Very conductive; irregular shape; some 
distortion; fill? Metal?

Z2-19B 19 II 20-35 M
Less conductive material; less clayey; 
drier.

Z2-19C 19 II 45 M
More conductive, more clayey; increased 
moisture.

Very conductive; irregular shape; adjacent to 
metal fence.

Z2-19D 19 II 75-85 M
More conductive, more clayey; increased 
moisture.

Z2-19E 19 II 145-155 M
More conductive, more clayey; increased 
moisture.

Z2-20A 20 II 75-85 M
Less conductive material; less clayey; 
drier.

Z2-20B 20 II 115-145 M
Less conductive material; less clayey; 
drier.

Z2-20C 20 II 45 S-M
More conductive, more clayey; increased 
moisture.

Irregular shaped utility?  Adjacent to metal 
fence.

Z2-4A 4 II 40 M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-20D 20 II 75-100 M
More conductive, more clayey; increased 
moisture. Very conductive.

Z2-20E 20 II 150-155 M
More conductive, more clayey; increased 
moisture.

Z2-21A 21 II 65-85 S-M
Less conductive material; less clayey; 
drier.

Z2-21B 21 II 47 S-M
More conductive, more clayey; increased 
moisture. Irregular shaped; adjacent to metal fence.

Z2-21C 21 II 57 S-M
More conductive, more clayey; increased 
moisture.

Z2-21D 21 II 80-90 M
More conductive, more clayey; increased 
moisture.

Z2-21E 21 II 120 M
More conductive, more clayey; increased 
moisture.

Z2-21F 21 II 152 M
More conductive, more clayey; increased 
moisture.

Z2-22A 22 II 70-90 S-M
Less conductive material; less clayey; 
drier. Possible dry fill?

Z2-22B 22 II 40 M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-22C 22 II 70-85 M
More conductive, more clayey; increased 
moisture.

Z2-22D 22 II 100 D
Moderately conductive, lesse clayey; less 
moisture.

Caution near bottom of profile - less 
resolution.

Z2-22E 22 II 118 M
More conductive, more clayey; increased 
moisture.

Z2-22F 22 II 145-152 M
More conductive, more clayey; increased 
moisture.

Z2-23A 23 II 70-80 S-M
Less conductive material; less clayey; 
drier. Possible dry fill?

Z2-23B 23 II 110 S
Moderately conductive, less clayey 
material; less moisture. Dry fill?

Z2-23C 23 II 130-150 S
Moderately conductive, less clayey 
material; less moisture. Dry fill?

Z2-23D 23 II 45 M
Moderately conductive, less clayey 
material; less moisture. Adjacent to metal fence.

Z2-23E 23 II 102-148 M
More conductive, more clayey; increased 
moisture.

Z2-24A 24 II 30-45 M
More conductive, more clayey; increased 
moisture.

Adjacent to metal fence; caution edge-
effects.

Z2-24B 24 II 100-175 M
More conductive, more clayey; increased 
moisture.
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Table B-1.
Anomaly Summary Table

Niagara Falls Storage Site

Anomaly ID Traverse Zone

Location (inline 
distance from 
west or south, 

meters) Depth Possible Interpretation Remarks

Z2-25A 25 II 47 S
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-25B 25 II 55-60 M
Moderately conductive material; less 
clayey; drier.

Z2-25C 25 II 115-175 M
More conductive, more clayey; increased 
moisture.

Z2-26A 26 II 20-30 M
More conductive, more clayey; increased 
moisture.

Z2-26B 26 II 60-175 M
More conductive, more clayey; increased 
moisture.

Z2-27A 27 II 65-80 M
More conductive, more clayey; increased 
moisture.

Z2-27B 27 II 60-90 M-D
Less conductive material; less clayey; 
drier.

Caution - near bottom of profile and edge 
effects.

Z2-27C 27 II 105-125 M
More conductive, more clayey; increased 
moisture. Very conductive, fill?

Z2-27D 27 II 142-157 M
More conductive, more clayey; increased 
moisture.

Z2-28A 28 II 95 M
Moderately conductive material; less 
clayey; drier.

Z2-28B 28 II 107-145 S-M
Moderately conductive material; less 
clayey; drier.

Z2-28C 28 II 45 M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-28D 28 II 77 M
More conductive, more clayey; increased 
moisture.

Z2-28E 28 II 90-120 M-D
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-28F 28 II 140-152 M
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-29A 29 II 25 M
More conductive, more clayey; increased 
moisture.

Z2-29B 29 II 45 M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-29C 29 II 90-168 M
More conductive, more clayey; increased 
moisture.

Z2-29D 29 II 127 S
Moderately conductive material; less 
clayey; less moisture. Possible dry fill?

Z2-30A 30 II 20-55 S-M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-30B 30 II 50-115 M-D
Moderately conductive material; less 
clayey; less moisture.

Z2-30C 30 II 95-175 M
More conductive, more clayey; increased 
moisture.

Z2-30D 30 II 127 S
Less conductive material; less clayey; 
drier. Dry fill?

Z2-31A 31 II 18-50 S-M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-31B 31 II 75-155 M
More conductive, more clayey; increased 
moisture.

Z2-31C 31 II 85-105 D
Less conductive material; less clayey; 
drier.

Z2-32A 32 II 10-30 S
More conductive, more clayey; increased 
moisture.

Z2-32B 32 II 45 S-M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-32C 32 II 80-100 M
More conductive, more clayey; increased 
moisture.

Z2-32D 32 II 115 M
Less conductive material; less clayey; 
drier. Dry fill?

Z2-32E 32 II 115-130 M
More conductive, more clayey; increased 
moisture. Very conductive material.

Z232F 32 II 155 M
More conductive, more clayey; increased 
moisture.

Very conductive material, caution - edge 
effect.
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Table B-1.
Anomaly Summary Table

Niagara Falls Storage Site

Anomaly ID Traverse Zone

Location (inline 
distance from 
west or south, 

meters) Depth Possible Interpretation Remarks

Z2-33A 33 II 10-30 S-M
More conductive, more clayey; increased 
moisture.

Z2-33B 33 II 40 M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-33C 33 II 105-120 S-M
Less conductive material; less clayey; 
drier. Dry fill?

Z2-33D 33 II 93-170 M-D
More conductive, more clayey; increased 
moisture.

Very conductive material; some interference 
present.

Z2-34A 34 II 10-27 S-M
More conductive, more clayey; increased 
moisture.

Z2-34B 34 II 45 M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-34C 34 II 55 S-M
More conductive, more clayey; increased 
moisture.

Z2-34D 34 II 100 M
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-34E 34 II 105-115 S-M
Less conductive material; less clayey; 
drier. Adjacent to very low resistivity area.

Z2-34F 34 II 122-170 M
More conductive, more clayey; increased 
moisture.

Very conductive material; some electrical 
interference.

Z2-35A 35 II 45 S-M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-35B 35 II 55 S
More conductive, more clayey; increased 
moisture.

Z2-35C 35 II 75 M
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-35D 35 II 95-108 M-D
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-35E 35 II 97 S
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-35F 35 II 105-115 M
Less conductive material; less clayey; 
drier. Adjacent to very low resistivity area.

Z2-35G 35 II 120-175 M
More conductive, more clayey; increased 
moisture.

Very conductive material; some electrical 
interference.

Z2-36A 36 II 40 S-M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-36B 36 II 55 S
More conductive, more clayey; increased 
moisture.

Z2-36C 36 II 70-100 M-D
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-36D 36 II 100 S-M
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-36E 36 II 105-115 M
Less conductive material; less clayey; 
drier. Adjacent to very low resistivity area.

Z2-36F 36 II 127-132 S
Less conductive material; less clayey; 
drier. Dry fill?

Z2-36G 36 II 120-175 M
More conductive, more clayey; increased 
moisture.

Very conductive material; some electrical 
interference.

Z2-37A 37 II 45 M
More conductive, more clayey; increased 
moisture. Adjacent to metal fence.

Z2-37B 37 II 68-82 M-D
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-37C 37 II 90-100 S-M
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-37D 37 II 110 S-M
Less conductive material; less clayey; 
drier. Adjacent to very low resistivity area.

Z2-37E 37 II 130-145 S
Less conductive material; less clayey; 
drier. Dry fill?

Z2-37F 37 II 115-175 M
More conductive, more clayey; increased 
moisture. Very conductive material; some interference.

Z2-38A 38 II 20 S
More conductive, more clayey; increased 
moisture.

Z2-38B 38 II 45 S-M
More conductive, more clayey; increased 
moisture.

X:\ArmyCOE\Buffalo\NFSS\Report\Report Tables\EI Tables.xls Page 5 of 11



Table B-1.
Anomaly Summary Table

Niagara Falls Storage Site

Anomaly ID Traverse Zone

Location (inline 
distance from 
west or south, 

meters) Depth Possible Interpretation Remarks

Z2-38C 38 II 115-135 M
Moderately conductive material; less 
clayey material; less moisture.

Z2-39A 39 II 20 S
More conductive, more clayey; increased 
moisture.

Z2-39B 39 II 45 S-M
More conductive, more clayey; increased 
moisture.

Z2-39C 39 II 50-60 M-D
Moderately conductive material; less 
clayey material; less moisture.

Z2-39D 39 II 90-115 M-D
Moderately conductive material; less 
clayey material; less moisture.

Z2-39E 39 II 130-145 M
Moderately conductive material; less 
clayey material; less moisture.

Z2-40A 40 II 18 M
More conductive, more clayey; increased 
moisture.

Z2-40B 40 II 45 M
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-40C 40 II 65-85 M-D
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-40D 40 II 70-110 M
Less conductive material; less clayey; 
drier.

Z2-40E 40 II 125 M
More conductive, more clayey; increased 
moisture. Irregular shape.

Z2-40F 40 II 160 M
More conductive, more clayey; increased 
moisture. Caution - edge effect.

Z2-40G 40 II 165-175 M
Less conductive material; less clayey; 
drier. Caution - edge effect.

Z2-41A 41 II 40-45 S-M
More conductive, more clayey; increased 
moisture.

Z2-41B 41 II 65-130 M
Moderately conductive material; less 
clayey material; less moisture.

Z2-41C 41 II 150-165 M
Moderately conductive material; less 
clayey material; less moisture. Caution - edge effect.

Z2-42A 42 II 35-45 M
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-42B 42 II 70-98 M
Moderately conductive material; less 
clayey material; less moisture.

Z2-42C 42 II 100-110 M
More conductive, more clayey; increased 
moisture.

Z2-42D 42 II 155-165 M
Moderately conductive material; less 
clayey; less moisture.

Z2-43A 43 II 40 M
More conductive, more clayey; increased 
moisture.

Z2-43B 43 II 50 M-D
Lateral discontinuity; possible bedrock 
fracture or lithology changes.

Z2-43C 43 II 65-85 S-M
More conductive, more clayey; increased 
moisture.

Z2-43D 43 II 70-85 M
Less conductive material; less clayey; 
drier.

Z2-43E 43 II 95-120 M-D
Lateral discontinuity; possible bedrock 
fracture or lithology changes.

Z2-43F 43 II 122-152 S
More conductive, more clayey; increased 
moisture.

Z2-44A 44 II 43 M
More conductive, more clayey; increased 
moisture.

Z2-44B 44 II 82 M
Lateral discontinuity; possible bedrock 
fracture or lithology changes.

Z2-44C 44 II 95-105 M
Moderately conductive; less clayey 
material; less moisture.

Z2-44D 44 II 85-125 D
More conductive, more clayey; increased 
moisture. Possible bedrock lithology changes.

Z2-44E 44 II 130-140 M
Moderately conductive; less clayey 
material; less moisture.

Z2-45A 45 II 45 M
More conductive, more clayey; increased 
moisture. Very conductive material.
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Table B-1.
Anomaly Summary Table

Niagara Falls Storage Site

Anomaly ID Traverse Zone

Location (inline 
distance from 
west or south, 

meters) Depth Possible Interpretation Remarks

Z2-45B 45 II 65-125 M-D
More conductive, more clayey; increased 
moisture.

Possible bedrock fracture or lithology 
change.

Z2-45C 45 II 90-125 M
Less conductive material; less clayey; 
drier.

Z2-45D 45 II 102-125 M
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-46A 46 II 35-40 M
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-46B 46 II 45-55 M
Less conductive material; less clayey; 
drier. Adjacent to very low resistivity area.

Z2-46C 46 II 80-90 M
Moderately conductive material; less 
clayey; less moisture.

Z2-46D 46 II 100-115 M
More conductive, more clayey; increased 
moisture. Very conductive material.

Z2-46E 46 II 100-110 D
Less conductive material; possible 
competent rock or lithology changes.

Z2-46F 46 II 134 M-D
Lateral discontinuity; possible bedrock 
fracture location or lithology changes

Z2-47A 47 II 40 M
More conductive, more clayey; increased 
moisture.

Z2-47B 47 II 55-105 D

More conductive, more clayey; increased 
moisture; possible bedrock lithology 
change.

Z2-47C 47 II 60-115 M
Less conductive material; less clayey; 
drier.

Z2-47D 47 II 93-125 M
More conductive, more clayey; increased 
moisture. Irregular shaped 

Z2-47E 47 II 125-130 M
Lateral discontinuity; possible bedrock 
fracture location or lithology changes

Z2-47F 47 II 150 M
Lateral discontinuity; possible bedrock 
fracture location or lithology changes

Z2-48A 48 II 10-25 S-M
More conductive, more clayey; increased 
moisture.

Z2-48B 48 II 40 M
More conductive, more clayey; increased 
moisture.

Z2-48C 48 II 48 M
Less conductive material; less clayey; 
drier.

Z2-48D 48 II 70-125 M
Less conductive material; less clayey; 
drier.

Z2-48E 48 II 60-130 D
More conductive, more clayey; increased 
moisture. Possible bedrock lithology changes.

Z2-48F 48 II 100-130 M
More conductive, more clayey; increased 
moisture.

Z2-49A 49 II 30 M
Less conductive material; less clayey; 
drier.

Z2-49B 49 II 45 S-M
More conductive, more clayey; increased 
moisture.

Z2-49C 49 II 50-110 M
Less conductive material; less clayey; 
drier.

Z2-49D 49 II 50-115 D
More conductive, more clayey; increased 
moisture. Possible bedrock lithology changes.

Z2-50A 50 II 30 S
Less conductive material; less clayey; 
drier.

Z2-50B 50 II 65 S
Less conductive material; less clayey; 
drier.

Z2-50C 50 II 40-80 M
Less conductive material; less clayey; 
drier. Possible bedrock lithology changes.

Z2-50D 50 II 100-150 M-D
Less conductive material; less clayey; 
drier. Possible bedrock lithology changes.

Z2-51A 51 II 45 S-M
More conductive, more clayey; increased 
moisture.

Z2-51B 51 II 50-60 M
Less conductive material; less clayey; 
drier.

Z2-51C 51 II 60-80 S
Less conductive material; less clayey; 
drier.
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Table B-1.
Anomaly Summary Table

Niagara Falls Storage Site

Anomaly ID Traverse Zone

Location (inline 
distance from 
west or south, 

meters) Depth Possible Interpretation Remarks

Z2-51D 51 II 125 D
Less conductive material; less clayey; 
drier. Possible bedrock lithology changes.

Z2-52A 52 II 40 S-M
More conductive, more clayey; increased 
moisture.

Z2-52B 52 II 50-100 M
Less conductive material; less clayey; 
drier.

Z2-52C 52 II 65-90 D
More conductive, more clayey; increased 
moisture. Possible bedrock lithology changes.

Z2-53A 53 II 7-11 S
Less conductive material; less clayey; 
drier.

Z2-53B 53 II 17 S-M
More conductive, more clayey; increased 
moisture.

Z2-53C 53 II 36 S-M
Less conductive material; less clayey; 
drier.

Z2-53D 53 II 92-95 M
More conductive, more clayey; increased 
moisture.

Z2-54A 54 II 22 S
Less conductive material; less clayey; 
drier.

Z2-54B 54 II 20-35 M
More conductive, more clayey; increased 
moisture.

Z2-54C 54 II 0-32 S
More conductive, more clayey; increased 
moisture.

Z2-54D 54 II 45-60 S-M
More conductive, more clayey; increased 
moisture.

Z2-55A 55 II 5-68 M-D
More conductive, more clayey; increased 
moisture. very conductive material; some interference.

Z2-55B 55 II 85 M
More conductive, more clayey; increased 
moisture. very conductive material; some interference.

Z2-55C 55 II 100-130 M
More conductive, more clayey; increased 
moisture. very conductive material; some interference.

Z2-55D 55 II 145 M
More conductive, more clayey; increased 
moisture. very conductive material; some interference.

Z2-55E 55 II 135 S-M
Less conductive material; less clayey; 
drier. Possible dry fill; some interference.

Z2-55F 55 II 188 M-D
More conductive, more clayey; increased 
moisture. very conductive material; some interference.

Z2-55G 55 II 203 M
Significant lateral discontinuity; lithology 
or fill changes.

Z2-55H 55 II 225-275 M
More conductive, more clayey; increased 
moisture.

Z2-56A 56 II 15 S
Less conductive material; less clayey; 
drier.

Z2-56B 56 II 25 S-M
Less conductive material; less clayey; 
drier.

Z2-56C 56 II 10-60 S-D
More conductive, more clayey; increased 
moisture.

Highly conductive material; some 
interference.

Z2-56D 56 II 55 M
Less conductive material; less clayey; 
drier. Adjacent to very low resistivity area.

Z3-1A 1 III 45 M
Saturated material; possible fracture 
location. Drainage ditch observed at same location.

Z3-1B 1 III 69 S
Less conductive material; drier fill 
material; less clayey material.

Z3-1C 1 III 125-215 S-M
More conductive material; more clayey 
material, possibly more moisture.

Z3-2A 2 III 77-85 M-D
More conductive material; saturated or 
clayey material or fracture location. Good correlation with Traverse 3-01.

Z3-2B 2 III 103 M
Less conductive material; less clayey 
material (sand and gravel), drier material.

Z3-2C 2 III 160 S-M
More conductive material; saturated 
clayey material. Drainage ditch observed at same location.

Z3-2D 2 III 215-275 S-M
Less conductive material; less clayey 
material (sand and gravel), drier material.

Z3-2E 2 III 305 M-D
Possible fracture location or lithology 
changes
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Table B-1.
Anomaly Summary Table

Niagara Falls Storage Site

Anomaly ID Traverse Zone

Location (inline 
distance from 
west or south, 

meters) Depth Possible Interpretation Remarks

Z3-2F 2 III 350 S-M
Less conductive material; less clayey 
material (sand and gravel), drier material.

Greater uncertainty with interpretation since 
extreme low resistivity nearby.

Z3-2G 2 III 355-380 S-D
More conductive material; clayey material 
or increased moisture.

Small (less than 5 ft. in diameter) drainage 
ditch nearby.

Z3-3A 3 III 15-20 S
Less conductive material; drier material; 
less clayey material; possible fill.

Z3-3B 3 III 45-50 M
More conductive material; clayey 
material; increased moisture. Possible utility?

Z3-3C 3 III 60 M
Less conductive material; less clayey 
material; possible dry material.

Located within close proximity to very low 
resistivity anomaly

Z3-3D 3 III 100 M
More conductive material; clayey 
material; possible saturated material.

Z3-4A 4 III 77 M
More conductive material; clayey material 
or increased moisture content.

Z3-4B 4 III 130-148 M
More conductive material; clayey material 
or increased moisture content.

Z3-4C 4 III 212 M-D

More conductive material; possible 
fracture location, possible lithology 
changes

Z3-4D 4 III 185, 255 M
Less conductive material; less clayey 
material or drier material.

Z3-4E 4 III 280 M-D
More conductive material; clayey 
material; increased moisture content.

Z3-4F 4 III 370 S-D More conductive material. Possible utility?

Z3-4G 4 III 390 M
Less conductive material; less clayey 
material; drier material. Located adjacent to very low resistivity.

Z3-4H 4 III 365-385 S
Less conductive material; less clayey 
material; drier;  possible fill or debris.

Appears to be associated with possibly utility 
at Z3-4F.

Z3-4I 4 III 395-455 S-M
More conductive material; clayey material 
and increased moisture content. Runoff present from adjacent property.

Z3-4J 4 III 455 D

; y y
material; possible fracture location with 
increased saturation, possible lithology 
changes Caution, near bottom of profile.

Z3-4K 4 III 510 M
More conductive material; clayey 
material; increased moisture content.

Z3-4L 4 III 510-565 S
Less conductive material; drier material; 
less clayey;  possible fill.

During data collection current difficult to 
inject at this location.

Z3-5A 5 III 60-120 S
More conductive material; clayey 
material; increased moisture.

Z3-5B 5 III 95 M
Less conductive material; less clayey 
material; drier.

Z3-5C 5 III 95 M-D

More conductive material; clayey 
material; increased moisture; possible 
fracture location or lithology changes

Z3-5D 5 III 225 S-M
More conductive material; clayey 
material; increased moisture. Irregular shaped-utility?

Z3-5E 5 III 215 S-D

More conductive material; clayey 
material; increased moisture; possible 
fracture location or lithology changes

Z3-5F 5 III 265 D

More conductive material; clayey 
material; increased moisture; possible 
fracture location or lithology changes Caution, near bottom of profile.

Z3-5G 5 III 280-305 D
Less conductive material; less clayey 
material; drier. Caution, near bottom of profile.

Z3-5H 5 III 307-340 D

More conductive material; clayey 
material; increased moisture; possible 
fracture location or lithology changes Caution, near bottom of profile.

Z3-5I 5 III 427-445 M
Less conductive material; less clayey 
material; drier.

Z3-6A 6 III 10-55 S
Less conductive material; less clayey 
material; drier.

Z3-6B 6 III 58 M
Less conductive material; less clayey 
material; drier. Adjacent to very low resistivity.

Z3-6C 6 III 80 S-D
More conductive material; clayey 
material; increased moisture. Irregular shaped-utility?
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Table B-1.
Anomaly Summary Table

Niagara Falls Storage Site
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meters) Depth Possible Interpretation Remarks

Z3-6D 6 III 100 M
Less conductive material; less clayey 
material; drier. Adjacent to very low resistivity.

Z3-6E 6 III 125-145 S
Less conductive material; less clayey 
material; drier; fill

Z3-6F 6 III 130 M
Less conductive material; less clayey 
material; drier.

Z3-6G 6 III 130-135 D
Conductive material; clayey material; 
increased moisture, possible lithology 

Z3-7A 7 III 40-45 S-M
More conductive material; clayey 
material; increased moisture. Irregular shaped-utility?

Z3-7B 7 III 60 M
More conductive material; clayey 
material; increased moisture. 

Z3-7C 7 III 65-90 S
Less conductive material; less clayey 
material; drier; fill.

Z3-8A 8 III 35 S-M
More conductive material; clayey 
material; increased moisture. Adjacent to former utility.

Z3-8B 8 III 60 M
More conductive material; clayey 
material; increased moisture. 

Z3-8C 8 III 65-85 S
Less conductive material; less clayey 
material; drier; fill. Gravel service road within this section.

Z3-8D 8 III 109 M
Conductive material; clayey material; 
increased moisture. 

Z3-8E 8 III 100-118 S
Less conductive material; less clayey ; 
drier; fill.

Z3-8F 8 III 162 S-M
More conductive material; clayey 
material; increased moisture. 

Z3-9A 9 III 48 M

More conductive material; clayey 
material; increased moisture; possible 
fracture or lithology changes

Z3-9B 9 III 55-75 S
More conductive material; clayey 
material; increased moisture. 

Z3-9C 9 III 95 M-D

More conductive material; clayey 
material; increased moisture; possible 
fracture or lithology changes

Z3-9D 9 III 106-152 S-M
More conductive material; clayey 
material; increased moisture. 

Z3-9E 9 III 157 S
Less conductive material; less clayey 
material; drier; fill. roadway material

Z3-10A 10 III 30 S-M
More conductive material; clayey 
material; increased moisture. Irregular shaped-utility?

Z3-10B 10 III 50-90 S
More conductive material; clayey 
material; increased moisture.

Z3-10C 10 III 110 M-D
lateral discontinuity, possible bedrock 
fracture or lithology changes.

Z3-10D 10 III 145-175 S-M
More conductive material; clayey 
material; increased moisture.

Z3-11A 11 III 25, 95 S
More conductive material; clayey 
material; increased moisture.

Z3-11B 11 III 35-72 S
Less conductive material; less clayey 
material; drier; fill.

Z3-11C 11 III 115 M-D
More conductive material; possible 
fracture location or lithology changes.

Z3-12A 12 III 30-50 S-M
More conductive material; clayey 
material; increased moisture.

Z3-12B 12 III 70-85 S-M
More conductive material; clayey 
material; increased moisture.

Z3-12C 12 III 100 S
More conductive material; clayey 
material; increased moisture. Irregular shaped-utility? Debris?

Z3-12D 12 III 105 S
Less conductive material; less clayey 
material; drier; fill. Irregular shaped-utility? Debris?

Z3-12E 12 III 90-165 M-D

Less conductive material; less clayey 
material; drier; fill; possible competent 
rock.

Z3-13A 13 III 95-100 S-M
More conductive material; clayey 
material; increased moisture. Irregular shaped-utility?
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Niagara Falls Storage Site
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Location (inline 
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meters) Depth Possible Interpretation Remarks

Z3-13B 13 III 90-125 M-D
lateral discontinuity; possible fracture 
location or lithology changes.

Z3-13C 13 III 110 M
Less conductive material; less clayey 
material; drier. 

Irregular shape and within close proximity to 
low resistivity possible false high resistivity.

Z3-13D 13 III 165, 190 M
more conductive; clayey material; 
increased moisture.

Z3-13E 13 III 165 M
lateral discontinuity; possible fracture 
location or lithology changes.

Z3-13F 13 III 205 M
Less conductive material; less clayey 
material; drier. 

Z3-13G 13 III 277 M
Less conductive material; less clayey 
material; drier. Within close proximity to low resistivity.

Z3-13H 13 III 265-325 M-D
More conductive material; clayey 
material; increased moisture.
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Appendix C 

Seismic Refraction – SIPT2 Output 

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778







































































































































































































Appendix D
Seismic Shear Waves 

D-1: SIPT2 Output 

Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 

www.quality-geophysics.com     (800) 944-6778



















































































Science Applications International Corporation 
Center of Geophysical Excellence – Harrisburg, Pennsylvania 
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Appendix D
Seismic Shear Waves 

D-2: Surface Wave Dispersion Model Data 
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